Vũ Thị Nhung 
  
Nhung 
  
Văn Mai 
  
LÊ Thanh Nghị Huy 
  
Other friends (Hưng, Trường, Cẩm, Chung, Lâm Vân Anh 
  
Alexandre, Guillaume, Iman Vincent Sarah 
  
Hong Ha Cao 
email: hong-ha.cao@u-psud.fr
  
Thi Hong 
  
Nhung Dinh 
  
Feriel S Hamdi 
  
Magdalèna Couty 
  
Emile Martincic 
  
Marion Woytasik 
  
Elisabeth Dufour-Gergam 
  
  

Reversible packaging is very desirable for microfluidic chips: it allows changing the chip upper cap when it is damaged, cleaning and reusing the chip bottom substrate. This latter case becomes even more attractive when integrated components are present on the substrate and have required a complex and expensive microfabrication process. The feasibility of poly(dimethylsiloxane) (PDMS)/PDMS and PDMS/glass reversible bonding is demonstrated using the stamping technique. Dimethyl-methylphenylmethoxy siloxane (DMPMS), a type of silicone conformal coating, is used as an adhesive layer between the PDMS channel and the substrate (PDMS or glass). This technique is easy to perform as it only needs spin-coating and thermal curing steps. The bond strength is suitable for high working flow rate/pressure of liquid in the channel (up to 500 μl/min and 200 kPa). The cycle 'pealing/bonding' of the cap can be repeated up to five times. In addition, an MTT cell proliferation assay has been performed and suggests the non-cytotoxicity of DMPMS. Thus, the DMPMS-stamping bonding technique opens new perspectives for PDMS biochips where plasma treatment is not possible such as functionalised surfaces.
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Résumé

Le but de cette étude est de concevoir, fabriquer et caractériser une puce microfluidique afin de mettre en oeuve la capture de nanoparticules magnétiques fonctionnalisées en vue de la reconnaissance d'anticorps spécifiques (couplage d'une très grande spécificité et sensibilité). Après avoir modélisé et simulé les performances de la microbobine intégrée dans le canal de la puce microfluidique en prenant soin de limiter la température du fluide à 37°C, la capture devant être effective, le microsystème est fabriqué en salle blanche en utilisant des procédés de fabrication collective. La fabrication du microdispositif en PDMS a aussi donné lieu à l'optimisation de procédés de modification de surface afin d'assurer la ré-utilisation du microdispositif (packaging réversible) et la limitation de l'adsorption non spécifique.

L'immobilisation des anticorps su les billes (300 nm) a été menée à l'intérieur du canal en utilisant un protocole de type ELISA éprouvé. Le procédé a montré qu'il était également efficient pour cet environnement puisque nous avons pu mettre ne évidence la capture de nanoparticules.

Summary

In this study, a concept of microfluidic chip with embedded planar coils is designed and fabricated for the aim of trapping effectively functionalized magnetic nanobeads and immobilizing antibody (IgG type). The planar coils as a heart of microfluidic chip is designed with criterion parameters which are optimized from simulation parameters of the maximum magnetic field, low power consumption and high power efficiency by FE method. The characterization of microcoils such as effectively nanobeads (300 nm) at low temperature (<37 o C) is performed and confirmed. The channel network in PDMS material is designed for matching with entire process (including mixing and trapping beads) in microfluidic chip. A process of PDMS's surface modification is also carried out in the assemble step of chip in order to limit the non-specific adsorption of many bio substances on PDMS surface. The microfluidic chip assemble is performed by using some developed techniques of reversible packaging PDMS microfluidic chip (such as stamping technique, using non-adhesive layer, oxygen plasma combining with solvent treatment). These packaging methods are important to reused microchip (specially the bottom substrate) in many times.

The immobilization of antibody IgG-type is performed inside microfluidic chip following the standard protocol of bead-based ELISA in micro test tube. The result showed that IgG antibodies are well grafted on the surface of carboxyl-beads (comparing to result of standard protocol); these grafted antibodies are confirmed by coupling them with labeled second antibody (Fab-FITC conjugation).

1 | P a g e CHAPTER 1. CONTEXT Microfluidics: in search of a killer application "Companies and academic researchers are developing more and more microfluidic devices. But what the technology stakeholders really want is an application that will trigger widespread adoption of microfluidics by biologists". Nathan Blow reported in [1].

In analytic biochemistry assay, to specifically detect the presence of a target/substance (an antigen) in analyte, the Enzyme-Linked Immune-Sorbent Assay (ELISA) has been used widely as a diagnostic tool in medicine, biology, and plant pathology. This nowadays well known method was developed based on the radioimmunoassay, which is a technique using radioactively labeled antigens or antibodies and was first published in 1960 by Rosalyn Sussman Yalow and Solomon Berson [2]. Until the 70s of the 20 th century, the ELISA method was developed and became one of the most specific method in immunoassay (i.e. HIV virus, Alzheimer or cancerous biomarker [3][4][5][6]), a keyword in literature [7][8][9][10]. Basically, ELISA is typically based on the "sandwich" structure of primary antibody (Ab) -antigen (Ag)second antibody (with labeled conjugation). The detection of Ab or Ag, is performed easily in two ways: direct ELISA and indirect ELISA (including supported surface or capture antibody as basic platform), by using fluorogenic, electrochemiluminescent, this method presents various advantages like high sensitivities/ultrasensitive and the possibility to multiplex the detection [11]. 1. An example of Common ELISA formats. In the assay, the antigen of interest is immobilized by direct adsorption to the assay plate or by first attaching a capture antibody to the plate surface. Detection of the antigen can then be performed using an enzyme-conjugated (E) primary antibody (direct detection) or a matched set of unlabeled primary and conjugated secondary antibodies (indirect detection) (1) .

Figure 1.1 shows the three common ELISA formats. In the direct detection format, the capture antibody that reacts directly with the antigen is a labeled primary antibody. Direct detection can be performed with antigen that is directly immobilized on the assay plate or with the capture assay format. Direct detection is not widely used in ELISA but is quite common for immuno-histochemical staining of tissues and cells. Secondly, the indirect detection method uses a labeled secondary antibody for detection. The secondary antibody has specificity for only the primary antibody (i.e.

capture antibody) or the assay will not be specific for the antigen. Generally, this is achieved by using capture and primary antibodies from different host species (e.g., (1) https://www.lifetechnologies.com mouse IgG and rabbit IgG, respectively). For sandwich assays, it is beneficial to use secondary antibodies that have been cross-adsorbed to remove any antibodies that have affinity for the capture antibody.

Traditional ELISA tests are performed in wells, which are passively bind antibodies and proteins. Recent evolutions of the technic involving nanobeads present a lot of advantages for future analysis applications. The use of functionalized magnetic nano/micro beads allows the detection of ultralow concentration (few zepto-grams) of targets (proteins, cells) in extremely small volume (few μL) of analyte [6,[12][13][14][15]. Currently, the on-chip bead-based ELISA system ("snapshot" ELISA techniques) has higher sensitivity than standard ELISA techniques, using magnetic micro/nano beads to increase surface-to-volume ratio combined with microfluidic devices using major bead magnetic trapping methods (by permanent magnet [16,17] or electromagnet [13]).

Let us recall that many typical microfluidic devices are currently under development, ranging from single components such as flow sensors and valves for gas pressure regulation, to complex micro-fluid handling systems for chemical and biological analyses. Many function modules (such as sensors) can be integrated on a single substrate or complex modules of microfluidics. Specially, researchers had an ambition to make these devices portably, or to integrate many components into handheld format for variety of point-of-care application.

In this study, we propose to develop a new type on-chip bead-based

immunoassay platform with embedded planar coils, designed and fabricated for the aim of trapping effectively functionalized magnetic nano/micro beads, and the immobilization of capture antibodies inside microchannel.

In immunoassay procedure, the planar coils will play an important role of separating/sorting magnetic beads.

The study will be presented in four chapters describing first some items about microfluidics and immunoassays bottlenecks, the simulation of the microcoils to optimize the device, the fabrication and the process development used for the chip fabrication, the first biological experiments and, at last the conclusion and emerging ideas.

We will see in the chapter 3 the microcoils designed with criterion parameters optimized from simulation parameters to obtain maximum magnetic field, low power consumption and high power efficiency. These values are calculated by Finite Element (FE) method thanks to ANSYS ® software. Simulation results will also predict the affection of coil's geometries (including the size, number of turn, parameters of conductors, etc.) on power loss and heating of coils while they are working. We will also study the surface temperature during operation which is so important to take into account for biological medium. This chapter will finish with the microcoils fabrication process. In the chapter 4, we will present some original processes to assemble the bottom substrate (holding the microcoils) with PDMS cap holding the microchannel network. [18].
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Short overview of the historical development of microfluidics

Microfluidics attracts the attention of scientists since the1950s who desire to manipulate small volume (micro/nano litter) of liquids in micro channels/capillaries.

It is marked by revolution in exploiting molecular distributions between mobile and stationary phase in a small column [19] and capillary electrophoresis. It was known that, processes in very small and long capillary had some advance performances thanks to the large surface-to-volume ratio. Until 1970s, some first microfluidic devices were used in the research of gas chromatograph at Stanford University [20] and ink jet printer nozzles on silicon wafer at IBM [21,22]. In the early 1990s, Manz et al. [23] reported a microfluidic potential for addressing issues facing analytical methods, now it is called micro Total Analysis System (µTAS), and hence the term of "Lab-on-a-chip" -LoC was introduced. It can be said that microfluidics has been become "hot" research topic in chemical and biological analysis since then [18]. From the 2000s, microfluidics has the potential to significantly change the way modern biology is performed, [START_REF] Beebe | Physics and applications of microfluidics in biology[END_REF]. In many conventional assays, it's possible to integrate many analytical steps (such as sample loading, rinsing, reaction, separation, mixing, detection, etc.) into single or fully-automated platform. By these advantages, the Labon-a-chip system can greatly reduce the cost and time in each analysis and multiplexed analysis can be developed.

Nowadays, many different microfluidic devices ranging from single components such as flow sensors and valves for gas pressure regulation, to complex micro-fluid handling systems for chemical and biological analyses can be integrated on a single substrate. The dream of the scientists of the 1970s researchers seams very near because it is now possible to make portably devices integrating many components into hand-held format for variety of point-of-care (PoC) application. It can take fast or mobility analysis.

In chemical, medical and biological analysis, microfluidics can be used in some major applications: measuring molecular diffusion coefficients [START_REF] Kamholz | Optical Measurement of Transverse Molecular Diffusion in a Microchannel[END_REF]; pH [START_REF] Atwe | A novel microfluidic switch for pH control using Chitosan based hydrogels[END_REF], chemical binding coefficients [START_REF] Kamholz | Quantitative Analysis of Molecular Interaction in a Microfluidic Channel: The T-Sensor[END_REF], and enzyme reaction kinetics [START_REF] Duffy | Microfabricated Centrifugal Microfluidic Systems: Characterization and Multiple Enzymatic Assays[END_REF]. Other applications for microfluidic devices include capillary electrophoresis [START_REF] Kameoka | A Polymeric Microfluidic Chip for CE/MS Determination of Small Molecules[END_REF], immunoassays [START_REF] Otieno | On-line protein capture on magnetic beads for ultrasensitive microfluidic immunoassays of cancer biomarkers[END_REF], flow cytometry [START_REF] Piyasena | The intersection of flow cytometry with microfluidics and microfabrication[END_REF], sample injection of proteins for analysis via mass spectrometry [START_REF] Figeys | An Integrated Microfluidics-Tandem Mass Spectrometry System for Automated Protein Analysis[END_REF],

PCR amplification [START_REF] Geng | Minimizing inhibition of PCR-STR typing using digital agarose droplet microfluidics[END_REF], DNA analysis [START_REF] Yang | Accurate Zygote-Specific Discrimination of Single-Nucleotide Polymorphisms Using Microfluidic Electrochemical DNA Melting Curves[END_REF], cell analysis [15] and chemical gradient 7| P a g e formation [START_REF] Dertinger | Generation of Gradients Having Complex Shapes Using Microfluidic Networks[END_REF], clinical diagnostics [START_REF] Otieno | On-line protein capture on magnetic beads for ultrasensitive microfluidic immunoassays of cancer biomarkers[END_REF][START_REF] Kim | Magnetic bead droplet immunoassay of oligomer amyloid β for the diagnosis of Alzheimer′s disease using micro-pillars to enhance the stability of the oil-water interface[END_REF]. We will see very shortly some of them in the next sections.

Introduction to microfluidic system

Microfluidics concepts

a. Generalities

Microfluidic chip can be identified as a micro device that deals with the flow of liquid inside one or more tiny channels with at least one dimension of nano/micrometers size. Concerning the terms of microfluidics, it can be considered to both science and technology (including: research on theoretical of flows, transport phenomena, interaction in tiny space with the high surface area to volume ratio; microfabrication technology of microfluidic chip for application in chemical/biological analysis -such as Lab-on-a-chip). An example of microfluidic devices is shown in Figure 2.1 (a) (1) . This microfluidic chip is used as a micro-reactor and micro-mixture device of two substances injected in inlet 1 and 2. The reaction's product is released through outlet. (a) Microfluidic chip using as micro-reactor and micro-mixture device (1) ; (b) A high-throughput automated cell culture system with integrated multiplexer, peristaltic pump, cell inlet and waste output, [START_REF] Gómez-Sjöberg | Versatile, Fully Automated, Microfluidic Cell Culture System[END_REF].

Another example is shown in Figure 2.1 (b), a complicated microfluidic chip with multi-inlet and outlet is used as a high-throughput automated cell culture system with integrated multiplexer, peristaltic pump, cell inlet and waste output [START_REF] Gómez-Sjöberg | Versatile, Fully Automated, Microfluidic Cell Culture System[END_REF][START_REF] Pan | Quantitative tracking of the growth of individual algal cells in microdroplet compartments[END_REF].

Regarding the miniaturization of the fluidic devices, many researchers realized the benefits of working in small scale of microfluidic devices, because the process inside microchannel has advantages of new effects and better performance. Commonly, the scale of microfluidics corresponds to the scale of study's objectives. The relationship between the volume scale of analyte and length scale of size's devices is shown in (1) A product of Micronit Microfluidics, http://www.micronit.com/ -Bottom substrate contains integrated analyzing components (i.e. electrochemical sensors, trapping particles (including magnetic or non-magnetic particles, biomolecules or cluster of molecules, etc.), temperature sensors, heater, optical analyzing components, etc. Some integrated circuits could be also coupled with 9| P a g e microfluidic parts like it is shown Figure 2.4 , an integrated circuit (IC)/microfluidic hybrid system for magnetic manipulation of biological cells [START_REF] Lee | IC/Microfluidic hybrid system for magnetic manipulation of biological cells[END_REF].

This hybrid system consists of an IC and a microfluidic system fabricated on top.

Biological cells attached to magnetic beads are suspended inside the microfluidic system that maintains biocompatibility. The IC contains a microcoil array circuit that produces spatially-patterned microscopic magnetic fields. In literature, a primary goal for much of the microfluidics community is to develop technologies that enhance the capabilities of investigations in biology and medical research. Many microfluidic studies describe methods that aim to replace traditional macro scale assays, and usually perform proof-of-concept experiments that attempt to demonstrate the efficiency of the new approach. A summary of the advantages are listed in Table 2-1. 

Microfluidic Advantage Description Less sample and reagent consumption

Microfluidic devices typically require 10 2 -10 3 less sample volume than conventional assays.

Enhanced heat transfer

Higher surface area-to-volume ratio of microfluidic channels increases effective thermal dissipation.

Faster separations

Higher E-fields results in faster sample migration.

Laminar flow Low Reynolds number flows reduce sample dispersion. Electro-kinetic manipulation

Electroosmotic flow enables fluid pumping with flat "plug-like" velocity profiles solely via applied E-fields.

Lower power consumption

Fewer components and enhanced thermal dissipation require less power input.

Parallelization

Several assays can be "multiplexed", or run in parallel on a single chip.

Portability

System integration and reduced power allows for assays to be conducted using portable, hand-held device.

Improved separation efficiency

Efficiency in electrophoretic and chromatographic separations (i.e. number of theoretical plates) proportional to L/d

Microfluidics' theoretical aspects

In microfluidics, some problems appear with several factor: the size of the section of the channels, the nature of the surface (wettability), capillary force, high electric field, non-ideal fluid (blood, serum, etc.) and emergence of bubbles.

a. Reynolds number

Microfluidic devices almost always boast smooth laminar flow, as opposed to turbulent flow which is of a stochastic nature and marked by the presence of "eddies" that disrupt parallel streamlines. The Reynolds number (Re) compares the magnitudes of inertial force to viscous forces in a flow. It is a dimensionless parameter used to determine the transition from laminar to turbulent regimes (Re<2100-2400: laminar flow, no turbulence, Re>4000: turbulences).

The Reynolds number is defined as, [START_REF] Finehout | Microfluidics for Biological Applications[END_REF]:

D.u Re   (2_1)
where u is the flow velocity, ν is the kinematic viscosity (fluid dynamic viscosity on fluid density ratio), and D is the cylindrical channel diameter.

For a diameter of 10 to 100 µm in common conditions, Re is inferior to 1. The fluid is in laminar condition and we can see that the fluid behavior in microchannel can considerably deviate from those in macroscopic devices.

We can note that the surface forces, which originate due to intermolecular forces, could be important in microchannel flows. These forces are generally ignored at macro scale. Surface effects also alter the value of viscosity. It is found that the apparent viscosity is lower in the narrower channel, which is contrary to the expected trend [START_REF] Ho | Micro-electro-mechanical-systems (MEMS) and fluid flows[END_REF][START_REF] Bayraktar | Characterization of liquid flows in microfluidic systems[END_REF].
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b. The profile of velocity flow in a rectangle channel

The processes of the fabrication of the channels induce that the channel are never cylindrical. Figure 2.5 shows some plots of the contours of the velocity field and of the velocity field along the symmetry axes, [START_REF] Finehout | Microfluidics for Biological Applications[END_REF]. The fact that, no analytical solution is known to the Poiseuille-flow problem with a rectangular cross-section, it always contains the side-wall effects. along the long centerline parallel to ey (unit vector on y-axis). (c) A plot of νx(0,z) along the short centerline parallel to ez (unit vector on z-axis). (d) Geometry and shape of rectangle channel, [START_REF] Finehout | Microfluidics for Biological Applications[END_REF].

In this case, the constant Reynolds number calculus, based on hydraulic diameter needs to introduce a quantity named "laminar equivalent" diameter [START_REF] Jones | An Improvement in the Calculation of Turbulent Friction in Rectangular Ducts[END_REF] Dh defined by:

2 h hw D hw   (2_2) hx h D .u Re   (2_3)
where ux is the average velocity along x axis Based on the Re value and velocity profile of the liquid in channel, the mixing and cleaning process inside channel need to be controlled by controlling the flow rate of liquids in experiments in order to limit the side-wall effect. Designed specific mixing three zones are added in channel networks to improve the mixing of substances in experiments.

Magnetic bead-based immunoassay

This part of chapter will discuss about the state of the art of objectives in beadbased microfluidic systems applied for immunoassay. The integration of microcoils as electromagnet into microfluidic systems for magnetic beads-based biosensing is interesting to replace the permanent magnet in ELISA test in micro test tube because in this case, the external magnetic field can be controlled automatically by an electric circuit to attract the beads, stop the trapping or maintain the magnetic field. 

Magnetic micro/nano beads in immunoassay

In the development of building the bead-based immunoassay inside microfluidic chip, all materials such as: nano/micro magnetic beads with functional groups, primary antibody (or capture antibody) targets, second antibody with fluorescent label (or detection antibody), which concern to the immobilization antibody (IgG-type) in chapter of the application of microfluidic chip, are presented in the next section.

a. Introduction of functionalized magnetic beads

Specific antibodies are immobilized on beads' surface and are enable to couple the specific target cells/proteins or viruses. Then, these beads are separated in the 13| P a g e solution by using a magnetic force (generally a magnet). Currently, commercial micro/nano magnetic beads are available and they are used in research, pilot research or analytical devices [START_REF] Dave | Monodisperse magnetic nanoparticles for biodetection, imaging, and drug delivery: a versatile and evolving technology[END_REF][START_REF] Mahmoudi | Superparamagnetic iron oxide nanoparticles (SPIONs): Development, surface modification and applications in chemotherapy[END_REF].

In current applications, beads can be classified into two main types: non-magnetic (silica and polymer beads) and magnetic/super-paramagnetic beads (iron oxide -Fe2O3 or Fe3O4, alloy or rare earth materials -NbFeB or SmCo), but the majority of these particles are super-paramagnetic, i.e. they have no magnetic memory. The size of these beads, which can play an important role, is in range of few nanometers to few micrometers and selects exactly the diameter.

The surface's beads could be also functionalized/immobilized by specific functional groups corresponding to the aims of analyzing processes. There are some common types of functionalization, Figure 2.7: Physical characteristics (1) :

-Diameter: 300 nm (CV max 20%) -Density: approx. 2.0 g/cm 3 -Magnetization at saturation: approx. 40 emu/g -Specific surface area: 15 m 2 /g -Iron oxide content: approx. 70%

-COOH density: > 350 μmol/g -Solid content: 30 mg/ml (3%)

b. Magnetic properties of the materials of bead's core

Generally, super-paramagnetic materials are preferred to fabricate cores of magnetic beads. The most important behavior of this material shares with paramagnetism the absence of magnetization when the external magnetic field is removed and with ferromagnetism the high levels of magnetization reached under the influence of a low magnetic field.

Other interesting properties these beads are their short relaxation time in which magnetization goes to zero after the effect of an external magnetic field (typical values are around 10 -9 -10 -10 s). Under an alternating external magnetic field, their magnetic moment is quickly reoriented.

A comparison of magnetic properties between ferromagnetic and superparamagnetic materials is shown in Figure 2.9, we can see that the super-paramagnetic nanoparticles show no remanent magnetization (Mr). (1) http://www.ademtech.com/ 15| P a g e

Immunoassay principles

Introduction of immunoassay

It is known that, an immunoassay is a test that relies on biochemistry to measure the presence and/or concentration of an analyte. There are two strategies using this method: qualitative (yes or no) or quantitative results.

Analytes can be normally large proteins, antibodies produced in human bodies as a result of an infection. These assays are highly adaptable and can be applied to many formats depending on the needs of the end user. Principle components of an immunoassay designed to detect a specific analyte, (such as influenza nucleoprotein, Alzheimer or cancerous markers) are the antibodies carefully selected to ensure the detection of the analyte at low concentration with high specificity, meaning will not react with similar antigens. The second feature of an immunoassay is the system that is designed to detect the binding of the specific antibody to the target analyte.

Originally the signal from an immunoassay resulted from an enzyme acting on a substrate to yield a colored solution with the amount of color in the solution being equivalent to the amount of antigen in the test solution (ELISA).

ELISAs can be developed with a number of modifications to the basic procedure.

The key step of ELISA format, immobilization of the antigen of interest, can be accomplished by direct adsorption to the assay plate/special surface (bead's surface or channel's surface) or indirectly via a capture antibody that has been attached to the surface. The antigen is then detected either directly (labeled primary antibody) or indirectly (labeled secondary antibody). The most powerful ELISA assay format is the sandwich assay. This type of capture assay is called a "sandwich" assay because the analyte to be measured is bound between two primary antibodies -the capture antibody and the detection antibody. The sandwich format is used because it is sensitive and robust, and we have already talked about this in the previous section.

Generally, the immunoassay can be classified into some approach methods:

-Competitive vs. non-competitive: In a competitive immunoassay there is a competition between labeled and unlabeled antigen for a limited number of binding sites on the antibody. All reactants are mixed together either simultaneously or sequentially. In a typical non-competitive assay (immunometric assay) an excess amount of an antibody is used to capture the analyte from the sample. A labeled second antibody is added and binds to the first antibody-antigen complex to form a sandwich. The complex formed is then measured. Non-competitive techniques are more sensitive and reproducible than competitive ones.

-Homogenous vs. Heterogeneous: Heterogeneous assays involve the binding of antigen to antibody followed by physical separation of the bound antigen from the unbound antigen prior to measurement. If the immunoassay does not require any physical separation step after mixing antigen and antibody and measurement of bound label occurs in the presence of unbound label, the assay is homogenous. Heterogeneous assays tend to be more versatile and sensitive.

-Isotopic vs. non-isotopic: Isotopic immunoassays use radioactive labels on the antigen or antibody. Non-isotopic methods use enzyme reactions, chromophores, fluorescent labels, or luminescent labels in order to detect the antigen-antibody complex.

-Limited reagent vs. excess reagent: In limited reagent assays, the number of available binding sites on the antibody is limited compared to the concentration of labeled and unlabeled antigen (a competitive immunoassay). Non-competitive assays are reagent excess assays.

In the study on the application of microfluidic chip for immobilizing antibody IgG-type on surface of the carboxyl-beads in next chapter, the process of immobilization is based on the method of competitive vs. non-competitive. This method is popularly used in most of ELISA test inside channel or in micro test tube.

This method has also some advantages compares to other methods: high specificity, since two antibodies are used the antigen/analyte is specifically captured and detected;

suitable for complex samples, since the antigen does not require purification prior to measurement; flexibility and sensitivity, since both direct and indirect detection methods can be used.

Bio-components in immunoassay

As described in previous part, the sandwich ELISA format is preferred in many protocol of immunoassay (i.e. detection Alzheimer marker, cancerous marker, etc.) [START_REF] Janssen | Signal loss due to oligomerization in ELISA analysis of amyloid-beta can be recovered by a novel sample pre-treatment method[END_REF][START_REF] Wu | Cancer biomarker detection: recent achievements and challenges[END_REF]. In each ELISA assay, there are some basic components that are used in procedure. Three necessary ELISA reagents include: immune-sorbents (solid phase); conjugates (antibodies, antigens and enzyme); and substrates (substrates of enzyme).

17| P a g e a. Capture antibody and immuno-sorbent/solid phase All ELISAs rely on the specific interaction between an epitope, a small linear or three dimensional sequence of amino acids found on an antigen, and a matching antibody binding site. The antibodies used can be either monoclonal (derived from unique antibody producing cells called hybridomas and capable of specific binding to a single unique epitope) or polyclonal (a pool of antibodies purified from animal sera that are capable of binding to multiple epitopes). However, polyclonal antibodies are more typically used for the secondary detection layer in indirect ELISAs, while monoclonal antibodies are more typically used for capture or primary detection of the antigen.

In sandwich ELISA structure, primary antibodies (conjugate antibodies) supplied as commercial products are immobilized on solid surface. In some cases, the immunesorbent is only coated by functional groups (amine or carboxyl groups), antibodies will be immobilized on activated solid surface in separating step:

The Immuno-sorbent (Solid support which has been coated antibodies or antigens) is commonly provided as commercial product (i.e. wells array or particles with nano or micro size of diameter). For particles, they were introduced in previous part. For wells array, they are usually made in polystyrene, cheap material which can present large kind of shapes. This material is strong in adsorbing protein. Antibody or protein antigen remains activity after adsorbed on it.

The Primary antibodies (or conjugated antibodies) are immobilized on solid supports. These antibodies are the specific ones which able to conjugate with a specific targets in sample. Thus, proteins G, A, D, E or M type are usually used. In many application, IgGs (main antibody in blood Figure 2.10) are commonly used as a primary antibodies, because of the simple manipulation, population and cost. It is the only isotype that can pass through the placenta, and transferred from the mother's body protects a newborn until a week after birth. 

 Chemical and biological characterization of antibody IgG-type:

In the chapter 4, this antibody will be used for all experiment of immobilization antibody on carboxyl magnetic beads. All properties as shown below are important to understand the interaction of this antibody to other substances in reaction solution.

It is known that, immunoglobulins (Igs) are produced by B lymphocytes and secreted into plasma. The Ig molecule in monomeric form is a glycoprotein with a molecular weight of approximately 150 kDa that is shaped more or less like a Y [START_REF] Jr | Immunobiology: The Immune System in Health and Disease[END_REF].

Basic structure of the Ig monomer ( Each IgG monomer is capable of binding two antigen molecules at each amino terminal of the left and right Y's arm. However, amine groups at these positions are different properties and have different behavior in solution during reaction time [START_REF] Puertas | Taking Advantage of Unspecific Interactions to Produce Highly Active Magnetic Nanoparticle-Antibody Conjugates[END_REF]. (1) http://www.kyowa-kirin.com 19| P a g e This may result in different orientations of the antibody on the support surface depending on which lysine group binds to the support. When immobilization occurs through the antigen binding sites on the Fab' portions, the ability of that antibody to bind antigen may be severely impaired or eliminated entirely [START_REF] Lu | Tutorial review. Oriented immobilization of antibodies and its applications in immunoassays and immunosensors[END_REF].

b. Detection antibodies (antibodies conjugated enzyme)

Detection antibodies, as commonly called secondary antibodies, are specific anti-Fabs of antibodies. A secondary antibody aids in the detection, sorting or purification of target antigens by binding to a primary antibody, which directly binds to the target antigen. Secondary antibodies offer increased sensitivity through the signal amplification that occurs at two labeled secondary antibodies binding to the two Fab fragments of primary antibodies. In addition, a given secondary antibody can be used with any primary antibody of the same isotype and target species, making it a more versatile reagent than individually labeled primary antibodies. (1) http://www.sigmaaldrich.com (2) http://visual-science.com (3) http://www.piercenet.com/method/antibody-labeling-immobilization-sites Second antibodies are commonly conjugated with enzyme, or some time with only fluorescence/dye. They may be provided in several formats: whole IgG, divalent F(ab')2 fragments and monovalent Fab fragments. Figure 2.12 shows the structure of FITC-conjugated antibody (1) (type G) that is commonly used in immunoassay. This substance is also used to detect the grafted antibody IgGs on carboxyl beads in the study of chapter 4. In addition, corresponding substrate is easy to be made and stored. Non-ferrous products are easy to be detected. In ELISA, horseradish peroxidase (HRP) and alkaline phosphatases (AP) are usually used.

-Antigen: Antigens (targets in analytes) are components which are interested in analyzing propose. Antigens are any substance that stimulates the immune system to produce antibodies. Antigens can be bacteria, viruses, or fungi that cause infection and disease. They can also be substances, called allergens, which bring on an allergic reaction. Blood transfusions containing antigens incompatible with those in the body's own blood will stimulate the production of antibodies, which can cause serious, potentially life-threatening reactions.

General protocol of magnetic bead-based immunoassay

We have already mentioned that, the bead-based immunoassay present a very high sensitivity and selectivity [6,[START_REF] Falconnet | Rapid, Sensitive and Real-Time Multiplexing Platform for the Analysis of Protein and Nucleic-Acid Biomarkers[END_REF][START_REF] Teste | A chemometric approach for optimizing protein covalent immobilization on magnetic core-shell nanoparticles in view of an alternative immunoassay[END_REF][START_REF] Soh | Chemiluminescence sequential injection immunoassay for vitellogenin using magnetic microbeads[END_REF]. (1) Fluorescein isothiocyanate -conjugated antibody 21| P a g e In bead-based immunoassay, the reacted or immobilized magnetic beads can be easily separated from the reaction mixtures with a magnet and re-dispersed immediately following removal of the magnet. Therefore, this protocol has been used in a variety of research fields, such as food safety [START_REF] Xu | Establishment of magnetic beads-based enzyme immunoassay for detection of chloramphenicol in milk[END_REF], environment monitoring [START_REF] Schreier | Development of a magnetic bead fluorescence microscopy immunoassay to detect and quantify Leptospira in environmental water samples[END_REF], and clinical diagnosis [START_REF] Eguílaz | An electrochemical immunosensor for testosterone using functionalized magnetic beads and screenprinted carbon electrodes[END_REF]. Figure 2.13 shows a general protocol of bead-based immunoassay that is performed in micro test tube based on immune-magnetic capture and bacterial intrinsic peroxidase activity for a quick detection of Shewanella oneidensis (1) , [START_REF] Wen | Colorimetric detection of Shewanella oneidensis based on immunomagnetic capture and bacterial intrinsic peroxidase activity[END_REF].

This protocol includes two processes: (a) The preparation of functionalized magnetic beads (MBs) and immobilizing primary antibodies on beads' surface; (b) The procedure of the colorimetric immune-magnetic assay. In general, the protocol of basic bead-based immunoassay includes following step:

-Activating the functionalized nano/micro magnetic beads by activation chemicalschemical process (e.g. for carboxyl magnetic beads, EDC and Sulfo-NHS (2) are used to activate the carboxyl groups).

-Immobilizing primary/capture antibody (e.g. IgG-type) on activated beads' surface and blocking immobilized antibodies by bovine serum albumin (BSA) -blocking agent.

-Capturing antigens or biomarker in sample solution, as called immuno-magnetic capture. In this step, antigens/biomarkers are captured by primary antibodies (1) A bacterium which can reduce poisonous heavy metal and can live in both environments with or without oxygen (2) EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; Sulfo-NHS: N-hydroxysulfosuccinimide -Detecting antigens by fluorescent detection or other methods (e.g. electrochemical detection, time-resolved fluorescence, enzyme-based photometric etc.)

In the study of chapter 4, the immobilization of antibody type-G will be based on this protocol.

Microfluidics in magnetic bead-based immunoassay

Like the method in standard immunoassay, the microfluidic immunoassay is mainly performed basing on bead-based immunoassay. It means that, the antibodies and antigens can be immobilized on the surface of the microchannels or beads.

Immobilization on surfaces of microchannels requires additional steps during the microfabrication process and may suffer from poor reproducibility and reliability. In addition, bead-based immobilization can be performed outside the microchip [START_REF] Herrmann | Enzymatically-generated fluorescent detection in micro-channels with internal magnetic mixing for the development of parallel microfluidic ELISA[END_REF][START_REF] Holmes | Bead-based immunoassays using a micro-chip flow cytometer[END_REF].

Magnetism and trapping/transporting magnetic beads in microfluidics

Manipulating magnetic micro/nano beads in microfluidic chips can be done efficiently with permanent/electro magnets [13,[START_REF] Lin | Microfluidic Immunoassays[END_REF][START_REF] Song | Electromagnetic microfluidic cell labeling device using onchip microelectromagnet and multi-layered channels[END_REF][START_REF] Berenguel-Alonso | Magnetic actuator for the control and mixing of magnetic bead-based reactions on-chip[END_REF]. The permanent magnet is known to generate a strong magnetic flux density, i.e. from few hundreds mT to 1 T [16,[START_REF] Zhu | Analytical model of microfluidic transport of non-magnetic particles in ferrofluids under the influence of a permanent magnet[END_REF][START_REF] Tarn | Microfluidic device for the rapid coating of magnetic cells with polyelectrolytes[END_REF]. However, the permanent magnet only generates a permanent field.

Consequently, removing or diminishing the magnetic field requires mechanically moving the magnet. Therefore, the magnetic field cannot be turned off immediately.

Permanent magnet for manipulating magnetic beads in microfluidics

The best magnetic material using to fabricate permanent magnet is neodymium iron boron (NdFeB). It can generate very strong and stable magnetic field event in small dimensions. The capture chamber features an internal layer of flexible PDMS prepared on a machined template to have an oval hole sandwiched in between two flat, machined PMMA plates (Figure 2.15. A). When bolted tightly together, this assembly forms an oval cylindrical channel 1.5 mm wide, 1.8 mm thick and 100 ± 2 μL in volume housing a tiny magnetic stir bar. In the capture chamber, the magnetic beads are mixed and trapped by the magnetic stir bar. This magnetic bead position is controlled magnetically in the on-line capture chamber for rapid binding of proteins, washing, and delivery to the detection chamber.

Electromagnet for manipulating magnetic beads in microfluidics

The use of electromagnets can be a very attractive alternative solution because these magnetic field sources can be controlled and have a fast response. Electromagnets are coils with or without an associated magnetic circuit (e.g., magnetic core). However, electromagnets generate a weaker magnetic field than the one generated from permanent magnets for equivalent dimensions. To enhance the magnetic field strength, high current or special design with extra parts is required [START_REF] Rong | An on-chip magnetic bead separator for biocell sorting[END_REF]. In general, the design of electromagnet is based on some types of geometries such as planar/spiral coils, 3D coils or magnetic tweezers, coil with encapsulated magnetic material cores (e.g. ferromagnetic oxide, Permalloy) [START_REF] Rong | An on-chip magnetic bead separator for biocell sorting[END_REF][START_REF] Fulcrand | On chip magnetic actuator for batch-mode dynamic manipulation of magnetic particles in compact lab-on-chip[END_REF][START_REF] Lee | Design and fabrication of novel micro electromagnetic actuator[END_REF][START_REF] Choi | An integrated microfluidic biochemical detection system for protein analysis with magnetic bead-based sampling capabilities[END_REF]. Single coil or coils array have been already integrated in microfluidic chip for trapping, mixing or moving magnetic beads [START_REF] Fulcrand | On chip magnetic actuator for batch-mode dynamic manipulation of magnetic particles in compact lab-on-chip[END_REF][START_REF] Yushan | A microsystem for magnetic immunoassay towards protein toxins detection[END_REF][START_REF] Yushan | Planar Microcoil Array Based Temperature-Controllable Lab-on-Chip Platform[END_REF].

In the case of planar coils (fabricated in single layer coil or multi-layer coil in order to improve the magnetic flux density [START_REF] Lee | IC/Microfluidic hybrid system for magnetic manipulation of biological cells[END_REF][START_REF] Fulcrand | On chip magnetic actuator for batch-mode dynamic manipulation of magnetic particles in compact lab-on-chip[END_REF][START_REF] Chen-Chia | Multi-layer planar micro-coils chip as actuators and heaters for biological applications[END_REF]), the most popular shapes of electromagnet, the magnetic flux density is usually low, from few mT to few hundreds mT depending on the parameters of the coils [START_REF] Beyzavi | Modeling and optimization of planar microcoils[END_REF][START_REF] Smistrup | Microelectromagnet for magnetic manipulation in labon-a-chip systems[END_REF].

Of course, the magnetic field depends on the geometry of coils, and it also depends on the current density applied to coils. When designing coils, in addition to generating the maximum magnetic flux density or magnetic force, the power consumption/power efficiency and heat generation of coils are careful trade off as well.

To design microcoils for application of trapping/mixing magnetic beads and integration into microfluidic chip, the simulation and calculation of magnetic field or magnetic force are required. The results of the calculation based on a simulation model will definite the geometry of coils or other parameters such as: number of turns, dimensions of conductor, etc. The optimal geometries of coils are based commonly on general requirement of the maximum value of magnetic field/force, the 25| P a g e minimum value of power consumption or homogeneous magnetic field, etc. The magnetic field of planar coil is usually calculated basing on the Finite Element Modelling/Method (FEM), and the simulation/calculation software is commonly used as a useful tool for the big simulation (i.e. MatLab ® , ANSYS ® , COMSOL Multiphysics ® ). Beyzavi et al. [START_REF] Beyzavi | Modeling and optimization of planar microcoils[END_REF] used the simple analytical model for the magnetic field of a single straight wire to a spiral shaped rectangular planar coil. This model can then be used for the calculation of the strength, the flux and the resultant force of the magnetic field generated by the microcoil. It also helps to find maximize the field strength and the force. In Figure 2.16, a model of planar coil is used to calculate magnetic field and force. The planar coil is composed of a series of current-carrying wires with finite length, and the magnetic field is calculated from each magnetic field element created by each wire of a finite length should be obtained in the calculation domain. One important disadvantage of the use of electromagnets is heat generation induced by the Joule effect [START_REF] Yushan | Planar Microcoil Array Based Temperature-Controllable Lab-on-Chip Platform[END_REF][START_REF] Woytasik | Copper planar microcoils applied to magnetic actuation[END_REF]. Evaluating the temperature raise is of crucial importance for chips using biological species: an operating temperature range is often required for biological binding reactions or temperature needs to be kept below certain limits in order not to destroy the biological species. In the literature, temperature raise originated from the coils is compensated by several means. In [START_REF] Song | Novel application of Joule heating to maintain biocompatible temperatures in a fully integrated electromagnetic cell sorting system[END_REF],

a cooling channel network is integrated in the multi-layered thermal chip to extract heat from coils. In [START_REF] Lee | IC/Microfluidic hybrid system for magnetic manipulation of biological cells[END_REF], the IC/microfluidic hybrid chip with microcoil array is assembled with a Peltier module (thermoelectric cooler) in order to keep the system temperature at 37°C. A good strategy to limit the need of cooling devices consists in limiting the thermal emission of the coil. Obtaining magnetic field with low energy could even make unnecessary active cooling. In [START_REF] Yushan | Planar Microcoil Array Based Temperature-Controllable Lab-on-Chip Platform[END_REF], control strategies of the current flowing through trapping microcoils (by current variation) are used to limit the chip heating to reasonable values. Despite the crucial importance of thermal considerations, very few literatures exist on the thermal design of microcoils.

Bead-based immunoassay inside microfluidics

In this part, some typical studies on applying microfluidic chip with magnet or microcoils in immunoassay are presented.

Lin et al. [START_REF] Lin | Semiconductor sensor embedded microfluidic chip for protein biomarker detection using a bead-based immunoassay combined with deoxyribonucleic acid strand labeling[END_REF] reported a magnetic bead-based immunoassay using a secondary In this study, using a 120 nm magnetic bead, the minimum detection limit of 12.5 ng/mL apolipoprotein A1 can be measured by an integrated semiconductor sensor with a microfluidic chip. Magnetic beads, which are used as a pre-concentrating APOA1 surface, are trapped by a permanent magnet. This magnet is manually manipulated under the bottom of chip.

Choi et al. [START_REF] Choi | An integrated microfluidic biochemical detection system for protein analysis with magnetic bead-based sampling capabilities[END_REF] presented a full on-microfluidic chip immunoassay, including full performing steps of sandwich ELISA inside microchannel and electrochemical detection, as shown in Figure 2.20 using microcoils.

This experiment was performed in a microfluidic chip, which combined two components: capturing beads part with embedded serpentine conductor with semi-29| P a g e encapsulated Permalloy (electromagnet) for preparing the sandwich ELISA on beads' surface; and detection part with integrated electrochemical electrodes, as shown in (g) washing out magnetic beads and ready for another immunoassay, [START_REF] Choi | An integrated microfluidic biochemical detection system for protein analysis with magnetic bead-based sampling capabilities[END_REF] The result showed that, total time required for an immunoassay was less than 20 min including sample incubation time, and sample volume wasted was less than 50 ml during five repeated assays. Fast and low-volume biochemical analysis has been successfully achieved with the developed bio-filter and immune-sensor, which is integrated to the microfluidic system. It is concluded that, the microfluidic chip with embedded electromagnet and integrated electrochemical electrode is designed and developed to apply effectively to immunoassay.

Serpentine conductor with semi-encapsulated permalloy -electromagnet for trapping beads

Finally, the development of microfluidic systems is opened new approach methods in immunoassay with the aim of minimizing and automatizing the devices.

In addition, the sensitivity and consumption time/power of analyst methods are interesting. In case of the manipulation magnetic nano/micro beads in microfluidic chips for the bead-based immunoassay, the external magnetic field is generated effectively by electromagnet or permanent magnet. The results of immunoassay prove that each type of magnet (permanent or electro magnet) has specific advantages.

Although the electromagnet need a complicate fabrication process, the generated magnetic field is easy to control in the experiment. In contrast, the permanent magnet does not need a fabrication process, the control of the magnetic field is done by manually moved the magnet.

Microfluidics fabrication

Microfluidic device is constituted from two main components: microchannel networks and bottom substrates. The channel network commonly contains the main channel (where most of processes are manipulated in this part) and other support components (such as valve system, connect part, which support the control of procedure). The bottom substrate contains function components (such as electrodes for electrochemical detection; electromagnet for magnetic generation; heating pads; temperature sensor; etc.) or simple flat substrates (silicon, glass, hard plastic). In this part, the most popular techniques and materials are pointed in microfluidics fabrication.

Microchannel fabrication a. Materials for microchannel network

As reported in [START_REF] Ren | Materials for Microfluidic Chip Fabrication[END_REF], there are some materials used mainly in fabricating microfluidics (Figure 2.22):

-Glass and silicon/silica/quartz, the first generation of microfluidic device materials, are perfect for capillary electrophoresis and solvent-involved applications but expensive for microfabrication. The microchannel is usually obtained by using deep-etching technique.

-Elastomers, which consist of cross-linked polymer chains (one of the most popular elastomer is PDMS, [START_REF] Stroock | Controlling Flows in Microchannels with Patterned Surface Charge and Topography[END_REF][START_REF] Mcdonald | Poly(dimethylsiloxane) as a Material for Fabricating Microfluidic Devices[END_REF]), enable low-cost rapid prototyping and high density 31| P a g e integration of valves on chip, allowing complicated and parallel fluid manipulation and in-channel cell culture. Even if PDMS is commonly used, it suffers of several drawbacks like non-specific adsorption.

-Thermosets (such as SU-8 photoresist or polyamide), these materials are stable even at high temperatures, resistant to most solvents, and optically transparent.

They are also easy to fabricate by using optical lithography or thermos molding with high-aspect ratio and free-standing structure [START_REF] Hironobu | An all SU-8 microfluidic chip with built-in 3D fine microstructures[END_REF][START_REF] Zheng | Fabrication of freestanding, microperforated membranes and their applications in microfluidics[END_REF].

-Thermoplastics, there some typical materials for microchips such as PMMA, PC, polystyrene (PS), polyethylene terephthalate (PET), and polyvinylchloride (PVC) [START_REF] Becker | Polymer microfabrication technologies for microfluidic systems[END_REF]. But these materials are incompatible with most of organic solvents. However, these materials are widely used in industry and they are convenience in molding and bonding process by using thermos treatment. Two other extremely organic compatible perfluorinated polymers (Teflon PFA and Teflon FEP) are used to improve some disadvantage properties of other thermoplastics above listed.

-Paper, the paper-based microfluidic devices are not required a bonding step as most of devices made from above materials [START_REF] Martinez | Patterned Paper as a Platform for Inexpensive, Low-Volume, Portable Bioassays[END_REF]. Paper has highly porous matrix made of cellulose, excellent in wicking liquids. The paper-based microfluidic device is simple and low-cost. In addition, this device is interested in portable analysis device for bioassay-based personalized medical care [START_REF] Martinez | Patterned Paper as a Platform for Inexpensive, Low-Volume, Portable Bioassays[END_REF][START_REF] Martinez | Simple Telemedicine for Developing Regions: Camera Phones and Paper-Based Microfluidic Devices for Real-Time, Off-Site Diagnosis[END_REF]. 

b. PDMS as a popular materials for microfluidics

From 1990s to now, PDMS has interested many researchers for developing microfluidic devices. This material has many advantages in fabricating and applying for research. This material is also known as the most commonly used silicone polymer for fabricating microfluidic systems [START_REF] Mcdonald | Poly(dimethylsiloxane) as a Material for Fabricating Microfluidic Devices[END_REF][START_REF] Mcdonald | Fabrication of microfluidic systems in poly(dimethylsiloxane)[END_REF][START_REF] Lee | Effect of thermal treatment on the chemical resistance of polydimethylsiloxane for microfluidic devices[END_REF], and it has been applied in many biological analysis processes: protein, DNA analysis [START_REF] Lien | Extraction of genomic DNA and detection of single nucleotide polymorphism genotyping utilizing an integrated magnetic bead-based microfluidic platform[END_REF][START_REF] Diercks | A microfluidic device for multiplexed protein detection in nano-liter volumes[END_REF]; cells analysis and immunoassays [START_REF] Liu | Microfluidic platforms for single-cell protein analysis[END_REF][START_REF] Pla-Roca | PDMS microfluidic capillary systems for patterning proteins on surfaces and performing miniaturized immunoassays[END_REF] etc. This is due to its physical and chemical properties: (e.g. transparency, flexibility, and bio-compatibility) which also allows the fabrication process of microfluidic chip to be easy, flexible, low cost and low consumption time [START_REF] Neethirajan | Microfluidics for food, agriculture and biosystems industries[END_REF]. Moreover the replica molding process on SU-8 masters by using soft-lithography makes the channel networks design simple [START_REF] Mcdonald | Fabrication of microfluidic systems in poly(dimethylsiloxane)[END_REF]. The master fabrication steps and PDMS replication molding (1) .

Thus, the fabrication of microchannel network in PDMS material is performed in 2 basic processes: Master fabrication, typically a SU-8 photoresist mold obtained by lithography on silicon substrates of in cleanroom environment; and PDMS replication molding.

(1) http://www.wormbook.org/chapters/www_microfluidics/microfluidics.html 33| P a g e

Packaging PDMS microfluidic chip

In microfluidic fabrication based on PDMS material, the bonding PDMS channel to bottom substrates is an important step in the process of assembling devices. A number of factors influence the quality of the bond, including the type of technique used, the cleanliness of the bonding surfaces, the ratio of PDMS base to cross-linking agent and the curing/baking process. In most cases, the application and complexity of the design will dictate which bonding technique is required to fulfil the design criteria.

Some techniques may not be suitable for all applications. Several bonding techniques alter the surface chemistry within the microchannels, which in the case of biomedical applications may be helpful or problematic. Methods in bonding two main units of microfluidics (channel network and bottom substrate) can be classified in to two main approaches: irreversible and reversible bonding.

a. Irreversible bonding

PDMS is able to bond on various materials (e.g. PDMS, glass, silicon, etc.).

Concerning the irreversible bonding, one of the most common techniques is oxygen plasma treatment, which induces oxidized surfaces of two bonding contact surfaces.

By plasma activation, the bond between PDMS channel cap to glass, silicon or surface with cured layers of PDMS is very strong [START_REF] Ren | Materials for Microfluidic Chip Fabrication[END_REF][START_REF] Mcdonald | Poly(dimethylsiloxane) as a Material for Fabricating Microfluidic Devices[END_REF]. This approach makes the channels more hydrophilic, allowing for easier fluid filling for a period of time after the oxygen plasma treatment. However, the surfaces can quickly revert to their hydrophobic tendency if exposed to atmosphere. Oxygen plasma treatments are also advantageous because they enable the bonding of PDMS to other materials such as glass.

Drawbacks associated with oxygen plasma include: placing the exposed bonding surfaces in a low-vacuum environment in the presence of oxygen gas and the operation of the equipment within a cleanroom facility. The oxygen plasma adds a significant cost to the fabrication process while limiting flexibility with the substrates due to cleanliness requirements and the size restriction of the chamber. Unger et al reported a bonding technique that relied on using a sticky layer with less cross-linking agent (using very high ratio of base:curing agent in preparing step) that would be combined with a hard cross-linked layer of silicone polymer [START_REF] Unger | Monolithic Microfabricated Valves and Pumps by Multilayer Soft Lithography[END_REF].

In plasma condition, surface oxidation exposes silanol groups (Si-OH) at the surface of the PDMS layers that when brought together form covalent siloxane bonds (Si-O-Si), as shown in figure below: 

b. Reversible bonding

In specific applications, the development of a reversible packaging, which enables to reuse the microfluidic chip several times, is very attractive, especially when integrated components (e.g. electrodes for electrochemical detection, microcoils for magnetic trapping or analysis, etc.) have been required a complex and expensive In addition to the specific design of the mechanical clamps, channel deformation can appear when a hard press is applied onto the cap. Packaging by aspiration through a dedicated crossing channel network patterned in the cap suffers from the same drawback [START_REF] Le Berre | Reversible assembling of microfluidic devices by aspiration[END_REF]. In addition, using a vacuum system implies that the applied pressure needs to be well regulated. Magnetic field strength can be used to clamp both parts of the microfluidic chip thanks to magnets or embedded iron powder in PDMS. Rafat et al. [START_REF] Rafat | Fabrication of reversibly adhesive fluidic devices using magnetism[END_REF] reported a working pressure up to 145 kPa but this technique is not compatible with microfluidic chips using magnetic beads inside the channel.

OH OH OH     Si  Si  Si     OH OH OH     Si  Si  Si     O O O     Si  Si  Si         Si  Si  Si     Si -OH + HO -Si + H2O Si -O -Si
Another way is to seal the PDMS microfluidic chip with an adhesive layer or special double side tape [START_REF] Thompson | Adhesive-based bonding technique for PDMS microfluidic devices[END_REF], as shown in This technique allows chips reusing and working in high pressures with no leakage.

Conclusions

The rapid development of microfluidics in literature in biochemical assays was a motivation for researchers and manufacturers in researching and applying new microfluidic devices, which adapt to fast and portable analyzing devices. Basing on the traditional ELISA technique, the bead-based immunoassay has become a reliable process in early diagnostic many diseases in medicine. Combining the MEMS and chemical, biological and medical analysis, integrated microfluidics is approaching a fully-automated Lab-on-a-Chip device.

Based on the advantages of typical microfluidics, this study in this thesis will focus on microfluidic device which used embedded microcoils. This microfluidic device will be designed in order to be used for immunoassay and for manipulating magnetic beads.

41| P a g e CHAPTER 3.

MICROCOILS DESIGN AND FABRICATION

-Magnetic field theory for planar coils -2D Modelling planar coils using FE simulation with ANSYS ® v12.1software -Criteria for the design of microcoils (shape, turn number, dimension, wire parameters: high, wide and space) Coils fabrication and characterization

In this chapter, a model of coil is built to carry out magnetic field simulation using FE 1 method thanks to ANSYS ® v12.1 software 2 . The criteria for designing planar microcoils are an optimal magnetic field obtained with low power consumption, i.e.

high power efficiency is chosen in order to decrease coil heating in the microfluidic chips. Figures of merits (or merit factors) such as the magnetic field generated for a given power loss are defined. The effective coil for magnetic beads trapping is found to be with narrow wires and large number of turns. Furthermore, the known efficient trapping area close to the coil surface (around 20 m) is observed. 1 Finite element 2 A product of ANSYS ® , Inc.

Introduction

This chapter is focused on the design of microcoils dedicated to magnetic beads trapping in microfluidic channels for integrated biochips. Among all the possible techniques able to trap magnetic beads described in previous chapter, microcoils offer the possibility to be integrated into tiny biochips. Their integration is not straightforward, since temperature issues need to be solved prior to integration.

We propose in this chapter to investigate the design of the trapping coils with the objective to obtain the maximum ratio of trapping efficiency to dissipated power, possibly allowing keeping the temperature of the microchannel in the range of 30 to 40 o C, biocompatible temperature value.

As in many cases [1][2][3], simulation software has been used for design purposes.

Digital models allow to change the design parameters (radius, turn numbers, space between wire coil, width and height of wire, materials information, etc.) and to observe the effect of the changes without the need of resource consuming extensive manufacturing.

Finite Element Modelling (FEM) software, Ansys ® v12.1, is used in this work. The map of the magnetic field generated by a microcoil is calculated and extracted along several directions away from the microcoil. The intensity of the generated magnetic force is used as a primary indicator of the force exerted on magnetic nano-beads in the vicinity of the microcoil. The power loss, i.e. the temperature elevation consequence of the magnetic attraction is calculated. Merit factors indicating the magnetic field intensity per unit current and per unit power loss are also calculated.

Together with design issues, the choice of the fabrication process is of crucial importance to attain high trapping and thermal performance. The microcoil fabrication process is presented here as a follow-up of the design step. It has been thought with the aim of:

-Placing a microchannel as close as possible to the coil surface. A three-mask level process allows the central electrical connection report. The entire coil surface is free to be covered by a microchannel.

-Using thick microcoil conductors: copper electroplating in thick photoresist mold, i.e. micro-molding process, allows the realization of 10-20 µm thick conductors.
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Magnetic field/force theory

Magnetic field of straight and finite wire

A conducting wire carrying a current, I, produces a magnetic field H. The strength and direction of the field H depend on r, the distance from current to a point P. The magnetic field at any point P due to the current can be calculated by adding up the magnetic field contributions, dH, from small segments of the wire dℓ, The Biot-Savart law (for infinite/straight wire) gives an expression for the magnetic field contribution, dH, from the current source, I.dℓ, [4]:

2 1 4 Id d r    r H (3_1)
where I is the current flowing in the wire; r is the distance from the wire to point P; r is the corresponding unit vector.

Adding up these contributions to find the magnetic field, which is generated by one straight wire, at the point P requires integrating over the current source:

wire d   HH (3_2)
For N straight wires, Figure 3.1. (b), H can be defined:

1 i = N i  HH (3_3)
and the magnetic field strength is calculated by:

1 N i i HH    (3_4)
By considering a circular loop of radius r, the symmetry can simplify the calculations. For example in planar coils such as in Figure 3.2, the distance of the point P to the wire is constant and equal to r. The magnetic field strength in the center of the circular loop can be calculated using equation (3_1): The elementary magnetic field dH produced by a small section dx of the wire is: In the equation (3_6), the distance h from conductor wire to the point P can be expressed by:

x h.tan  (3_7)
This leads to:

45| P a g e The magnetic field produced by a portion of single wire of square turn can be calculated using equation (3_1). Finally, a non-infinite straight wire produces a magnetic field:

0 2 I H sin h    (3_10)
It can be seen from equation (3_10) that the magnitude of the magnetic field is inversely proportional to the distance of the point to the wire, as well as for infinite wires. In Figure 3.4, the relationship of the wire length (ℓ) and the distance (h) of this wire to the point P for calculating magnetic field are defined in following equation:

22 2 4 sin ctan h a h r         (3_11)
The curve, Figure 3.4, shows that for a given length of the wire (ℓ), if the distance (h) is kept lower than 5 times the length of the wire, the magnetic field produced is almost the same than for infinite wires. This result can be used to define roughly the respective dimensions of coils and microchannels. The similar calculation for the three magnetic field components H2, H3 and H4 allows the total magnetic field H to be defined:

H = H1 + H2 + H3 + H4 (3_12)
In the case of multiple turns of a coil, the magnetic field is defined as the vector sum of each wire segment component generated magnetic field Hi.

The relationship between the magnetic field and the magnetic flux density B is given by:

B = µ0H(1 + χm) = µ0µrH (3_13)
where χm is the magnetic susceptibility of material, μ0 is the permeability of free space: μ0= 4π 10 -7 T.m/A. In the case of vacuum, water or air, µr = 1+ χm = 1.

The coils models under study present complex coils shapes or large number of turns. The computation of the magnetic field generated in each point of the space for random geometries becomes a heavy task. A finite element modelling software is then of great help to calculate the magnetic field in the case of complex structures.
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Magnetic force: theory

When a magnetic micro/nano bead is placed into a magnetic field, the electrons spins can take different orientation. The bead acts then as a "small permanent magnet". The "small permanent magnet" could be also obtained by a small equivalent current loop. The magnetic moment m is a vector magnitude that represents the magnetic property of a magnetic source. This source can be a magnetic material submitted to an external field, a current loop or a permanent magnet. The magnetic moment is:

m = Vµ  M = Vµ  H (T) (3_14)
where V is the volume of the bead and M its magnetization.

When the bead is placed in a magnetic field, a force is exerted onto it. The magnetic force acting on a magnetic bead can be determined [5] by equation:

00 11 ( . ) ( . ) m mm      F B B (3_15)
In case of beads' spherical geometry and nano-scale size, the magnetic moment of magnetic bead does not vary in space (m = 0).

Using this relation and the equation (3_13), the equation (3_15) is re-written in the air (for one current loop):

0 ( . ) m V    F B B ( 3_16 
)
where V is the volume of the magnetic bead, is the susceptibility of the magnetic component of the bead.

Along to x, y and z axis, this force can be written for each axis component:
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From equation(3_17), the useful component for trapping is the force along z axis.

Eq. 3_17 shows that the trapping force intensity results from the product of the magnitude by the variation of the magnetic field. Then, the gradient and magnitude of magnetic field should be both high. Indeed, having a strong magnetic field in a small space (such as the space occupied by a microcoil) means a strong gradient around the microcoil. Thus, for microcoils design considerations, these two previous conditions can be represented by a single condition: the generated magnetic field must be as strong as possible. The maximum magnitude of magnetic field can be used as a reliable indicator of the microcoils' trapping ability.

We propose here to define the magnetic field magnitude as a primary indicator.

Several configurations of microcoils that allow obtaining a given magnetic field can be designed. In these designs, some merit factors can be defined, such as the maximum magnetic field obtained by unit current, by unit current density or by unit power loss.

These merit factors reflect the ability of coil geometry to generate the magnetic field in its vicinity for a given induced heat.

Magnetic field simulation and calculation

FEM software (ANSYS ® v.12.1.) was used to calculate the magnetic field generated by microcoils. For comprehensive results, the calculated results of the magnetic field was extracted along lines perpendicular to the coil's plane and along lines parallel to the coil's plane at some fixed distances above copper wires. A parametric study of the variations in magnetic field (B) over the coil surface when changing turn number (N), diameter of coils, parameters of copper tracks and space between two tracks as well as the maximum (optimal) value of B on each coil was driven.

FE simulation of microcoils

Because representing 3D complex geometries in FEM software has a very important cost in terms of calculation time and effort, 2D simulations were made.
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The hypothesis that the region of interest, i.e. the microfluidic channel is smaller than the radius of the microcoil, has to be made to avoid the influence of edge effect that are not taken into account in the simulations. The study of the magnetic field can then be reduced to a longitudinal cut of the microcoil. As a counterpart, the simulations are lighter and allow representing each single wire of the coil, thus giving access to the variations of the magnetic field near of each single wire of the simulated coils.

For symmetry reasons, only one half of a longitudinal cut was represented (Figure 3.6). 2D simulations were carried out, which is equivalent to assuming that the length of each segment is infinite compared to the working distance. In this case, the results obtained are valid whether the coil shape is circular or square, provided the length of the segments is high against the dimensions of interest. shows the geometric parameters of the coil.

The magnetic flux density is calculated for:

 Paths (from 1 to 3) along the z-axis at three different positions in x-axis: center (x = 0), inner wire (x = R in ) and outer wire (x = R ex ) of the coil.  Paths (from 4 to 7) along the x-axis at different distances from the wire surface (Cu). z = 0; 10; 30; 70 µm. 

a. General considerations on the magnitude and shape of the magnetic field

The first view of simulation is shown in the Figure 3.7, which presents the magnetic flux density extracted along a cut of the coil from the center. It can be seen that the magnetic flux density (i.e. the trapping force) decreases as the distance to the coil surface is higher. Other coils geometries (changing the turn numbers (N), radius (Rex), width of copper wire (w), etc.) were simulated and gave similar distribution of the magnetic field modulus, Figure 3.9. In all cases, a fast decrease of B modulus can be observed when the distance to the surface increases. Furthermore, in the first µm above the coil surface, the B modulus is higher and shows a strong ripple: according to equation (3_17), these two effects combine to improve the trapping efficiency of the coil. suggesting that for deep channels of more than some tens of µm, the width of the wire has no influence: trapping in the top of a deep microchannel is not improved with wide wires.

A set of simulations was carried out for different coils geometries. The general shape of B modulus is the same as observed in Figure 3.9. and Figure 3.10 shows a schematic view of B modulus. Increasing the number of turns for given dimensions of conductor width, thickness and space between conductors result in an increase of the mean value of B modulus, as well as the mean force value exerted on a bead in the channel. Furthermore, the ratio between the maximum value of B modulus and the minimum magnitude attained on the coil surface is also increased. These results show that the trapping will occur preferably on the surface of the coil's windings. The trapping of the beads can occur mainly at the edges of the coil or on its entire surface, depending on the magnetic field homogeneity. A magnitude that represents the homogeneity of trapping capability is the ratio Bmax/Bmin. Figure 3.11

shows the Bmax/Bmin ratio as a function of the number of turns for several coils of the same outer radius (Rex=500 µm).

In order to homogeneously trap on the coil's entire surface, a high value of B is desired on the whole chip: the Bmax/Bmin ratio should then be as low as possible.

However, this homogeneous trapping demand leads to reduce the number of turns of the coil, and so to decrease the maximum magnetic field obtained, as shown in Figure 3. For given inner and outer radius of the coil (Rin and Rex), the number of turns, the spacing and conductor's width can be different (Figure 3.12.a). Although the effect on power loss may not be significant in macroscopic coils, the technological limits of microcoils, which are determined by lithography resolution and deposition or plating technologies, drive to a significant minimum spacing between conductors (higher than several micrometers, which is a significant percentage of the copper width for small wires). The surface filled by copper is represented by the filling ratio:

ex .w .100% N r R  (3_18)
We chose here to have a space between conductors of s = 10 µm, which corresponds to a safe lower limit when using thick copper micromolding. For given spacing and width of the conductors, the filling ratio increases with N. Its higher limit is given by the ratio of the width of the conductors (w) to the sum of the width and spacing of the conductors (s + w). The obtained filling ratio values are between 20% and 75%.

As the simulation input was chosen to be the current density, the product of the number of turns by current flowing through the coil (N.I) is then proportional for a given number of turns to the width of the conductors. It can be observed at Figure The maximum B modulus is obtained with the highest filling ratio (around 75%), which means that a design rule for trapping coils can be to make coils with conductors' width larger than the spacing between conductors:

w>>s (3_19)
Figure 3.12.b shows that the maximum B modulus is not always obtained for a wider conductor: the coil with w = 20 µm allows a Bmax of 10 mT but w = 15 µm allows a Bmax of 12 mT. When w is high, a space kept in the center of the coil cannot be filled with a conductor. The upper limit of the filling ratio is then not reached and the B modulus is lower than for another configuration that seemed better in a first approach.

Despite the high interest for power efficiency to maximize the width of the wires, it can be pointed out that when conductors are very wide, leading to a coil with very few turns, the current density is not constant along the conductor's section, leading to higher power dissipation than for lower widths. The optimal number of turns is then given by a trade-off between the maximization of the filling factor while keeping the current density equal in the conductors section.

c. Power consumption and merit factors

The power loss by Joule effect in the coil is known to be:

P = R.I 2 = VCu.Cu.J 2 (3_20)
where I is the current flowing through the coil, J is the current density, Cu is the resistivity of copper and VCu is the total volume of copper.

Figure 3.13 shows the variation of power consumption in coils (Rex = 500 m) as a function of the turn number for several widths of copper conductors.

Previous paragraph showed (Figure 3.12) that the Bmax is highest when N and w values are maximized. Furthermore, a strong increase of Bmax is obtained when filling ratio is higher than 60%. The power consumption represented at Figure 3.13 shows that for given outer radius and width of the conductors, increasing the filling ratio (i.e.

increasing N) only slightly increases the power losses. For example, when w = 10 µm, designing 20 or 25 turns give almost no change on the power losses, while fig 3.9

showed that the value of is still increased when the number of turns is higher: both Bmax and power consumption criteria induce to choose the highest filling ratio. To estimate comprehensively the relationship of magnetic field and power consumption, the current merit factor Mi= Bmax/I and the power merit factor Mp= Bmax/P can be used to quantify the ability of coils to produce a magnetic field for a given amount of current and a given amount of power loss, i.e. heating of the coil, as shown in Figure 3.14.

The Mi merit factor curves (Figure 3. wider wires which can be attributed to the slight raise of the filling factor obtained in these cases. It should be pointed out that this conclusion could be modified if the width of the wires became high relatively to the coil's radius: if the wire's width increases much, the maximum theoretical filling factor cannot be obtained, hindering the final power merit factor Mp.

d. Conclusions:

Magnetic field generated by model planar microcoils has been calculated by ANSYS® software. These calculations show about a detailed panel of the 2D magnetic field generated by the coil at reference space positions (according to x-axis and z-axis).

Based on the analysis of Bmax, Bmin, Mi and Mp, some criteria for the coils design can be proposed: the coils should have large turn number in order to increase the magnitude of the induced magnetic field. For micro-machined coils, the spacing between 2 wires cannot be 0. The minimum width between wires can seriously hinder the magnetic field value obtained for a given power loss. Consequently, the wires should be much wider than the space between 2 wires (equation (3_19)).

The results show that to achieve the optimal value of B with lower energy consumption and high power efficiency, the surface of the wafer should be filled with the coils wires, i.e. no empty space should be left in the center of the coil.

Furthermore, the width of the wires should be kept much higher than the space between two adjacent wires.

Other simulation results with different input parameters, as shown in Table 3-1,

give the same trends. Full results are presented in detail in Appendix 1.

These results are the basic information to perform the microcoils fabrication based on the input parameters in calculating.

Planar coils fabrication and characterization

This part describes the coil fabrication processes (multi-layer fabrication) on silicon substrate. Coils are designed in millimeter and sub-millimeter dimensions. The coils are realized with a three layers process:

-Bottom track for connecting the center of coil to outer circuit -Dielectric layer between the bottom track and thick coil wires -The thick coil wires on the third layer.

Mask design

Due to space constraints, only some of the design previously simulated has been drawn on a mask for fabrication. It was chosen to draw the best power performing (high power merit factor) coils and some samples of medium performing coils in order to check the calculated behavior. Three masks have been designed using LASI 1 ver.7.0.86 software for the three levels process, all of them with dark field (Figure 3.15). The mask contains 12 chip of around 2.172 cm 2 ; each chip has three coils which are arranged in line (Figure 3.15). To obtain a high resolution of the patterns, soda-lime masks have been manufactured (TOPPAN PHOTOMASK, Inc.).

The first mask level corresponds to the copper track for the center contact with the coil and outside circuit. Long connections tracks have been drawn in order to have enough space to add the microfluidic part of the chip. After the first layer, an insulating layer of SiO2 is necessary to avoid short circuit of the thick coil wires. Thus, the second level of the mask corresponds to the windows that have to be opened through the insulating layer to enable the electrical contact between the Cu coil and the copper wire. In the third level the coils are designed. The coils contain from 15 to 46 turns, the coil-wire width ranges from 10 to 30 µm and the separation between two wires is 10 µm. The radiuses (Rex) of all coils are 500, 750 and 1000 µm.

The bottom track

The opened windows on dielectric layer for connecting the bottom track to coil wires Layer of coil wires 

Fabrication process of coils

The coils are fabricated on 100nm SiO2/Si substrates. Figure 3.16 shows the process of coil fabrication. A lift off process is used to fabricate the first layer of the coil that consists in a Cu track to connect the center of the coil: an AZ5214E photoresist (MicroChem ® ) is spun and pre-baked at 110°C for 55 s on a hot plate (1); the 1.5 µm thick photoresist layer is exposed in UV light using a dose of ~60mJ/cm 2 .

After the exposure, a post bake at 120°C for 2 min on hot plate is performed, followed by a flood exposure using a dose of 200 mJ/cm 2 . Finally the photoresist is developed using diluted AZ developer (AZ -H2O 1:1) (2).

A layer of Ti (10nm) and Cu (700nm) is sputtered by means of a Denton sputtering system (EPLORER Denton Vacuum ® system) (3). The lift-off process is performed in acetone in order to obtain the Cu under track (4). A quick Cu etching step (wet etching) of 5 s is performed to round the edges of the Cu track. After that, a 500 nm-thick dielectric layer of SiO2 is deposited by PECVD (STS PECVD System).

Then, a 4 µm-thick layer of TI35ES photoresist is spun over the SiO2 layer and the windows for creating the contact between bottom Cu track and wire center of coil are patterned by lithography (5). These windows are opened in the dielectric layer by reactive ionic etching (STS RIE system) (6). A sputtered seed layer of Ti (10nm)/Cu (100nm) as coil wire seed layer is deposited and a 20 µm thick AZ4562 photoresist (MicroChem ® ) is spin-coated and baked at 90°C for 1 h by applying a temperature ramp rate of 210°C/h from 20 o C to 90 o C (7). The photoresist is exposed using a dose of 350mJ/cm² and developed in AZ 400K developer (AZ 400K -H2O 1:4) (8). Cu thick wires are obtained by electrodeposition in a sulfate bath with a current density of 30 mA/cm², controlled by potentiostat/galvanostat system (MetrohmAutolab), during 30 minutes in order to obtain a thickness of around 15-18 µm (9). Subsequently, the photoresist is removed (10) and the seed layer is etched by an argon ion beam etching (IBE Roth & Rau IonSys 500) (11). Finally, the wafer containing coils is diced in suitable pieces for assembling microfluidic chip step. For this coil, we measured a Cu wire of 10.8 µm wide and 10.7 µm high; a space between two wires of 9.1 µm. These parameters present minor differences to the mask's parameters: the width of conductors and the space between two conductors are 10 µm. These differences come from the lithography and the etching processes.

Complementary characterizations are made MEB. On the SEM images of Figure 3.18, the shape of wire's edges is clear and the result of etching process is very satisfactory. 

Conclusions

Magnetic field generated by model planar microcoils was calculated by ANSYS ® software.

The calculation results show a detailed view about magnetic field of coil at some positions chosen to synthetically represent the magnetic field in the space in the vicinity of the coil. The simulations show that the magnetic field intensity on distance along z-axis decreases rapidly, roughly with a 1/z shape; furthermore, at a distance >50 µm it is reduced of 50% or more. This result points out the crucial importance of the thickness of a protection layer on the microcoil when microcoil is integrated in microfluidic system: it must be as thin as technologically possible.

The power consumption (P) was calculated. Current and power merit factors were defined: they represent the ability of a coil to generate a magnetic field for a given current or power consumption. In addition, the results show that to achieve the optimal value of B with lower energy consumption and high power efficiency will reduce the working temperature of the coil.

General design rules were determined with these results: The surface of the wafer should be filled with the coils wires, i.e. no empty space should be left in the center of the coil. The width of the wires should be kept much higher than the space between 2 adjacent wires.

These general rules can apply to coils of any shapes. Nevertheless, this FE model is limited by the fact that 2D simulations have been used. Shape effect of the coils and 3D effects that can occur are then not taken into account. This limitation is specially true when wires are square or meander shaped. Corner shaped wires are likely to drastically increase the magnetic field variation, and then the attraction force. Further calculations are necessary to quantify shape effects. However, taking into account both the filling factor and the shape effect is a very computing resource consuming task and could not be realized in this work.

The fabrication process using 3 mask levels was designed and implemented. The In this chapter, the microfluidic chip is finalized in two main steps: PDMS channel fabrication (channel design, replica molding and PDMS prototyping) and chip assembling (packaging process and mounting chip to PCB motherboard). In addition, a multi-valve switch is designed and fabricated in order to control the liquid flows in the immunoassay process inside microfluidic chip. In the packaging process, techniques of reversible packaging are developed in order to re-use bottom substrate, which contains microcoils. Before the bonding step, an optimal thin layer is chosen to protect coils from liquid interaction while keeping bottom of channel close to the coils' surface.

The microfluidic chip is used for magnetic beads trapping experiments, temperature measurement, and IgG antibodies immobilization inside channel. The effects of applied current in the coil and trapping time are studied on the trapping efficiency and temperature rise. The IgGs immobilization is performed inside channel based on several steps: activating surface of carboxyl-beads, grafting primary IgG-antibody on activated beads' surface and validating the grafted of primary antibody layer by coupling it with IgG-FITC-conjugated.

Introduction

This chapter presents the way to integrate the coils in the microfluidic chip and the proof of device usability for immunoassay and biological detection.

Even if PDMS is the most common material for microchannel fabrication, it presents some disadvantages with bio-components [1,2] (surface adsorption). To limit this effect, a surface treatment of the PDMS channels is applied to obtain a hydrophilic surface that will block the non-specific adsorption. The treatment process is performed with Poly(Ethylene Oxide) -PEO combined with oxygen plasma pretreatment.

Finally, results of the microfluidic chip application in biochemical grafting of nanobeads will be shown. The experiment consists of building the sandwich structure of bead-IgG 1 -FITC 2 with a protocol validated in micro test tubes.

1 IgG: Antibody from mouse serum 2 FITC: Fluorescein isothiocyanate conjugation kit from Sigma Aldrich ® .
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Microfluidic chips fabrication

The microfluidic chip is mainly constituted microcoils on bottom substrate and cap in PDMS with microchannel.

We present here the channel design, its fabrication and its assembling steps with the bottom substrate by using specific packaging techniques, and a specific multivalve switch used to control the flow inside the channel.

PDMS channel

The PDMS channel is fabricated will the common PDMS replica molding process.

The channel design is drawn by Inkscape 1 software. Then, the mask for molding the channel is printed on polymer transparent sheet. This method is easy, fast and cheap when very high resolution of mask is not required.

a. Design of PDMS channel network

The Figure 4.1 shows the first channel design type develop for the application. ). The inlets 1, 2 and 6 are used for solutions from which we want to limit the interaction with other one while they flow inside channel. There are two outlets for two types of leasing reacted substances: one for normal outlet (outlet 2) and the other (outlet 1) for the case the reacted substances need to be kept in the inside reservoir (reservoir 2) for a while. 1 A free software of Inscape Team, www.inkscape.org -The mixing zone is designed to take well the mixing step while the three liquids are injected simultaneously in the inlets 3, 4 and 5. This zone includes the stabilization part (reservoir 1), split flow part and zigzag channel. After injecting, these liquids need to be stabilized by controlling the flow and pressure in reservoir 1 before moving to the mixing part. The flow is split into two flows, after that they are joined again before moving into the zigzag channel. In this part, the direction of flow is changed continuously, and then the solutions mixing are efficient.

-The trapping zone: the coil on the bottom substrate will be under this zone. This part is designed to fit well with the different size of coils.

To perform simple experiments, we have developed also very simple design with only one main channel and inlets, Figure 4.2. PDMS Channels fabrication is carried out by replica molding process.

Fabrication of channel master mold, (Figure 4.3 (1) ): a 50 µm thick layer of SU-8 3050 photoresist (Microchem) is spin-coated in two steps onto a silicon wafer (2 inches).

The first spin step is at 500 rpm speed for 5-10 sec with acceleration of 100 rpm/second; the second spin step is at 3000 rpm speed for 30 sec with acceleration of 300 rpm/second. After spin-coating, the photoresist layer is soft-baked on hotplate at (1) The simple channel form illustrates only the fabrication process; it is not the real form of channel.

(
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a. Design of multi-valves switch

The valves are constituted of 3 main parts: one flexible part in PDMS containing 

Microfluidic chip packaging

Before closing the microfluidic channel on the bottom substrate, a protective layer has to be applied on the coil surface to insure its wire electrical isolation. Our choice naturally turned to a thin spin-coated PDMS layer, PDMS to PDMS bonding been very easy. Indeed, by short oxygen plasma treatment combining with thermal treatment [5,6], very strong bonding force are obtained. This irreversible bonding can be applied in some fast and simple test of disposable chips [7,8]. For instance, it has been used for closing the channel of the multi-valve switch seen before or for some primary experiments with the microfluidic chip. However, for our final device, a reversible bonding is desirable as it allows easy channel cleaning, even channel replacement and the possibility to re-use the bottom substrate. Indeed, this substrate contained the coils, which have required several fabrication steps.

In this part, two packaging techniques are presented: both with the specificity of allowing channel cap peel off from the bottom substrate. These two techniques have been characterized by leakage test and peeling cycle (methods presented in Appendix 3). Apart from their process steps, the main difference between these two techniques is the room where the peel off takes place: between the coils protective layer and the PDMS channel cap (Figure 4.12 (b)) or directly from the coil surface (Figure 4.12 (c)). 

PDMS / PDMS reversible packaging based on stamping technique

The first reversible packaging technique has been developed by the stamping technique using Dimethyl-methylphenylmethoxy siloxane (DMPMS), a type of silicone conformal coating, as an adhesive layer on PDMS-coated substrates. 1 The channel form illustrates only the fabrication process; it is not the real form of channel This first process has been applied for some basic experiments with the microfluidic chip. However, this process cannot be used for the final device as it avoids the complete replacement of the channel: the bottom surface of the channel been kept as the channel peel off occurs at the PDMS an interface with the DMPMS.

Furthermore, we will see after that the PDMS channel surface has to be treated in order to avoid non-specific adsorption of fluorescent dyes. 

Reversible packaging based on anti-adhesive under-layer

General conclusions in microfluidic chip fabrication:

A final microfluidic chip with embedded microcoils obtained after applying a packaging technique is shown in We want to determine the highest current that can be injected in the coil without leading to a temperature increase incompatible with the biological species used in immunoassay. The temperature measurement setup is shown in Figure 4.17 (a). When the flow injected inside the channel by pumping (6.6µL/min) or without any flow inside, a direct current DC is injected into the coil. The temperature is recorded as a function of the current intensity in stationary conditions (we wait 10 minutes to stabilize the system).

a. Experiment description

We measure the temperature with two types of coils (Figure 4.18). These coils have the same geometrical parameters, except the outer diameter, which affect the number of turns. For coil 2, this temperature elevation is obtained with a higher current (470 mA). The copper temperature coefficient of 3.9 10 -3 suggests a resistance increment of 4% for a 10°C temperature rise. The observed resistance change is approximately 10% for coil 1 and 25% for coil 2. The difference between calculations and experiments suggests that either the temperature of the coil is higher than the chip temperature although the thermocouple is placed as close to the coil as possible.

Another possible explanation resides in the coil fabrication technology: connecting the center point of the coil to the bonding pads is done by a thin copper track while the windings are thick (electroplated). Higher power dissipation in the bottom track can explain both the higher resistance value as well as the higher temperature coefficient.

Magnetic nanobeads trapping experiments a. Magnetic beads

In these experiments, as in the immunoassay ones, commercial carboxyl-300 nm magnetic beads (Adembeads, purchased from AdemTech) are used. Carboxyl-Adembeads (1) are mono-dispersed and super-paramagnetic beads composed of magnetic core encapsulated by a highly cross-linked hydrophilic polymer shell. The surface is activated with carboxylic acid functionality. The hydrophilic surface ensures low non-specific binding, excellent dispersion abilities and easy handling of the beads in a wide range of buffers. The properties of beads are present in Table 4-2.

(1) Product information, http://www.ademtech.com/images/carboxyl-adembeads%200213%20v%202.5.pdf

Table 4-2. Some basic properties of beads

Physical characteristics

Core-shell structure of beads Diameter: 300 nm (CV max 20%) Density: ~2.0 g/cm 3 Magnetization at saturation: ~40 emu/g Specific surface area: 15 m 2 /g Iron oxide content: ~70% COOH density: > 350μmol/g Solid content: 30 mg/ml (3%) -Channel parameters are: straight channel with 100 µm wide, 3 cm long, and 50 µm high.

 For the chip with wide channel:

-Coils parameters are: 1.5 mm wide, Cu-wire width w = 10 µm, space between two Cu wires s = 10 µm, number of turn N = 33 turns, Cu-wire height h = 10 µm.

-Channel with multi inlets and outlet (as described in Figure 4.1): The width of all lines in this channel is 500 µm, and only the width of the trapping zone is 1.5 mm.

c. Experiment description

The experimental setup is shown in In case of narrow channel, only one pump is used for injecting magnetic beads dispersed in PBS solution. When magnetic beads are injected into the channel, a current is applied in microcoils by a DC power supply.

 Two experiments are carried out:

-For the narrow channel experiment, a constant current is injected in the microcoils for around 1minute leading to a stable amount of beads trapped on the coils' surface;

-For the wide channel, a set of current values in the range 150 -500 mA is applied.

The distribution and the amount of beads trapped as a function of the current is observed.

The information of the two experiments is summarized in Table 4-3. According to the simulations, the magnetic flux density has high slopes at the center and outer edges of the microcoil. In the middle zone of the microcoil the magnetic flux density tends to decrease slightly. The temperature inside the channel (at the trapping zone) is then approximately 35°C, which is suitable for the immunoassay experiment. The magnetic field value can be estimated to 0.014 T. 

b. Trapping magnetic beads in a wide channel: current value effect

The goal of this experiment is to find out how beads are trapped on these coils in dynamic mode, continuous flow. Figure 4.24 shows a full view of the test chip as well as a zoom of the trapping zone. In this zone, the coils are placed to trap the beads, and the zone's width is fitted to the coil size. With wide channels, the trapping experiment is not realized in the same conditions as for narrow channels. Here, the main microchannel is 500 µm wide and the trapping chamber is 1.5 mm wide: the speed of the liquid decreases when the microchannel widens. This fluid velocity reduction significantly improves the trapping efficiency. Trapping capability of the coils have been simulated and experimentally checked under specific conditions. Bead trapping occurs if the magnetic force is higher than the hydrodynamic forces exerted on the bead.

The trapping process is carried out in the same conditions than the previous experiment. Current in the 100 to 500 mA range is applied for one minute. After 120 seconds, the current is cut off (I = 0 mA) in order to release the beads from the surface of coil. As shown in Figure 4.28, at 123 seconds, of the beads remove from coil and follow the liquid stream. This can be explained by the fact that the current direction changes at these positions. The change in direction of the magnetic field, i.e. the gradient of the magnetic field, becomes high and allows a strong trapping even with a moderate field modulus. An oblique path was designed in order to ease the electroplating process (avoid bubbles trapping in sharp corners). 

Conclusion of trapping experiment

A set of designed coils has been manufactured and two experiments were carried out in order to experimentally check the usability of the device for the application:

-A trapping experiment in a narrow channel showed that the distribution of trapped beads corresponds to the profile of the simulated magnetic flux density generated by coils, and thus validates the simulation results.

-In a wider channel, the experiment allowed to show the shape effect of the coil.

Both experiments showed the ability of coils to efficiently trap magnetic nanobeads at temperatures in the 30 to 37°C range. The designed microfluidic chip can then be used for bead-based immunoassay inside channel. Molecular structure in solution:

PEO is also known as Polyethylene glycol (PEG) or Poly(oxyethylene) (POE (1) ) [11].

A stock solution of PEO is prepared by gradual addition (in less than 1min) of 0.1 g of the PEO polymer powder (Mv ~ 400,000; purchased from Sigma Aldrich) to 45 mL of water in an Erlenmeyer flask. The water is vigorously mixed by stirring and heated to 40-50 °C. After the addition of PEO, the flask is sealed and heated at ~80 °C for at least 15 min (this solution can be used for up to 2 weeks). Neutral or acidified 0.2% PEO solutions are prepared by the addition of 0.5 mL of water or 1M HCl to 4.5 mL of PEO stock solution. The acidified gel is used for at most 2 days after the addition of acid. It is better if this solution is used in few ten minutes or few hours after adding acid. Although no change in analytical performance was observed within 2 weeks, the acidified gel became less viscous over that period. This is probably a result of formation of shorter chain polymers due to the acid hydrolysis of PEO [10].

BSA 2% solution:

The Bovine serum albumin -BSA is a single polypeptide chain (molecular weight: approximately 66 kDa) consisting of about 583 amino acid residues and no carbohydrates [12]. (1) The two names polyethylene glycol and polyethylene oxide are chemically synonymous, but historically polyethylene glycol -PEG has tended to refer to shorter polymers with molecular weight Mw<20000, polyethylene oxide -PEO to highmolecular adducts. Because generally BSA causes foam, BSA has to be wet properly before to be actually dissolves with gentle stirring (no more than one rotation of the stirring bar per second -using magnetic stirrer). The stock BSA/PBS solution can be stored maximum of 6 months in refrigerator at 4 o C, but will better in 1 or 2 months.

b. Protocol of surface modification and bonding process

-Firstly, both surfaces of channel cap and bottom substrate are cleaned with acetone and dried under nitrogen gas (or simple way, by using scotch tape to remove dusts) and then treated with plasma for 3 minutes (160W of power, 0.4 mbar of oxygen pressure), as shown in the first step of 

Results and discussions a. The effect of PEO treatment on PDMS surface

After activating PDMS surface by plasma, this unstable surface is stabilized by a layer of PEO molecule. This PEO layer makes also the surface becomes hydrophilic.

Before incubating with PEO, the oxidized surface of PDMS is pre-treated with HCl 1M in order to protonating silanol groups on PDMS surface. Because the PEO chains contain negative charges, which come from the oxygen atoms of ether oxygen groups -they work as a hydrogen acceptor [13], the polymer chains adsorb easily on surface, which are rich in hydroxyl groups -which normally act as hydrogen donors, by hydrogen bonds, as shown in There are two attachment types of PEO on PDMS surface: Covalent attachment and adsorptive attachment of PEO. For the covalent attachment of PEO on PDMS, the PEO chains with hydrophilic end groups are coupled to the oxidized PDMS surface containing silanol groups [14][15][16][17], the PDMS surface required a plasma treatment in this case. After the first covalent attached layer of PEO, the oligomer/monomer molecules of PEO can be adsorbed on this surface and polymerize, leading to a thin layer. By covalent attaching, the polymerized PEO layer bonds strongly enough on surfaces and can be stable several cycles of channel using.

For adsorptive attachment, the PEO chain can be adsorbed directly on native PDMS (without activating surface by plasma). It is suggested that, the adsorption includes physical and chemical adsorption by hydrogen bonds because of the oxidized surface PDMS. The contact angle characterization of PDMS surface before and after coating PEO is shown in Table 4-4. (*) The contact angle is measured (using water) after 30 minutes of treating with plasma, PEO coating or BSA blocking step and rising with water in 3 minutes. (!) The plasma condition is 160 W of power, 0.4 mbar of oxygen pressure and 3 minutes of exposure. ( †) PDMS is coated by PEO without plasma treatment

The contact angle of plasma treated PDMS surface (θ = 39.8°) is lower than the one treated by PEO (θ = 46.2°). It can be explained by the structure of coated PEO molecule on PDMS surface or hydrophilic silica surfaces. The adsorption mechanism of PEO or other surfactant polymers on hydrophobic/hydrophilic surface is described in literatures [18,19]. On hydrophilic surfaces, the polymer adsorbs in a flat conformation resulting from an interaction of PEO units with the hydrophilic surface. This is mainly due to H-bonding with oxygen atoms on the surface and acid base interaction [20]. On the contrary, on hydrophobic surfaces of native PDMS, the PEO unit long tail reaches into solution, and forms a thick layer of polymerized PEO.

After this first layer, the surface becomes hydrophilic because the hydrophobic PEO parts adsorb strongly to the hydrophobic of PMDS, and then the hydrophilic PEO tails invert into solution. In fact, these adsorption processes cannot be controlled enough to control the thickness of the adsorbed layer. In addition, the molecular structure of PEO chains contains balance of hydrophobicity and hydrophilicity. Thus, the adsorbed PEO layers will have both hydrophobic and hydrophilic properties.

b. The effect of BSA and PEO treatment on PDMS surface

To enhance the preventability of PDMS surface from nonspecific adsorption, the PEO grafted PDMS surface required to be blocked by surface blocking agents. For immunoassay, BSA is the common one [12]. BSA is adsorbed on surface (which was grafted by PEO) to block channel surfaces. Because the BSA molecules have hydrophilic parts, they adsorb only easily on the hydrophilic surface. Generally, the 97| P a g e BSA adsorption is usually restricted to a monolayer for less than 2 hours of incubation time at low concentration about 10 mg/mL [21]. There is a trade-off between the incubating time and solution concentration. As the BSA solution concentration is increased, many BSA molecules absorb on the surface, layer by layer, leading to a thick BSA layer on attached PEO layer. A desorption process of BSA can occur after some cycles of washing channel. Therefore, a new BSA adsorption step can be performed after performing each experiment. -The first chip is a control sample: the bonding step is done without any PDMS surface treatment (neither with PEO or BSA).

As shown in

-For the other two chips, the presented PDMS surface modification process is performed with different BSA incubating time: 10 and 20 minutes (but the same PEO grafting conditions).

A fluorescent labeled antibody, FITC -conjugated (1) , solution of 1μL/100μL PBS (pH = 7.4) concentration is injected in these chips and incubated in channel for 2 hours at room temperature. The incubating process is taken place in darken space in order to prevent the FITC from interacting with light. After 2 hours of incubating, the three PDMS chips are washed by injecting gently a PBS 1× solution at 0.5 μL/min of flow rate for 10 minutes. The washing process is also taken place in dark (1) Fluorescein isothiocyanate, http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/7/f5262dat.pdf From these results of the modification of PDMS surface, the define protocol is validated and can be applied to the microfluidic chips used for immunoassay. Some complementary tests have to be done to validate the necessary of BSA treatment.

First steps in bead-based immunoassay inside microfluidic chip

After modification of PDMS channel surface, the microfluidic chip is ready for the on-chip bead-based immunoassay. The principal aim of this section is to demonstrate the possibility to do an immunoassay inside a microchannel starting from carboxylbeads (not functionalized beads) and using magnetic field generated by microcoil to trap and mix beads during a immunoassay.

We choose to do this demonstration by building a sandwich structure {beadprimary IgG antibody -FITC labeled second antibody}, As this sandwich structure is commonly used to evaluate the primary antibody grafting thank to the detection of the second labeled antibody, the whole protocol is named IgG grafting.

After presenting the IgG grafting experimental protocol, experiments in two conditions will be related. First experiments performed in micro test tube will validate the experimental protocol. Then, experiments in microfluidic chip will be performed using in two types of chip: one with permanent magnets and the other one with integrated microcoils for trapping magnetic beads.

General IgG grafting protocol

The aimed sandwich structure {bead -primary antibody -labeled second antibody} will be built in several steps:

-Surface carboxyl beads (e.g. Adembeads ® , 300nm) activation, which will be based on the process of activating beads' surface from Ademtech's products -Primary antibody grafting (IgG type) -Second labeled antibodies (e.g. IgG-FITC-conjugated) coupling. These antibodies of detection are labeled with fluorescence dye -FITC

The control of the primary antibody grafting (IgG type) on the activated surface of beads is of paramount importance in the immune-assay recognition.

a. The preparation of materials

-Magnetic beads: carboxyl-Adembeads: 300 nm, purchased from Ademtech.

-Activation substances of beads' surface:

- -Steps for biological grafting: Grafting and labeling beads

The detailed information about the protocol is presented in Appendix 4. 

Step of chemical activation

Step of biological grafting -Experiment 2: step of IgGs grafting on activated beads' surface has been skipped.

The result shows that the signal of FITC is also limited, like in previous experiment. It also proves that the second antibody labeled by FITC could not be immobilized on activated surface of beads without the primary antibody.

-Experiment 3: all steps (beads' surface activating, IgGs grafting, and coupling FITC) of the proposed protocoal are performed. The result shows that there are significant signals of FITC. It demonstrates that, when the beads' surface is activated, the primary IgG antibody can be grafted on this surface, and the second antibodies labeled by FITC can be coupled with these primary antibodies 

b. IgG grafting protocol

Procedures of grafting in the two microfluidic chip are performed in the same conditions of experiments than in micro tubes. Based on the experimental setup of microfluidic chip, the following protocols is applied for chip using embedded microcoils:

Preliminary step: Channel is pre-cleaned by injecting PBS 1x in channel for 10 minutes in order to wet all channel's surface and limit air bubbles. This step is a very important step, and can sometime take longer time than 10 minutes. The flow rate of PBS is kept constant at 0.59 µL/min. that the total flow rate is kept at ~0.6 µL/min). As beads move through reservoir 1, mixing zone, and reach the coil position/trapping zone, a 400 mA of current is applied immediately to the coils for generating magnetic field to trap magnetic beads.

While beads continue reaching to coils and being trapped at these positions, the PBS goes through trapped beads and the beads washing step is performed. Beads are washed in 10 minutes. The washing procedure will clean all surfactants and solution for stabling beads in stock solution.

After washing procedure finishes, pumps supplying beads and PBS are stopped and these inlets are locked by closing valve switch.

(2). Beads' surface activation: The solutions of EDC and Sulfo-NHS are injected together in inlet 3 and 5, Figure 4.43 (a), with 0.3 µL/min of flow rate of each solution. The activation procedure is done in 10 minutes (total volume 3.0 µL of each EDC and Sulfo-NHS). Then, the two lines 3 and 5 of valve switch are closed, and PBS is injected for 15 minutes in inlet 1 with 0.59 µL/min of flow rate in order to take the second washing step. It is noted that, EDC/Sulfo-NHS are released as much as possible out of trapping zone in order to limit the conjugation of EDC with carboxyl or amine groups of biomolecules leading these molecules to self-polymerize.

As the washing step finishes, the inlet 1 is closed. It is noted that a current of 400 mA is applied in to the coils during the entire experiment.

(3). Grafting the first antibody on activated beads: while nanobeads are still trapped in the trapping zone, IgG is injected into channel through the inlet 6, while all other inlets are closed. The grafting procedure is taken in 2 hours at 36°C with a flow rate keeping constant at 0.3 µL/min, at half of normal flow rate (Total volume = 36 µL).

Then a washing step of 20 minutes is carried out in order to remove all non-grafted IgG. In the washing step, the inlet 6 is closed and the inlet 1 is opened for PBS injection.

It is noted that, when beads are under magnetic force they aggregated into cluster of beads. Thus, the interacting surface of beads is decreased. To enhance the efficiency of IgG grafting on beads surface, mixing of beads and IgGs in channel is required. Thus, the nanoparticles are regularly released and re-trapped form the coil surface. This is done by turning off syringe pump and cutting off the injected current in the coil (1 minute every 30 minutes). This turns off the magnetic field, and then nanoparticles are subject to Brow movement. As the nanoparticles have to stay in the trapping zone, no fluid movement is insured by stopping the supplying IgG pump and closing inlet 6 (4 minutes before cutting off the current).

In addition, after each step (activating, grafting), beads can be moved respectively from the first coil to third coil in order to make some mixing (because three coils are arranged in line along to flow direction, Figure 4.47) (4). Blocking step: BSA 2%, blocking agent, is injected in channel from inlet 2 in order to be adsorbed on free surface of beads, limit interaction of beads, and prevent undesired adsorption on un-grafted bead surface of the fluorescent dye (FITC) in next step. The blocking step is performed for 20 minutes, and the flow rate is kept at 0.59 µL/min. After blocking step finishes, a washing step is performed to clean beads from BSA. The BSA inlet 2 is closed and inlet 1 is opened for 20 minutes for PBS injection with a flow rate of 0.59 µL/min. (5). Fluorescence conjugation: Finally, to evaluate the primary grafted antibodies on beads surface, these antibodies are labelled by coupling with other labelled antibodies (IgG-FITC-conjugated) for characterization by fluorescent imaging. The IgG-FITCconjugated is injected for 2 hours through inlet 2, after removing BSA pump supplier.

The flow rate is 0.3 µL/min. The total volume of FITC is 36 µL. It is noted that, IgG-FITC-conjugated interacts easily with light, thus, in this step all the microfluidic chip, tubing connection and pump are protected from light by covering with dark box or placing in dark room. The bead self-mixing in channel at trapping zone -bt cutting off current for a while-is applied in this step. When the coupling procedure finishes, channel is cleaned carefully by injecting PBS through inlet 1, while all other inlets are closed. The flow rate for the 20 minutes washing step is 0.59 µL/min. IgG grafted and FITC labeled magnetic beads are then characterized by taking fluorescent images.

For chip using permanent magnet to trap nanobeads, the protocol is very similar except the step of the mixing nanobead with liquid component in order to increase chemical reaction efficiency. Two permanent magnets are used to trap magnetic beads in that kind of chip: one is placed at the trapping zone; and other is placed at reservoir 2 of channel, as shown in 

c. Results and discussion

 The results of experiment in microfluidic chip using permanent magnet: show that big mount of beads are trapped. In addition, these beads are aggregated into big clusters (the size of these clusters is much bigger than the free bead's size).

Fluorescent images are taken at position of reservoir 2 after the step of FITC coupling. Qualitatively, we can conclude that, the process of immobilizing IgGs on beads surface can be performed inside microfluidic chip under the same conditions as it is performed in micro test tubes.

 The results of experiment in microfluidic chip using microcoils:

As describe in the protocol, in this experiment magnetic beads are manipulated in channel network by microcoils at only trapping zone. Three microcoils are used for 

Conclusions from applying microfluidic chip with embedded microcoil in immunoassay

A modification of PDMS surface is carried out successfully by using PEO to coat PDMS and BSA to block all surfaces and reduce the non-specific adsorption of fluorescent dyes (FITC). The IgG immobilization inside microfluidic chips, which use permanent magnet or embedded microcoils, showed that IgGs could be grafted on bead's surface in similar conditions to the process performed outside channel (in micro-test tube) which is a very good result. The IgGs immobilization process should be optimized in future studies to obtain optimal immune-assay response of biomarkers with quantitative results.
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General conclusion of chapter 4

In this chapter, a microfluidic chip with embedded coils is fabricated and characterized. First the microchannels are designed and the process of packaging is carried out with a flexible micro-valve. We verified that the trapping is compatible with the use of temperature inferior to 37°C. The trapping of functionalized beads is then performed. For each step, we propose a specific development concerning showed that all steps of this process, validated in micro-tube conditions, could be carried out on chip: beads' surface activation, IgGs immobilization, surface blocking, and IgG-FITC conjugated coupling.
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CONCLUSION AND PROSPECTS

In this study, a new type on-chip bead-based immunoassay platform with embedded planar microcoils was designed and fabricated for the aim of trapping effectively functionalized magnetic nano/micro beads, and the immobilization of capture antibodies inside microchannel. The microcoils as electromagnets are proposed to integrate in microfluidic chip instead of permanent magnets in order to control well the magnetic force in the trapping and mixing magnetic beads inside microchannel. It allows to control the magnetic field without displacement of any part of the device which is obligatory in the case of permanent magnet. The originality is to couple the very high sensitivity and specificity totally integrated and which even allows to functionalize the nanoparticles within the micro-device.

In chapter 2, a review of integrated microfluidic system and the using of this system in immunoassay are presented specifically for bead-based microfluidics immunoassay.

Some of them integrate microcoils inside but we never identify some teams which develop the sandwich grafting and the functionalization of the device with microcoils.

The design of these microcoils was carried out basing on the calculation and simulation of magnetic field on surface of microcoils, in chapter 3. Thanks to the FE method and ANSYS ® v12.1 software, the simulation results showed the criteria for designing planar microcoils: optimal magnetic field obtained with low power consumption, i.e. high power efficiency should be chosen in order to decrease coil heating in the microfluidic chips and stay compatible with biological applications.

Merit factors such as the magnetic field generated for a given power loss were defined. These factors gave very important parameters to fabricate the planar microcoils as a heart of microfluidic chip for trapping effectively magnetic beads at low rising temperature in the procedure of bead-based immunoassay inside microfluidic chip. The microcoils were fabricated by microfabrication technique, and they were characterized by temperature measurement on surface of microcoils and trapping magnetic test. These experimental results (in chapter 4) validated those microcoils were able to trap well magnetic beads at bio-compatible temperature (without any module of temperature controller).

The microfluidic chip was fabricated basing on the embedded microcoils on the bottom substrate and microchannel network in PDMS materials. The PDMS channels were designed with multi-inlets/outlets and functionalized zones such as mixing zone, trapping zone. These designs were suitable for the aim of the manipulation of multicomponents (e.g. magnetic beads; chemicals; biological materials, etc.) of immobilization antibody IgG on carboxyl beads' surface inside microfluidic chip. The microfluidic chip assembling was performed by bonding the PDMS channel to bottom substrate with embedded microcoils. This packaging process was carried out by the techniques of reversible bonding which allows to reuse the bottom substrate in many times. This bottom substrate contains planar microcoils and was requires a complex fabrication process. In this study, the development of reversible bonding for general PDMS microfluidic chips contributed simple and useful techniques in packing chip.

The fabricated microfluidic chips were applied to the immobilization (on chip) of the antibody IgG-type on carboxyl magnetic beads. In this immobilization process, the efficiently trapping 300 nm magnetic beads at low temperature (< 37°C) was an important step to perform successfully the immobilization of antibody on beads' surface basing on the standard protocol which is performed in micro test tube. These immobilization results inside the two microfluidic chips: using embedded microcoils and using permanent magnets were compared to the results which were performed in micro test tube. In addition, a process of the PDMS surface modification (using a process of coating PEO 0.2% and blocking surface thanks to BSA 2%) was required to anti-the non-specific adsorption biological substances.

 Study's prospects:

We have seen during the experiments that the magnetic beads in external magnetic field are often aggregated leading to decreasing reaction surface. Therefore, a mixing step of the trapped magnetic beads at trapping zone needs really to be developed in order to increase the reaction area of the beads surface with activation surface agents, antibodies, etc. This problem can be solved by arranging microcoils at trapping zone (like a microcoils array) or controlling the characterization of magnetic field. The ability of trapping beads of the microcoils may be enhanced by using magnetic materials with coils (such as Permalloy core).

The process of immobilizing IgGs on beads' surface need to be optimized varying the concentrations of the antibodies IgGs and FITC-conjugation beads solutions. 1. Introduction: Poly(dimethylsiloxane) (PDMS) is the most commonly used silicone polymer in the fabrication of microfluidic systems and is applied in many biological analysis processes, such as protein, DNA analysis [1][2][3][4][5], cells analysis, immunoassays [6,7] and so on. This is due to its physical and chemical properties (e.g. permeability, transparency, flexibility and bio-compatibility) in addition to its easy, flexible, low-cost and quick fabrication process [8]. Moreover, the replica moulding process on SU-8 masters makes the channel network's design simple [2]. The package is an essential part of a device as it ensures its protection. For PDMS microfluidic devices, it also generally contains the channel network. In specific applications, the development of reversible packaging, which enables reuse of the microfluidic chip several times, is very attractive, especially when integrated components (e.g. electrodes for electrochemical detection, microcoils for magnetic trapping or analysis etc.) have been required for a complex and expensive microfabrication process. Indeed, the reversible packaging allows the PDMS cap removal for better cleaning and/or channel replacement. Thanks to the PDMS adhesive properties and the easy activation of its surface, PDMS cap bonding on various materials (e.g. glass, silicon etc.) is common. Even if the accurate alignment of cap and bottom substrate is still an issue, the bonding can be done quickly by using oxygen plasma, UV/ozone, corona discharge or even by self-adhesion [9][10][11]. With this latter technique, the bonding is reversible, but only very low fluidic pressures can be applied in the channel in order to avoid any leakage. Other techniques allow the use of high pressure conditions: above 30 kPa and up to 200 kPa or from a few tens to few hundreds of μl/min of liquid flow rate, but they are generally irreversible [12,13].

A few reversible packaging methods allowing PDMS microfluidic chips to work at quite high pressure have been already published. The simplest method is to fasten the contact between the cap and the device wafer with a mechanical strength thanks to two clamps (Plexiglas ® ) tightened with screws [14,15]. In addition to the specific design of the mechanical clamps, channel deformation can appear when a hard press is applied onto the cap. Packaging by aspiration through a dedicated crossing channel network patterned in the cap suffers from the same drawback [16]. In addition, using a vacuum system implies that the applied pressure needs to be well regulated. Magnetic field strength can be used to clamp both parts of the microfluidic chip thanks to magnets or embedded iron powder in PDMS. Rafat et al. [17] reported a working pressure of up to 145 kPa, but this technique is not compatible with microfluidic chips using magnetic beads inside the channel. Another way is to seal the PDMS microfluidic chip with an adhesive layer or special double-sided tape. Chong et al. [18] used a bio/chemical compatible tape to bond the channel cap to the bottom substrate. The tape enhances the bonding strength (the pressure inside the channel is up to 100 kPa) and the cap is easily removed from the substrate. The PDMS bonding on different substrates combining a plasma and an adhesive layer (dimethyl-methylphenylmethoxy siloxane (DMPMS)) between the channel cap and the bottom substrate has previously been performed by Vézy et al. [19]. This technique allows chips to be reused and to work in high pressures (100 kPa) with no leakage. However, in both cases, the surface of the bottom substrate is covered with the tape or the adhesive layer, making it impossible to perform specific surface treatment or to access electrodes on the bottom substrate before channel sealing.

DMPMS is a suitable material for microfluidic chip, as it is a popular silicone conformal coating like parylene, acrylic resin, epoxy and polyurethane. In addition, there are similarities in some common properties with PDMS (Table 1). These properties make the material easy to use. As a translucent liquid, it is easy to spray or spin-coat, flexible, easy to cure (in the oven or at room temperature), highly adhesive to most common substrates and materials and containing a safe solvent base. It is particularly useful for low-and high-temperature applications. Like PDMS, it provides high humidity and corrosion resistance with high coefficient of thermal expansion. In common usage of making a thin film of spin coating, DMPMS is even more suitable than PDMS because of its lower viscosity. These properties make DMPMS suitable for use as an adhesive layer in bonding and protecting printed circuit boards (PCBs) or other electronic substrates [20,21].

In this Letter, we propose to combine the use of DMPMS as an adhesive layer and the stamping method, also known as 'stamp-and-stick' process [22], for its structuration. In this technique, a thin adhesive layer (e.g. acrylic resin, epoxy, polyurethane or silicone) is transferred to the cap from a spin-coated layer on a wafer by manual or automatic stamping system. Then, the cap is put in contact with the device wafer. The bonding process is performed easily at room temperature or with a soft thermal treatment (below 100°C). As the adhesive layer is not spin coated on the bottom substrate and is only present at the substrate and cap interface, structuration and/or functionalisation of the bottom surface are possible before the bonding step. In addition, no plasma activation is required, preserving plasma-sensitive surfaces. 2.2. Experiments 2.2.1 PDMS microfluidic chip fabrication: Microfluidic chips are obtained by bonding a PDMS channel cap to a flat surface (the bottom substrate). Two different types of bottom substrates are used: glass and thick PDMS layers of glass. The glass substrate is cleaned with solvents and dried using nitrogen gas. In the case of the PDMS bottom, a layer of 100 µm thickness is spin coated over a previously cleaned glass substrate. For that purpose, prepolymer PDMS is prepared by mixing two components, base and curing agent, with a weight ratio of 10:1. After blending, the mixture is degassed in a vacuum desiccator. Then, the PDMS is spin coated at 500 rpm for 60 s and cured in an oven at 75°C for 1 h. For the channel cap preparation, it is necessary to fabricate an SU-8 mould first. A 50-μm high, 500-µm wide and 3-cm long mould in SU-8 3050 photoresist is moulded on a silicon wafer [1]: an SU-8 layer of up to 50 µm is spin coated on a silicon wafer and then soft-baked on a hot plate at 95°C for 15 min. Subsequently, the SU-8 layer is exposed to UV light by using an optical lithography system at 250 mJ/cm 2 , post-baked at 65°C for 1 min after that and then at 95°C for 4 min. Finally, the SU-8 layer is developed in SU-8 developer solution for 5 min,, then rinsed with isopropyl alcohol and dried using nitrogen gas. In the next step, the pre-polymer PDMS is poured onto the SU-8 mould and cured in an oven at 75°C for 2 h. Finally, the cured PDMS cap is released from the master mould and cut into a suitable shape. The channel inlet and outlet are drilled using a PDMS tool kit.

2.2.2 Bonding process: Fig. 1 shows the bonding process using the stamping technique. A DMPMS layer of 7 µm-thick is spin coated at 5000 rpm for 90 s over a glass substrate. Then, the cured PDMS cap is stamped on this fresh DMPMS layer (Figs. 1a andb), peeled off and placed on top of one of the two bottom substrates previously prepared (either glass or PDMS/glass) (Fig. 1c) and the position is fixed. Finally, the microfluidic chip is placed in an oven at 70°C for 4 h to let the DMPMS cure (Fig. 1d). The bonding is performed with and without a load of 0.7 kg on top of the microchannel to enhance the adhesion of both parts, leading to an applied pressure of around 7N related to the cap size.

Leakage test:

This test is performed after the bonding to evaluate the reliability of the microchannel. As shown in Fig. 2, coloured water (for easy observation) is injected into the channel at several flow rates ranging from 20 to 500 µl/min using a glass syringe controlled by a syringe pump (RaZEL™ R99-FMZ). The flow rate is increased by intervals of 30-80 µl/min. For each flow rate, the coloured water is kept flowing inside the channel for 10 min. The maximum tested flow rate has been fixed at 500 µl/min, which is high compared with the working flow in the common microfluidic experiments.

2.2.4 Peeling/bonding test: After the chip has passed the leakage test, the channel cap is carefully, manually peeled. The peeling process is considered to be successful when the channel is entirely removed from the substrate without any tearing of the channel surface or the PDMS substrate layer (Fig. 3a). On the contrary, if the cap is cracked, the process has failed (Fig. 3b). Once the channel cap is successfully removed without any tear, the bonding process is performed again as shown in Fig. 1. The number of peeling/bonding repetitions reveals the process robustness. Tests are performed until five successful peeling/bonding cycles are achieved. The channel cap can be either reused or replaced by a new one in each cycle.

3. Results and discussion: First, it has been necessary to adjust the couple 'baking temperature' and 'curing time' to ensure DMPMS curing. As reported in the product data sheet of DMPMS [20], the typical curing time recommended for a 75-μm coating layer in contact with air is 10 min at room temperature followed by a soft bake at 60°C for 10 min in an oven. In our case, even if the DMPMS layer is thinner, at this process step, it is sandwiched between the PDMS cap and the substrate, limiting its solvent evaporation. Several conditions with times ranging from 1 to 4 h and temperatures ranging from 60 to 70°C have been tested for the bonding process. The optimum conditions are 4 h at 70°C. Such bonded channels pass the leakage test until a flow rate of 330 µl/min is reached (Table 2). Reversible bonding is then a success for both types of substrates, glass and PDMS/glass, as the cycle of peeling/bonding can be performed up to five times and the cap is easily peeled off from the substrates. Then, the effect of pressure applied on the top of the microchannels during the bonding step was investigated. When the bonding is performed by the load, the maximum value of flow rate that can be injected into the channel with no leakage is 500 μl/min, instead of 330 μl/min without the load (Table 2). Therefore, adding a load to apply pressure during the process increases the adhesion of the two surfaces. It maximises the contact of the two surfaces (channel cap and bottom), and enhances the cross-linking of DMPMS with both surfaces. However, a flow rate of 330 μl/min is high enough to be used in any microfluidic applications related to biological assays, as it is higher than the reported values (from ten to a few tens psi of pressure or <10 μl/min) [14][15][16][17][18][19].

It is noted that a few tests have been done with the same conditions on non-patterned SU-8/silicon substrate, but the results were not reproducible and the quality of bonding was poor.

When performing the peeling process, the PDMS cap may be destroyed, leading to the use of a new cap. This may be caused by different factors. The major factor can be the strong cross-linking that occurs between DMPMS and PDMS or glass at both bonding interfaces, leading to partially irreversible bonding. Another factor is the handled peeling, which can induce a cohesive break in the cap.

As the fracture takes place in the DMPMS inter-layer, a roughness appears on both contact surfaces (channel cap and bottom substrate) after peeling, as shown in Fig. 4. The trace aspect can come from the tearing of the cross-linked DMPMS, which sticks partly to both surfaces. After each peeling/bonding cycle, the roughness increases, decreasing the bonding reversibility. This sometimes results in bonding failure after four cycles. As the roughness on the bottom surface cannot be controlled, replacing with new channel cap, in each cycle or after several cycles, is proposed to trade off between the bond strength and the reversible ability.

In the stamping technique, DMPMS plays the role of adhesive interlayer. If this adhesion layer is too thick, the fresh uncured DMPMS may overflow inside the channel during the stamping process when the channel cap is put in contact with the bottom substrate and pressed onto it, as shown in Fig. 5. It means that the excess of DMPMS, after its curing, could hinder and retain substances inside the channel and thus disturb the laminar flow by changing the Reynolds number. In this case, it would make the chip use and the cleaning of the channel difficult. A thick adhesion layer can also significantly affect the height of channels.

In our case, the chosen DMPMS thickness is 7 μm, which reaches a good compromise that limits the above mentioned problems and ensures an optimal strength for reversible bonding.

DMPMS cytotoxicity:

Although DMPMS is commonly used as a coating layer in civil and industrial applications, to our knowledge, no tests of toxicity and/or biocompatibility have already been reported. To evaluate whether this material can be used in microfluidic chips for biological applications, an MTT cell proliferation assay has been performed with suspended human T-lymphoblastoïd cells (CEM) [23]. This colorimetric test is frequently used to assess cell viability. For that purpose, the yellow tetrazolium MTT solution is added to the cell suspension.

Metabolically active cells reduce tetrazolium molecules to purple formazan crystals. The resulting intracellular crystals are then solubilised and their absorbance quantified at 570 nm using a UV spectrophotometer.

The proliferation of active cells, proportional to the measured optical density, is used to evaluate the toxicity of the DMPMS while a glass surface represents the positive control. Prior to the experiments, cured DMPMS and glass surfaces are dipped in ethanol before performing a 1 h UV light sterilisation. After that, CEM cells are plated on both surfaces. Cell samples are harvested every 24 h to realise an MTT assay. The toxicity results, shown in Fig. 6, indicate that the cell proliferation on the DMPMS surface is equivalent to the positive control surface, suggesting its non-toxicity. Therefore, the use of DMPMS as an adhesive layer in microfluidic chips is compatible with biological applications.

Conclusion:

The reversible packaging of PDMS microfluidic chips using the stamping technique and DMPMS as an adhesive layer has been demonstrated on common substrates such as glass and PDMS. Such bonded channels can sustain high injection rates (up to 500 µl/min) and are suitable for most microfluidic applications. The use of a load during the bonding process increases the bond strength but also the risk of misalignment. The cycles of peeling/bonding can be performed up to five times, which can reduce the cost and fabrication time. Moreover, plasma activation is not required, allowing the use of surface treatment (functionalisation, grafting etc.) of the channel before the closing step. The experiments on DMPMS demonstrated that this material is not toxic, so is compatible with biological applications. In future work, the process will be extended to the other materials commonly used in microfluidics, such as SU-8, PMMA and COC. 
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Figure 1 .

 1 Figure 1.1. An example of Common ELISA formats. In the assay, the antigen of interest is immobilized by direct adsorption to the assay plate or by first attaching a capture antibody to the plate surface. Detection of the antigen can then be performed using an enzyme-conjugated (E) primary antibody (direct detection) or a matched set of unlabeled primary and conjugated secondary antibodies (indirect detection)(1) .

Figure 2 . 1 .

 21 Figure 2.1.(a) Microfluidic chip using as micro-reactor and micro-mixture device(1) ; (b) A high-throughput automated cell culture system with integrated multiplexer, peristaltic pump, cell inlet and waste output,[START_REF] Gómez-Sjöberg | Versatile, Fully Automated, Microfluidic Cell Culture System[END_REF].

Figure 2 . 2 .

 22 Figure 2.2. It also shows the size characteristics of typical microfluidic devices compared to other common objects.

Figure 2 . 2 .

 22 Figure 2.2. Size characteristics of microfluidic devices [39].  Microfluidics chip is commonly structured from basic modules: -Channel network (including parts of driving flows, function parts for mixing, separating flow, creating droplets or trapping, etc.).Figure 2.3 shows an example of

  Figure 2.3 shows an example of microfluidic chemotaxis device [40]. The device consists of a gradient-mixing module and a chemotaxis observation module. This device is developed for generating precise and stable gradients of signaling molecules to investigate the effects of individual and combined chemo-effector gradients on Escherichia coli chemotaxis.

Figure 2 . 3 .

 23 Figure 2.3. Microfluidic chemotaxis device. (A) Schematic representation of the microfluidic device. (B) Food dye representation of gradient formation in the microfluidic device, showing the formation of a range of greens from blue and yellow inputs.

Figure 2 . 4 .

 24 Figure 2.4. SiGe/Microfluidic Hybrid Prototype and Micrograph of the SiGe IC for controlling a microcoil array, [41] -Tubing connection (for connecting supplier pump of chemical/biological substances and valve switch (internal or exterior valves) -Motherboard: for connecting bottom substrate to control circuit b. Advantages of microfluidics in chemical and biological applications:

Figure 2 .

 2 Figure 2.5. (a) Contour lines for the velocity field νx(y,z) for the Poiseuille-flow problem in a rectangular channel. The contour lines are shown in steps of 10% of the maximal value νx(0,h/2). (b) A plot of νx(y,h/2) along the long centerline parallel to ey (unit vector on y-axis). (c) A plot of νx(0,z) along the short centerline

  beads are frequently used as an immobilization/carrier surface to capture target analytes of interest in immunoassay, such as proteins and nucleic acids, from a biological sample. Nano/micro magnetic beads offer several advantages over planar surfaces (in standard ELISA protocol in wells) such as large specific surface to support biological interactions (increasing sensitivity or decreasing the limitation of analyte concentration). In the ELISA test, the typical sandwich structure is created as shown Figure2.6. With the availability of the serial of commercial beads and multifunctionalization of microfluidic system, multiple targets in samples can be detected simultaneously.

Figure 2 . 6 .

 26 Figure 2.6. Sandwich structure of ELISA test on well's platform and on beads' surface

Figure 2 . 7 .

 27 Figure 2.7. Description of functional groups on beads' surface Many types of commercial super-paramagnetic nanoparticles (fabrication, physical and chemical properties, bio-compatible characterization, etc.) for many applications are introduced in [47]. In our study, we use commercial carboxyl magnetic beads of 300 nm diameter (Carboxyl-Adembeads, purchased from Ademtech). These beads are uniform Super-Paramagnetic Iron Oxide Nanoparticles (SPIONs), Figure 2.8 shows the core shell structure of carboxyl-Adembeads.

Figure 2 . 8 .

 28 Figure 2.8. The description of the core and shell structure of Carboxyl-Adembeads

Figure 2 . 9 .

 29 Figure 2.9. (a) The magnetic moments of both ferromagnetic and superparamagnetic nanoparticles under an external magnetic field/ no magnetic field; (b) Typical magnetization curves of ferromagnetic (black line) and super-paramagnetic (blue line) particles. [46, 48].

Figure 2 . 10 .

 210 Figure 2.10. Population of 5 types of antibodies in blood (%)

Figure 2 .

 2 11) consists of two identical halves connected by two disulfide bonds. Each half is made up of a heavy chain of approximately 50 kDa and a light chain of approximately 25 kDa, joined together by a disulfide bond near the carboxyl terminus of the light chain. The heavy chain is divided into an Fc portion, which is at the carboxyl terminal (the base of the Y), and a Fab portion, which is at the amino terminal (the arm of the Y). Carbohydrate chains are attached to the Fc portion of the molecule. The Fc portion of the Ig molecule is composed only of heavy chains. Fc regions of IgG and IgM can bind to receptors on the surface of immune-modulatory cells such as macrophages and stimulate the release of cytokines that regulate the immune response. The Fc region contains protein sequences common to all Igs as well as determinants unique to the individual classes. These regions are referred to as the constant regions because they do not vary significantly among different Ig molecules within the same class.

Figure 2 .

 2 Figure 2.11. Antibody (IgG) 2D and 3D structures (1, 2, 3)

Figure 2 .

 2 Figure 2.12. FITC-conjugated antibody (IgG)

Figure 2 . 13 .

 213 Figure 2.13. Schematic for the antibody/MBs preparation and colorimetric immune-magnetic assay.(a) Preparation procedure of antibody/MBs. (b) The procedure of the colorimetric immune-magnetic assay [60].

Figure 2 .

 2 Figure 2.14 shows the magnetic field simulation of different shapes of NbFeB magnets, which generate complex magnetic field patterns event on the small size of magnets. The Figure 2.14 (a) shows the homogenous magnetic field generating by a magnet bar, this field is required for NMR spectroscopy and magnetohydro-dynamic pumping. But it is also suitable for trapping stably magnetic beads in bead-based immunoassay.Figure 2.14 (b) and (c) show inhomogeneous magnetic field generating

Figure 2 .

 2 14 (b) and (c) show inhomogeneous magnetic field generating by needle magnet in NdFeB material or layered structures magnet in iron with the aim is to trap particles or transport materials within a fluid volume. 23| P a g e

Figure 2 .

 2 Figure 2.14. Magnetic fields from permanent NdFeB magnets modelled with FEMM-software [68]: (a) A homogeneous field at a distance of 1 mm along the surface of a large magnet. (b) An inhomogeneous field 100mm above the surface of a tapered magnet. (c) A magnetic field with local minima and maxima at 100mm distance above a stack of alternating iron and aluminum blocks. As an example of use of external magnet, B.A. Otieno et al., 2014 [30], describe the incorporation of a novel on-line chamber to capture cancer biomarker proteins on magnetic beads, which are derivatized with 300,000 enzyme labels and 40,000 antibodies into a modular microfluidic immunoarray ( Figure 2.15).

Figure 2 . 15 .

 215 Figure2.15. Photographs of microfluidic system for on-line protein capture and detection using magnetic beads: (A) Capture chamber in which target proteins are captured on-line from the sample by heavily labeled HRP-antibody-magnetic beads to form protein-bead bio-conjugates. These are washed, and then flowed into the detection chamber (B) in the modular microfluidic system (C). The magnet (D) traps bio-conjugate beads in the channel during injection of sample and washing, and is removed for transfer of beads to the detection chamber,[START_REF] Otieno | On-line protein capture on magnetic beads for ultrasensitive microfluidic immunoassays of cancer biomarkers[END_REF].
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 216 Figure 2.16. Wire arrangement for modeling a planar coil. (a) Wire arrangement of a planar rectangular coil. (b) Arrangement of a horizontal wire segment with finite length. (c) Coordinate transformation to formulate the magnetic field of a vertical segment of wire [76].

Figure 2 .

 2 16.a shows the wire arrangement of a planar rectangular coil. Each straight segment of the coil is termed here as a wire segment. Four consecutive wire segments form a turn. Thus, if the number of segments is n, the number of turns is approximately n/4.The superposition of the magnetic fields of all these segments results in the total magnetic field of the coil.

Figure 2 .

 2 Figure2.17 shows the typical results of the model for a rectangular coil. The field strength was calculated for a line running along the x-axis and through the center of the coil. The modeling results show that the total magnetic field (Htotal) of a planar

Figure 2 . 17 .

 217 Figure 2.17. Modeling results for magnetic field distribution of a single planar coil on the central line of the coil (n=47, g=200 µm, I=0.3A, y=0 mm, z=1 mm) [76] R. Fulcrand et al. [70] designed an integrated complex magneto-fluidic lab-on-chip, which is composed of multiple inlets and multiple microcoils within one single device. This simulation model is more complicated than model shown above. A serial of microcoils designs are proposed, and the magnetic field and magnetic force for the trapping and driving beads in microfluidic chip are calculated. The simulation models and results are shown inTable 2-2 and Table 2-3.

Table 2 - 3 .

 23 Maximum magnetic flux density, field gradient and magnetic force, 5 μm and 50 μm into the microfluidic channel for each design. I = 100 mA[START_REF] Fulcrand | On chip magnetic actuator for batch-mode dynamic manipulation of magnetic particles in compact lab-on-chip[END_REF].As shown in Table2-3, the magnetic flux density along the z and x axes Bx vanishes rapidly with the distance of the particle to the microcoil. Additionally, the 27| P a g e values Bz,max obtained with square and circular for z = 5 µm, i.e. at the bottom of the channel, are approximatively 3 times higher than those obtained with serpentine structures. Figure2.18 shows the results of trapping and driving magnetic beads inside microfluidic chip with the arrangement of microcoils in channel.

Figure 2 . 18 .

 218 Figure 2.18. Video sequence showing the manipulation of microbeads batch by successive trapping and release. (a) Flow is established and microbeads are injected in the main channel, all micro-coils are switched off. (b) Micro-coil No. 1 is supplied with a current I = 70 mA, microbeads are trapped. (c) Micro-coil No. 1 is switched off while micro-coil No. 2 is simultaneously powered at I = 70 mA, the beads batch is shifted from micro-coil 1 to micro-coil 2. (d) The bead batch is immobilized on micro-coil 2 as long as necessary and released in the same way than previously (e) and (f), [70]. A 0.75 nL/s laminar flow was established and microbeads were injected. The first micro-coil was then supplied with 70 mA during 5 s in order to trap a batch of microbeads (Figure 2.18 (b)), which is subsequently displaced by the sequential actuation of two other micro-coils (Figure 2.18 (c-f). Microbeads' batches can eventually be deflected into a desired outlet taking advantage of the uni-directionality of laminar flows.

  antibody to label negatively charged DNA fragments for signal amplification. They used an externally magnetic force attaching the analyte tightly to the sensor surface, thereby effectively solving the problem of the analyte protein's distance to the sensor surface surpassing the Debye lengths. The experiment protocol is shown in Figure 2.19.

Figure 2 .

 2 Figure 2.19. Bead-based immunoassay in integrated semiconductor sensor microfluidic chip for detecting apolipoprotein A1 (APOA1) by building sandwich ELISA structure Bead-1st Ab-APOA1-2 nd Ab-Streptavidin DNA. The streptavidin-DNA is detected by the semiconductor sensor,[START_REF] Lin | Semiconductor sensor embedded microfluidic chip for protein biomarker detection using a bead-based immunoassay combined with deoxyribonucleic acid strand labeling[END_REF] 

Figure 2

 2 Figure 2.21.

Figure 2 .

 2 Figure 2.20. Illustration of microfluidic interconnection and surface-mounting technique; Conceptual illustration (on the right) of bio-sampling and immunoassay procedure using magnetic bead approach: (a) injection of magnetic beads; (b) separation and holding of beads; (c) flowing sample; (d) immobilization of target antigen; (e) flowing labeled antibody; (f) electrochemical detection after adding enzyme substrate; and(g) washing out magnetic beads and ready for another immunoassay,[START_REF] Choi | An integrated microfluidic biochemical detection system for protein analysis with magnetic bead-based sampling capabilities[END_REF] 

Figure 2 . 21 .

 221 Figure 2.21. Photograph of the fabricated microfluidic biochemical detection system for magnetic bead-based immunoassay; Microphotograph of the integrated bio-filter and biosensor [72]; Serpentine conductor with semi-encapsulated permalloyelectromagnets/bio-filter [81].

Figure 2 . 22 .

 222 Figure 2.22. The distribution of materials in microfluidics fabrication for research and commercial use, [82].

Figure 2 .

 2 23 shows the flow process in fabricating a simple PDMS microfluidic chip (the bottom substrate is glass slide).

Figure 2 . 23 .

 223 Figure 2.23. The schema of microfluidic fabrication with PDMS replica molding: The master fabrication stepsand PDMS replication molding(1) .

Figure 2 . 24 .

 224 Figure 2.24. The mechanism of forming covalent siloxane bonds between two activated surfaces of PDMS and silicone by oxygen plasma treatment The silanol groups change the surface properties of PDMS from being hydrophobic to hydrophilic . The two activated surfaces must be put in contact immediately after turning off plasma, because of the unstable surfaces after activated. In literature, many mechanisms have been proposed for hydrophobicity recovery of PDMS elastomer after exposed to plasma, possibilities including: -Migration of low molar mass species from the bulk to the surface -Reorientation of polar groups at the surface into the bulk -Condensation of the silanol (Si-OH) groups at the surface -External contamination of the surface -Change of surface roughness -Loss of volatile species to the atmosphere Of these proposed mechanisms, there is a consensus that migration of low molar mass of PDMS to the surface is the dominant mechanism. The oxidation to a SiOx surface layer retards the migration of low molar mass PDMS. However, cracking of the SiOx layer enhances the rate of hydrophobic recovery.

  in the bond 35| P a g e microfabrication process. Indeed, the reversible packaging allows the PDMS cap removal for a better cleaning and/or channel replacement.Few reversible packaging methods allowing PDMS microfluidic chip to work at quite high pressure have been already published. The simplest one is to fasten the contact between the cap and the device wafer with a mechanical strength thanks to two clamps (Plexiglas ® ) tightened by screws[START_REF] Khademhosseini | Cell docking inside microwells within reversibly sealed microfluidic channels for fabricating multiphenotype cell arrays[END_REF][START_REF] Wittig | A reusable microfluidic plate with alternate-choice architecture for assessing growth preference in tissue culture[END_REF], as shown in Figure2.25.

Figure 2 . 25 .

 225 Figure 2.25. Schematic view of integrated microfluidic mold and assembled IMF tissue plate. (Left -figure) The integrated microfluidic mold is cast from the silicone elastomer PDMS. The mold dimensions are approximately 3 cm×5cm×1 cm. Regions of interest within the mold are indicated above the schematic. (Right -figure) The assembled IMF tissue culture plate. Two Plexiglas plates compress an IMF mold onto a coated 60 mm petri dish. Culture media is delivered from a syringe pump through the fluidic delivery tubes into the microfluidic network, [99].

Figure 2 .

 2 26. Choong S.C. at al. 2005[START_REF] Choong | Disposable Polydimethylsioxane Package for 'Bio-Microfluidic System[END_REF] used a bio/chemical compatible tape to bond the channel cap to the bottom substrate. The tape enhances the bonding strength (the pressure inside channel is up to 100 kPa) and the cap is easily removed from the substrate.

Figure 2 . 26 .

 226 Figure 2.26. The reversible bonding PDMS chip with adhesive tape The PDMS bonding on different substrates combining a plasma and an adhesive layer (Dimethyl-methylphenylmethoxy siloxane, DMPMS) between the channel cap and the bottom substrate has previously been performed by Vézy et al. 2011 [104].
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 331 Figure 3.1.(a).

Figure 3 . 2 .Figure 3 . 3 .

 3233 Figure 3.2. Magnetic field H inducing by circular loop at point P

  of square turn is ℓ, as shown in Figure3.3.

Figure 3 . 4 .

 34 Figure 3.4. The effect of ration ℓ/h on sin θₒ, which defines roughly the respective dimensions of coils and corresponds to the magnetic field H; where θₒ = arctan(ℓ/2h) and considered h = 1 unit

Figure 3

 3 Figure 3.5. (a). Magnetic field dH at point P due to a current-carrying element Idℓ in square loop. (b) and (c) the calculation of the component magnetic field dH1 and dH2 at point P.

Figure 3 . 6 .

 36 Figure 3.6. Simulation model: (a). Coil model; (b). Magnetic calculation at the positions that will be shown in simulation results; (c). Detail parameters of coil model at cross section A-A. w = width of Cu wire; s = space between two Cu wires; Rin: inner radius of coil; Rex: outer radius of coil.

Figure 3 .

 3 Figure 3.6.a shows a view of a square coil; The A-x-z plane cut was represented in ANSYS ® in order to simulate the magnetic field in this plane. Figure 3.6.b shows the position of the paths used to quantify the modulus of the flux density.Figure 3.6.c

Figure 3 .

 3 8 shows the simulation results of the magnetic flux on all paths (from path 1 to 7) on the above surface of the square microcoil corresponding to parameters: Rex = 500 μm, N = 20 turns, w = 10 μm, s = 10 μm and h = 15 μm.

Figure 3 . 7 .

 37 Figure 3.7. Simulated magnetic flux density (B) for a coil with Rex = 500μm, N= 20 turns, w= 10µm, h= 15 µm

Figure 3 . 8 .

 38 Figure 3.8. The profile of magnetic flux (B) of coils at path 4, 5, 6, 7 (a) and 1, 2, 3 (b)

Figure 3 . 9 .

 39 Figure 3.9. Profiles of magnetic flux (B) of coils at path 4, 5, 6, 7 of three coils with different parameters; the graphs (a) and (b) give the changes of B modulus when the number of turn is changed; the graphs (a) and (c) give the changes of B when the width of conductors is changedFigure 3.9 also shows the influence of the wires width on the magnetic field ripple.

Figure 3 .

 3 Figure 3.9.a and b are obtained with 10 µm wide wires and Figure 3.9.c is obtained with 30 µm wide wire. A stronger ripple is observed at the top of the coil and at 10 µm distance, suggesting a favorable influence on trapping. Despite this advantage in the few µm above the coil, no difference can be observed at 30 µm distance,

Figure 3 . 10 .

 310 Figure 3.10. General shape of B modulus for coils having the same diameter, but different number of turns

  10 and Figure 3.11: homogeneously trapping also means a lower trapping capability.

Figure 3 . 11 .

 311 Figure 3.11. Homogeneity of the magnetic induction: Bmax/Bmin

Figure 3 .

 3 Figure 3.12. (a). Different widths of the conductors, (b). Effect of filling ratio on Bmax value (Rex = 500 µm).

Figure 3 .

 3 Figure 3.12.b shows the maximum modulus of flux density Bmax generated with coils for different conductors' width and turn number (w and N) at path 5 (z = 10 µm). In this figure, the Bmax increases with the rise of N at a given w value.

3. 12 .

 12 b that for a given coil configuration, the effective maximum flux density is roughly proportional to the filling factor.

Figure 3 . 13 .

 313 Figure 3.13.The power consumptions (P) in coil with different turn number and width of Cu wire (Rex = 500 m).

  14.a) seems to indicate that the configuration of the coils giving a higher magnetic flux density is obtained maximizing the number of turns of the coils, i.e. leaving no empty space in the center of the coil. Furthermore, Mi curves show that the best configuration is obtained with thin wires.

Figure 3 . 14 .

 314 Figure 3.14. Current and power merit factors Mi and Mp of coils with Rex = 500 µm; s = 10µm and different turn numbers and wire widths. (a). Power merit factor Mi is calculated by the maximum generated magnetic field on each unit of injected current (I) in coils.(b). Power merit factor Mp is calculated by the maximum generated magnetic field on each unit of energy consumption;

Figure 3 .

 3 Figure 3.15. Description of mask layer design and coils arrangement

Figure 3 . 17

 317 Figure 3.17(a) is a general view of a diced chips with 2 pairs of 3 coils.

  Figure 3.17(a) is a general view of a diced chips with 2 pairs of 3 coils.

Figure 3 . 16 .

 316 Figure 3.16. Fabrication process of microcoil by multi-layer microfabrication technique

Figure 3 .Figure 3 .

 33 Figure 3.17 (b) where the under track designed for the connections can be seen.

Figure 3 .

 3 Figure 3.18. SEM images of coils (1 mm of size, 20 turns, 10 µm wide of Cu wires, 10 µm wide of space)

CHAPTER 4 .

 4 coils windings are manufactured by thick (10-20 µm) copper electroplating. A buried lift-off of 700 nm thick copper is used for center wire connection with external connection pads. Microcoils were then fabricated and characterized with optimized geometric properties in order to verify the design results. 65| P a g e FABRICATION OF MICROFLUIDIC CHIPS AND APPLICATIONS -Describing the fabrication process of microfluidic chip with integrated microcoils: The fabrication process of PDMS channel and packaging process chip. -The application of microfluidic chips in trapping magnetic micro/nano beads at low temperature (<37°C) -Application of these chips in grafting antibodies IgGs on beads surface and valuating by IgG-FITC-conjugated.
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 41 Figure 4.1: Design of channel network

Figure 4 . 2

 42 Figure 4.2 Designs of simple channels: (1) Inlets; (2) and (5) Reservoir 1 and 2; (3) Mixing zone; (4) Trapping zone; (6) Outlet

95 o C for 15

 15 minutes (Figure 4.3.a), exposed to UV (with transparent mask) with a dose of 250 mJ/cm 2 (Figure 4.3.b), and then post baked at 65 o C for 1 minute and at 95 o C for 5 minutes. The development process is achieved in SU-8 developer solution

  , and finally, the mold is rinsed with isopropanol and dried with nitrogen flow (Figure 4.3.c).
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 43 Figure 4.3. SU-8 3050 photoresist molding process

Figure 4 . 4 .

 44 Figure 4.4. PDMS rapid prototyping process by replica molding

Figure 4 .

 4 photomask, the sharpness quality of mold and channel is not very high.

Figure 4 . 5 .

 45 Photo maskSu-8 mold

Figure 4 .

 4 Figure 4.6 shows the microscope images of PDMS channel, which has been casted using SU-8 mold.Figure 4.7 shows photos of two types of the PDMS channel based

Figure 4 .

 4 7 shows photos of two types of the PDMS channel based on the two channel designs that were described in the previous part.

Figure 4 . 6 .Figure 4 . 7 .

 4647 Figure 4.6. Optical microscope images of PDMS channel

channels and 2

 2 Plexiglas clamps, Figure 4.8. The valves are operated by handling a serial of screws, each screw applying a mechanical strength on a flexible membrane controlling the flow inside the channel, Figure 4.8 (1). Two clamps help to fix the PDMS valve channels and support screws in operating functions of valve. One pair of clamps includes one bottom support, Figure 4.8 (2a), and one top support with positions for screws operation, Figure 4.8 (2b).

Figure 4 . 8 . ( 1 )Figure 4 . 9 . 1 hour

 481491 Figure 4.8. (1) Flexible channel valve principle and (2) description of clamps pair for fixing the valve channels

Figure 4 . 10 .

 410 Figure 4.10. The fabrication process of the PDMS part of valve switches

Figure 4 .

 4 Figure 4.11 show the valve switch and the connection of this switch to channel and syringe-pump system.

Figure 4 . 11 .

 411 Figure 4.11. Valve switches (1) and switch connection with channel network and syringe pump system (2)

( 1 )

 1 . SU-8 mold (2). Casting PDMS on mold (3). Leasing PDMS off mold (4). Drilling inlets and outlets and retu (5). Closing valve channels by bonding to thin PDMS layer PDMS layer Force Cross section Ports for connecting to pumps and chip Positions for placing screws to control liquid flows

Figure 4 .

 4 Figure 4.12. (a) Microfluidic chip with bonded channel (1) ; (b) PDMS channel able to peel off bottom substrate; (c) Both of channel cap and PDMS layer able to peel off bottom substrate after bonding

  This original process has been first developed on blank substrate and all detailed results are presented in a paper: "Reversible bonding by dimethylmethylphenylmethoxy siloxane -based stamping technique for reusable poly(dimethylsiloxane) microfluidic chip", (Appendix 2). In this paper, we demonstrate the feasibility of PDMS/PDMS and PDMS/glass reversible bonding using stamping technique with DMPMS. This technique is easy to perform as it needs only spin-coating and thermal curing steps, as shown in Figure4.13. The bond strength is suitable for high working flow rate/pressure of liquid in channel (up to 500 µL/min or 200 kPa). The cycle "pealing/bonding" of the cap can be repeated up to 5 times. In addition, a MTT cell proliferation assay has been performed and suggests the non-cytotoxicity of DMPMS.

Figure 4 . 13 .

 413 Figure 4.13. Bonding process by stamping technique: (a). Glass substrate with spin-coated DMPMS of 7μmthick layer and cured PDMS cap; (b). PDMS cap is stamped onto DMPMS layer; (c). Stamped PDMS cap is put in contact with a bottom substrate: glass or cured PDMS/glass; (d). Oven thermal curing: sample with and without a load on top.

Figure 4 .

 4 Figure 4.12 (c) describes the concepts of this second reversible bonding techniques. A Teflon-like anti-adhesive layer is spin-coated on the bottom substrate before spin-coating PDMS thin protective layer. The later layer permits an irreversible bonding step with the PDMS channel cap. After experiment, the channel cap and this

Figure 4 . 14 .

 414 Figure 4.14. Bottom substrate preparation

Figure 4 .

 4 Figure 4.15. Bonding steps

Figure 4 . 16 .

 416 Figure 4.16. Peeling off PDMS channel cap and PDMS layer.

Figure 4 . 18 .

 418 This chip is ready to be used in all experiments: characterization of heat generation and trapping magnetic beads, and immunoassay inside microfluidic chip.Leakage tests show that all fabricated microfluidic chips resist to a pressure of 500 µL/min, without any leakage. Furthermore, the two bonding techniques, which are based on stamping process or on non-adhesive layer allow the bottom substrates to be re-used many times. It thus opened some new tendencies in packaging PDMS microfluidic chip with the aim of decreasing cost and time consumption in Plasma Plasma Put in contact after treating plasma Peeling off channel cap and PDMS layer Bottom substrate with coated CT-809M layer fabrication. It is also able to solve some problems of PMDS channel and non-specific adsorption when it is difficult to clean well the channel.

Figure 4 4 . 3 . First trapping experiments with microfluidic chip 4 . 3 . 1 .

 443431 Figure 4.18. Final microfluidic chip

Figure 4 .

 4 Figure 4.17. (a) setup of temperature measurement; (b) Cut view of the microfluidic channel; (c) One of microfluidic chips for temperature measurement; (d) integrated thermocouple on top of PDMS channel

Figure 4 . 18 .

 418 Figure 4.18. Coils used in the experiment of temperature measurement : w = 10 μm; s = 10 μm; h ≈ 10 μm, (a) Coil 1 with 2 mm of size N = 46 turns, (b) Coil 2 with 1.5 mm of size N = 33 turns

Figure 4 . 19 .

 419 Figure 4.19. The influence of applied current on temperature inside channel of two chips with different coils

  http://www.ademtech.com b. Microfluidic chip Two types of microfluidic channels were designed (Figure 4.20 and Figure 4.21): a narrow channel of 100 µm wide, and a 1.5 mm wide channel. Trapping in narrow channel corresponds to experimental conditions very close to the FE simulations configuration. The trapping force was calculated to be proportional to the product of the magnetic field magnitude by its gradient (equation 3-17 in chapter 3). Wide channel presents zones (corners of coils) where the gradient should be high with low change in magnitude.

Figure 4 . 20 .

 420 Figure 4.20. Schematic description of the trapping beads in narrow channel (a) and in large channel (b)

Figure 4 .

 4 Figure 4.21 show example of realization of the two types of microfluidic chips used in this experiments.

Figure 4 . 21 .

 421 Figure 4.21. Microfluidic chips are used in experiments of trapping magnetic beads. Chip using for the trapping test (a) with narrow channel (100 µm wide), (b) with wide channel (1.5 mm wide)  For the chip with narrow channel, -Coils parameters are: 2 mm wide, Cu-wire width w = 10 µm, space between two Cu wires s = 10 µm, number of turn N = 46 turns, Cu-wire height h = 10 µm.

Figure 4 . 22 .

 422 Two pumps supply nanobeads suspended in PBS 1× and only PBS 1× (pH=7.4) as cleaning. First, the pump 1 injects PBS buffer solution into the microchannel for 1 minute in order to wet the channel's surface. This step is required to limit the adhesion of beads on the channel surface and to eliminate the bubble appearance during the experiments. Then, pump 2 injects magnetic nanobeads suspended in PBS solution with 5 μL of original concentration in 100 μL of PBS. This high concentration of beads is injected into the channel in order to easily observe trapped beads. In the immunoassay experiments, the beads concentration will be much lower. The flow rate of both pumps is kept constant at 0.59 μL/min.The two injected liquids are controlled by multi-valve switch, which allows to change/turn off gently each liquid during experiment. The two pumps work trapping experiment. For example, in the first step -wettingthe pump 1 is injecting PBS into the channel while the pump 2 is stopped; in the trapping process, the pump 2 works with beads solution while the pump 1 is stopped.The trapped beads are tracked by digital microscopy (KEYENCE digital microscopy VHX -1000 with zoom lens VH-Z100R).

Figure 4 . 22 .

 422 Figure 4.22. The schematic setup of trapping experiments, (a) View of pumps and DC power connect to chip, (b) Chip view, (c) View of trapping zone with coils

Table 4 - 3 . 3 .

 433 Summary information of the two experiment of trapping magnetic beads Results and discussiona. Trapping magnetic beads in a narrow channelThe PDMS coil protection layer is here 10 µm thick. The trapping results presented on Figure4.23, show an image of the magnetic flux density performing at z = 10 µm above the coil's surface. In this experiment, a current of 250 mA is applied.

Figure 4 .

 4 Figure 4.23 (d) show first that trapping is realizable with such microfluidic chips and that the trapping distribution follows exactly the simulation.

Figure 4 . 23 .

 423 Figure 4.23. Results of trapping beads by coils: (a) Top view of bonded channel on top of coil, (b) The model of coil and area for magnetic calculation, (c) and (d) Views of trapping beads process, (e) Reminder of the simulation results of the magnetic field intensity.

  The profile of magnetic field at z = 10 μm, (simulated value)

Figure 4 . 24 .

 424 Figure 4.24. Microfluidic chip with wide channel and trapping zone for trapping magnetic beads.

Figure

  

4 .Figure 4 . 25 .

 4425 Figure 4.25. Results of trapping beads at different current, after 60 s of applying current, flow rate: 0.59 µL/min

Figure 4 . 26 .

 426 Figure 4.26. Results of trapping beads by microcoil 1.5 mm-size depend on time, current (I) = 400 mA; flow rate of liquid: 0.59 µL/min

Figure 4 .

 4 [START_REF] Kamholz | Quantitative Analysis of Molecular Interaction in a Microfluidic Channel: The T-Sensor[END_REF] shows the detail of the coil's corners and a detail of the trapped beads in the corners.

Figure 4 . 27 .

 427 Figure 4.27. Detail of the coil's design: (a) Detail of the corner design; (b) General view of the coil; (c) Trapped beads at the corner of Cu conductors.

Figure 4 . 28 . 4 . 4 . 1 . 1 .

 4284411 Figure 4.28. Surface modification steps of PDMS channel surface with PEO, BSA

Figure 4 . 29 .

 429 Figure 4.29. Molecule structure of BAS (a). Main chemical groups in protein BSA molecule (b). The BSA protein structure

Figure 4 .Figure 4 .

 44 Figure 4.28 and Figure 4.30.b. This rectangle frame will prevent HCl solution from contacting other parts of bottom substrate (i.e. electrical connecting pad of coils, PCB motherboard). The soaking time in HCl solution is 15 minutes. In acidic solution, the PDMS activated surfaces are acidized, leading to a longer hydrophilicity of PDMS surface and an easy PEO grafting. -After 15 minutes soaking in HCl, both PDMS channel and bottom substrate are rinsing with DI water about 1 or 2 minutes to clean all free acid, as shown in rising step of Figure 4.28. Then, the PEO grafting is performed by using the prepared PEO 0.2% solution following the same step which is done with HCl solution and with a grafting time of 20 minutes. In this step, both PDMS channel and bottom substrate are placed in closed box during PEO grafting to prevent the solution from evaporating, as shown in Figure 4.30.b and Figure 4.30.d.

-

  Both grafted polymer surfaces (channel and bottom substrate) are rinsed gently with DI water for about 2 minutes to remove all un-grafted PEO. After that, they are dried slowly in nitrogen flow, and then put in oven at 50 o C for few minutes leading water evaporation. The microfluidic chip bonding is performed by plasma treatment on channel and bottom substrate (160 W of power, 0.4 mbar of oxygen pressure for 1 minute). Then, channel is put immediately in contact with bottom substrate, as shown in Figure 4.30 and Figure 4.30.c. Finally, a thermal treatment in oven at 75 o C for 1 hour is carried out.

Figure 4 . 30 .

 430 Figure 4.30. Protocol of PDMS surface modification, (a) Pre-plasma treatment step, (b) Incubating HCl and PEO 0.2% steps, (c) Bonding step, (d) Blocking PDMS surface by BSA

Figure 4 .Figure 4 . 31 .

 4431 Figure 4.31. Schema of covalent attachment and adsorptive attachment of PEO: (a). Native surface of PDMS. (b). High density of silanol groups on the surface are produced by plasma treatment; (c) and (d). The silanol groups on the silica surface react with the end group of the PEO/PEG to form a Si-O-C linkage; (e) and (f). Physical and chemical adsorption of PEO/PEG chain generates a polymer layer on PDMS surface.

c.

  Roughness study by AFMAFM investigations are carried out in order to evaluate the topography change and the coating homogeneity of PEO on the PDMS surface.

Figure 4 .

 4 32 (a) and Figure4.32 (b) demonstrate a series of AFM images of treatment processes (these images are obtained by tapping mode in air). In the case of the only PEO coating on oxidized PDMS surface, the topography after PEO attachment has been changed significantly.The RMS roughness decreased from 1.09 nm for native PDMS to 0.74 nm for the PDMS -PEO surface, a decrease which could be attributed to the filling of topographical structuring with the PEO chain leading to a smoother surface. It may be predicted that, longer PEO coating time will change the topography of the surface at increased roughness values compared to PDMS. The thick polymerized PEO layer above the first attached layer to PDMS surface could become more porous than thin polymerized layer.

Figure 4 .

 4 Figure 4.32. AFM images of (a) Native PDMS surfacecontrol sample, (b) PDMS -PEO surface, and (c) PDMS -PEO -BSA surface. Measurement mode: Tapping mode with frequency of Si cantilever f ~ 290 kHz. The roughness of the three samples (RMS) is 1.09 nm; 0.74 nm; and 4.78 nm respectively.

  images of the channels of the three PDMS chips are taken before and after washing by Olympus fluorescence microscope IX71 (inverted type). The setup parameters of microscope for taking images: Excitation (Ex): 438 nm; Emission (Em): 578 nm; and Dichroic Filters (Di): 495 nm.

Figure 4 . 33 .

 433 Figure 4.33. Microfluidic chip for experiment of modifying PDMS surface Results of the interaction of IgG-FITC-conjugated (FITC) with and without surface treatment are shown in Figure 4.345. In the control sample, Figure 4.34.a, the FITC adsorbs strongly on all surface and especially at edges of channel wall. The cleaning process removes a part of FITC on surface of PDMS channel. The FITC stilladsorbs quiet strongly at the edge inside channel, which are usually dead zones of flow inside rectangle microchannel. At these positions, there is a high potential site of non-specific interaction and cleaning step is hardly efficient. The PEO and BSA treatment overcomes the trouble as they easily attach on surface and fill into these positions. It implies also that PEO coating and BSA adsorbing not only limit protein adsorption, but they decrease also the dead zones inside channel. The significant antiadsorption of FITC on PDMS surface thanks to PEO and BSA treatment is shown in

Figure 4 .

 4 Figure 4.34 (b), (c). As shown in these images, the binding of FITC decreases stronger than control sample with non-treated surface. Moreover, there is no adsorption of FITC at edges of channel walls. It confirms more about the significant anti-proteinadsorption. In addition, there is a comparison of the incubating time of BSA in two experiments (b) and (c). The ability of anti-protein-adsorption in experiment with 20 minutes of BSA incubating time is better than the other one with 10 minutes. Some other experiments with longer incubating time showed that results were quiet as same as sample with 20 minutes of incubating time. Therefore, 20 minutes of incubating time is chosen for all following experiments. Results of the modification step will help optimizing the ratio signal: noise ratio in immunoassay.

Figure 4 . 34 .

 434 Figure 4.34. Fluorescent images of channels after incubating with IgG-FITC-conjugated for 2 hours (before and after cleaning with PBS for 10 minutes at flow rate 1.4 μL/min); channel: 500 μm wide, 50 μm high, 3.5 cm long; FITC concentration: 1 μL (original concentration) in 100 μL PBS.

Figure 4

 4 . Channel without treatment (b). Channel is treated with PEO and BSA in 10 min (c). Channel is treated with PEO and BSA in 20min 101| P a g e

Figure 4 . 35 .

 435 Figure 4.35. Description of ELISA sandwich structure

Figure 4 .

 4 Figure 4.36 presents the protocol in general, which can be divided in two main parts before the detection step: -Steps for chemical activation: Washing and activation of the beads.

Figure 4 . 36 .

 436 Figure 4.36. Protocol overview of IgG grafting on beads surface and then detecting by the second labeled antibody -Anti-mouse IgG (Fab specific) FITC-conjugated

( 6 )Figure 4 .

 64 Figure 4.38 shows the fluorescent images resulting from three experiments: -Experiment 1: step of beads' surface activating by EDC and Sulfo-NHS has been skipped from the proposed protocol, Figure 4.37. The result shows that the signal of FITC is very limited in the fluorescent images. It proves that IgGs could not be grafted on un-activated surface of beads.

Figure 4 . 38 .

 438 Figure 4.38. Fluorescent images of samples resulting from the process of immobilizing IgGs on beads and detecting by FITC; Experiment 1: the process skip the step of beads' surface activating; Experiment 2: the process skip the step of IgG grafting on beads' surface; Experiment 3: all steps are performed.

Figure 4 .

 4 Figure 4.39 shows results of immobilizing IgG on beads' surface, and then coupling with IgG-FITC-conjugated. The comparison of fluorescent images to optical images shows that there is a relative similarity of the beads quantity in the bright field image to the fluorescent signal in the UV-field image. It proves that most of beads in solution are grafted by IgG and then coupled by FITC.

Figure 4 . 39 .

 439 Figure 4.39. Fluorescent images (full view (magnification 20x) and zoom view by fluorescence microscopy using bright field and UV-filed) of primary IgG grafted on beads' surface recognized by secondary anti-Fab FITC-conjugated in micro test tubes Bright field UV-filed

Figure 4 .

 4 Figure 4.41 shows the diagram description of the setting up microfluidic chips (including a chip using permanent magnet, and chip using microcoils for trapping magnetic beads) with all supporting modules (pumps, valve switch, DC power supply, and microscope) in experiment.

Figure 4 . 41 .

 441 Figure 4.41. Schematic setup of microfluidic system for on chip immunoassay

Figure 4 . 42 .

 442 Figure 4.42. Photograph of the experiment setup. As shown in Figure 4.41 and Figure 4.42, series of micro-pumps (from pump #1 to #4) will supply and control flows of different liquids (including buffer -PBS for all cleaning steps; beads; activating beads solutions -EDC and S-NHS; blocking beads surface solution -BSA; antibody solution -IgG and labeled antibody -FITC). Then,

Figure 4 .

 4 Figure 4.43 shows the two microfluidic chips: chip using permanent magnet and other using microcoils, which are used for experiment of immobilizing IgGs.

Figure 4 . 43 .

 443 Figure 4.43. Microfluidic chips used in the experiment of immobilizing IgGs on beads' surface. (a). Chip with PDMS channel network and using permanent magnet for trapping beads. (b).Chip with PDMS channel network using microcoils for trapping beads. (c). PDMS channel parameters: 500 µm wide with 1.5 mm wide of trapping zone, microcoils' parameters: size: 1.5 mm; w =10 µm; s =10 µm; N =33 turns; h =10 µm.

  Beads washing: beads and PBS are injected in channel (inlet 4 and inlet 1 respectively, Figure 4.43 (a)) at 0.3 µL/min of flow rate for each solution (it is noted

Figure 4 . 44 .

 444 The activation process (chemical process) of beads surface takes a short time (20 minutes), it usually happens 113| P a g e immediately after injecting beads, EDC and Sulfo-NHS into channel. Therefore, most of the carboxyl groups on beads' surface react with activation substances when they move to the trapping zone and are trapped by the first magnet, Figure4.45 (a). To enhanced the IgG grafting, after haft time of the step (1 hour), beads are transited from trapping zone (using magnet (a)) to reservoir 2 (using magnet (b)). Finally, all the remaining steps of process are performed at the reservoir 2, which is used the second magnet for trapping beads. The fluorescence images are taken at this area.

Figure 4 . 44 .

 444 Figure 4.44. Microfluidic chip using permanent magnet for trapping beads. (a) The first trapping area; (b) The second trapping area at reservoir 2.

Figure 4 .

 4 Figure 4.45 shows microscopy images of magnetic beads which are trapped at the trapping zone during the step of IgGs grafting. The pictures (a) and (b) of Figure 4.45

Figure 4 .

 4 46 shows the comparison of image in bright-field (a) and image in UV-field (b). The population of beads in image (a) corresponds to the fluorescent signals in image (b). It proves that, during the protocol, most of beads bound IgGs and then are labeled by FITC.

Figure 4 . 45 .

 445 Figure 4.45. Microscope images of magnetic beads at the trapping positions in channel network during the step of IgGs grafting; (a) Beads trapped at trapping zone of channel. (b) Beads trapped at reservoir 2.

Figure 4 . 46 .

 446 Figure 4.46. Microscope image (a) and fluorescent image (b) of beads after immobilizing IgGs on surface and labeling with IgG-FITC-conjugated

  separating and mixing beads during this experiment, as described in Figure4.47.

Figure 4 . 47 .

 447 Figure 4.47. Description of microcoils' position and the role of each microcoil at the trapping zone; parameters of coils 1-3: 1.5 mm wide, w = 10 µm; s = 10 µm; h = 10 µm and N = 33 turns

Figure 4 .117|Figure 4 . 49 .

 4449 Figure 4.48 shows the results of the process of trapping and moving beads during the experiment of immobilizing IgGs on beads' surface. Beads do not aggregate when they are released off microcoils by stopping magnetic field. The free moving of beads in flow makes the mixing of beads with other substances effective and efficient.In fact, by using serial microcoils at trapping zone of channel network, the trapping and mixing processes lead to enhance the control of the immobilization of IgGs on beads' surface.

Figure 4 . 50 .

 450 Figure 4.50. Fluorescent images (full view (magnification 20x) and zoom view (magnification 60x) by fluorescence microscopy using bright field and UV-filed) of the detection of primary grafted IgG on beads' surface by second anti-Fab IgG-FITC-conjugated Bright field UV-field

  packaging and biological functionalization of nanobeads for which the grafting is performed inside the channel. .Concerning the packaging, we developed several techniques using the non-adhesive layer (Teflon-like thin layer -CYTOP product) and a stamping process. It allows us to re-use the bottom substrates several times. In addition, PDMS surface was modified fast (about 1 hour) by coating PEO 0.2% and blocking surface thanks to BSA 2%. This treatment avoids the non-specific adsorption on PDMS surface.Concerning the trapping, successful trapping beads (Adembeads 300 nm) experiments in biocompatible environment (temperature around 37°C) have been performed by integrated microcoils. The distribution of trapped beads on coil's surface corroborates the profile of magnetic field that was calculated by simulation.The IgG immobilization has been performed inside microfluidic chip, and results

125| P a g eFigure 1 .

 1 Figure 1. Simulation model: (a). Coil model; (b). The magnetic calculation at the positions that will be shown in simulation results; (c). The detail parameters of coil model at cross section A-A. w = the width of Cu wire; s = the space between two Cu wires; Rin: inner radius of coil; Rex: outer radius of coil.

Figure 2 .Figure 3 .Figure 4 .Figure 5 .Figure 6 .

 23456 Figure 2. The profile of magnetic flux (B) of coils at path 1, 2, 3 (a) and 4, 5, 6, 7 (b); Coil's parameters: Rex = 750 µm; w = 10 µm; s = 10 µm; h = 15 µm; N = 35 turns (maximum value) Figure 3. The profile of magnetic flux (B) of coils at path 1, 2, 3 (a) and 4, 5, 6, 7 (b); Coil's parameters: Rex = 1000 µm; w = 10 µm; s = 10 µm; h = 15 µm; N = 45 turns (maximum value)

Figure 7 .Figure 8 .Figure 9 .

 789 Figure 7. Power merit factors Mi and Mp of coils with Rex = 750 µm; s = 10 µm; h = 15 µm and different turn numbers and wire widths. (a). Power merit factor Mi is calculated by the maximum generated magnetic field on each unit of injected current (I) in coils.(b). Power merit factor Mp is calculated by the maximum generated magnetic field on each unit of energy consumption;

2 .

 2 Materials and experiments 2.1. Materials: PDMS (Sylgard 184 Silicone Elastomer Kit, purchased from Dow Corning Corp.), DMPMS-based silicone resin solution (Dow-Corning 1-2620 Low VOC Conformal Coating, purchased form Dow Corning), glass wafers (2 inches, optical wafer BK-7 type), silicon wafers (2 inches), and SU-8 3050 photoresist (purchased from MicroChem Corp.).

Figure 1 Figure 2

 12 Figure 1 Bonding process by stamping technique a Glass substrate with spin-coated DMPMS of 7 μm-thick layer and cured PDMS cap b PDMS cap is stamped onto DMPMS layer c Stamped PDMS cap is put in contact with the bottom substrate: glass or cured PDMS/glass d Oven thermal curing: sample with and without a load on top

Figure 3 Figure 4 Figure 5

 345 Figure 3 Process of peeling off channel a Channel cap peeled successfully from the substrate b Channel cap peeled unsuccessfully from the substrate

6 .
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Table 3 -

 3 1 shows the parameters used for the simulations and the used values. The values were chosen taking into account technological constraints related to cleanroom fabrication.

Table 3 -

 3 1. Input parameters and explored values for magnetic field simulation

	Input parameters for calculation	Simulated values
	w (width of Cu wire)	10, 15, 20, 25, 30, 35, 40, 45, 50 µm
	s (separation between 2 Cu wires)	10 µm
	h (height of Cu wire)	15 μm
	N (number of turns)	10, 15, 20, 25, 30, 35, 40
	Rex (outer radius of the coil)	500, 750 and 1000 µm
	J (Current density)	1.10 9 A/m 2 (kept constant)
	3.3.2. Simulation results	

Table 4 -

 4 1 compares the calculated and measured power consumption of the coil and temperatures for different values of the current. A ratio of 4/3 for the resistance values can roughly be observed between the two coils.

Table 4 -

 4 1. The difference between simulation and experiment values of coil parameters

		Simulation value		Experimental value		
		I (mA) Resistance (Ω) P (W) T(°C)	I (mA) U (V) Resistance (Ω) P(W)
	Coil 1 Coil 2	200 300	27.31 15.12	1.04 1.35	30	200 300	6.12 3.02	30.60 10.07	1.22 0.91
	Coil 1 Coil 2	310 470	27.31 15.12	2;6 3.31	40	310 470	10.34 33.35 6.05 12.87	3.21 2.84

Table 4 -

 4 4. Contact angle measurement of surfaces PDMS and treated PDMS surface

	Native PDMS	Oxidized PDMS	PDMS -PEO PDMS -PEO -BSA
	(control)	(O2 plasma)		
	Contact angle, θ ( o ) 113 (*)	39.8 (*), (!)	46.2 (*) /111 ( †)	78.1 (*)

Table 4 -

 4 4, the contact angle after coating PEO and BSA adsorbing is 78.1°, this value is higher than PDMS -PEO surface (θ = 46.2°) because of the hydrophilic part of BSA. It can be explained by the hydrophilic parts of BSA molecule adsorbed on hydrophilic surface (attached PEO surface), decreasing the hydrophilic property of channel surface. However, there were not all hydrophilic groups of albumin molecules adsorbed by on PEO surface. Some of them are still free on surface, it leads to the hydrophilicity of surface is still lower than native PDMS surface and higher than PDMS treated by only PEO. In addition, because the molecule of BSA is smaller than its PEO, BSA molecules covered easily onto entire channel surface as a coating block layer.

Table 1

 1 Common properties of PDMS and DMPMS Tensile strength -ISO 527-2. http://www.iq.ul.com/ul/cert.aspx? ULID=231517. b The experimental average values are measured in this Letter. c Silicone elastomer with ratio base: curing agent 10:1, Sylgard ® 184 Silicone Elastomer.

	Material	PDMS	DMPMS
	properties		
	mixture	two parts	one part
	optical	transparent	translucent d
	mechanical	750 kPa (Young's	105 kPa a
		modulus) [1]	
	permeability	impermeable to liquid	impermeable to liquid
		water; permeable to gases	water; permeable to gases
		and non-polar organic	and non-polar organic
		solvents [1]	solvents d
	reactivity	non-reaction with common	non-reaction with common
		chemicals and solvent [1]	chemicals and solvent d
	toxicity	non-toxic [1]	non-toxic d
	contact angle	around 110 o b	103 o b
	viscosity (cP)	3900 c	350 d
	useful	-45-200°C c	-45-200°C d
	temperature		
	ranges		
	a		

d DOW CORNING, Material Safety Data Sheet.
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Microfluidic chip for on-chip magnetic beads-based immunoassay

We have chosen to develop a magnetic bead-based immunoassays based on the sandwich-like immunoassays protocol. Specific antibodies are coated on beads, which enabled the specific isolation and collection of target antigens by using a magnetic force. Furthermore, magnetic nanoparticles have advantages including multiplexing, reduced analysis time and selectivity control.

The fabricated microfluidic chips will be a prototype devices used for the first immunoassay in which the sandwich {magnetic beads -primary antibody -labeled second antibody} is performed inside microchannel. The trapping step plays a role in pre-concentrating and mixing of the biomarkers with magnetic beads.

Protocol inside channel of activating carboxyl-beads (e.g. Adembeads ® , 300nm) and immobilizing the first antibodies (e.g. IgG) on the bead surface will be built. The antibodies layer is evaluated by using the second labelled antibodies (e.g. IgG-FITCconjugated) coupling with the immobilized antibodies on beads. To avoid any unspecific adsorption of antibodies (or antibodies-FITC) on the PDMS, the inner surface of the channels has to be chemically functionalized. This study is presented first in the next part before developing the biochemical grafting of nanobeads in the following parts.

Modification of PDMS surface

Because of the highly hydrophobic surface of PDMS, the non-specific adsorption is a major problem for immunoassay experiment with PDMS material as its surface easily adsorbs many bio-substances or fluorescent substance (i.e. protein, cell, antibody, fluorescent conjugation, etc.). Thus, treatment of PDMS channel surface is needed [2,9].

In this study, the modification of PDMS surface is performed by using two substances: poly(ethylene oxide) -PEO and bovine serum albumin -BSA. In this modification process, PDMS surface is coated by PEO in order to stabilize the hydrophilicity of activated PDMS surface and BSA is used as a blocking surface agent which can limit the adsorption of protein. The surface modification step are briefly described in Figure 4.28, each step is performed following the description in Figure 4.30.

-N-Hydroxysulfosuccinimide sodium salt -powder (synonyms: S-NHS), purchased from Sigma Aldrich, Code: 56485.

-Primary antibody and labeled conjugation antibody:

-Primary antibody: antibody from mouse serum, IgG type -lyophilize powder (synonym: IgG), purchased from Sigma Aldrich, Code: I5381 -Labeled conjugation antibody, second antibody: Anti-Mouse IgG (Fab specific)-FITC (synonym: FITC), purchased from Sigma Aldrich, Code: F5262 -Other basic materials:

-Phosphate buffered saline -PBS 1× (pH: 7.4) diluted from stock solution 10x, purchased from Sigma Aldrich.

-Bovine serum albumin -BSA 2%, as prepared in section 4.4.1 *) In literature, the concentration ratio of NHS and EDC is recommended 1.43, which is suitable ratio for activating effectively carboxyl-groups and protein immobilization, [22]-supporting information).

(**) F/P Molar Ratio: 2.5-6.5, Data sheet of product Anti-Mouse IgG (Fab specific)-FITC (1) (1) Antibody is labeled by fluorescein isothiocyanate: http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/7/f5262dat.pdf (3). Grafting of the first antibody on activated beads: 15 μL of IgG is added activated beads, and PBS 1x is added to obtain 500 µL of total volume. The grafting procedure The step of magnetic beads trapping in chip using permanent magnet is different from the one of the chip using microcoils. In the latter one, turning on/off of the applied current into to the coil controls the magnetic field generating/stopping in Channel Permanent magnet

Experiment and results in micro test tube (control experiment) a. Protocol description

Experiments in microfluidic chip

Step of fluorescent detection -Information of supported devices:

-The entire process of experiment at trapping zone is tracked by digital microscope KEYENCE.

-Micro-pumps for supplying liquids: syringe pump -RaZEL™R99-FMZ, and Micro 4 -Microsyringe Pump Controller (World Precision Instruments).

-Tube for connection: TETFE tubing (Tefzel ® Tubing Natural, OD