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Glossary 

 

Abbreviation Description 

APTES (3-AminoPropyl)TriEthoxySilane 

ATR Attenuated Total Reflection 

BSA  Bovin Serum Albumin 

CCD Camera Charged Coupled Device Camera 

COC CycloOlefinCopolymer 

CRP C-Reactive Proteins 

DNA DeoxyriboNucleic Acid 

ELISA Enzyme-Linked  ImmunoSorbent Assay 

EVD Ebola Virus Disease 

FTIR Fourier Transform InfraRed spectroscopy 

GMR Giant MagnetoResistor effect sensors  

GOPTS (3-GlycidylOxyPropyl)TrimethoxySilane 

HDT Heat Distortion Temperature 

HRP HorseRadish Peroxidase 

LOC Lab-On-a-Chip 

LOD Limit Of Detection 

MNP  Magnetic NanoParticles 

MEMS MicroElectroMechanical Systems 

PBS Phosphate Buffered Saline 

PCB Printed Circuit Board 

PDMS PolyDiMethylSiloxane 

PMMA PolyMethylMetAcrylate 

POC Point Of Care 

PVA PolyVinyl Alcohol 

QCM Quartz Crystal Microbalance 

SNR Signal to Noise Ratio 

SPR Surface Plasmon Resonance  

SQUID Superconducting QUantum Interference Device 

Tg Glass transition temperature 

TEM Transmission Electron Microscopy 

TESU 11-TriEthoxySilyl Undecanal 90% 

TMR Tunneling MagnetoResistance effect sensors  

WHO World Health Organization 

XPS X-ray Photoelectron Spectroscopy 
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General introduction 

The ever increasing number of traveling people leads to fast spreading of diseases 

worldwide and enhanced danger of epidemic or even pandemic diseases. A rapid and 

sensitive low-cost system for pathogen detection is urgently needed to contain these hazards 

among others like bioterrorism or facilitate environment protection. Many approaches have 

been tried towards development of a lab-on-a-chip (LOC) system that is able to perform cost-

effective and reliable immunoassays. Lab-on-a-chip systems are based on microfluidics 

technologies and allow miniaturizing processes that normally require laboratory facilities to 

be performed. 

This thesis describes an innovative magnetic detection system prototype that should 

lead to a fully integrated, portable, easy to use, affordable and reliable pathogen detection 

device. This in vitro diagnosis device uses the mixing frequency detection technique to detect 

the presence of magnetic nanoparticles (MNP) used as a marker in a microfluidic channel. 

The detection of these MNP reveals the absence or presence and concentration of the 

considered pathogen in the biological sample (blood, urine, saliva, etc.) 

In this manuscript, first an overview of microfluidic and lab-on-a-chip technologies is 

presented. The principle of the magnetic detection system prototype is then described along 

with its electrical and microfluidic parts in the second chapter. The first results to miniaturize 

the electronic instrumentation are also described in this chapter. The results using different 

microfluidic structures and two different types of MNP to enhance performance of the device 

and the limit of detection (LOD) are described in the third chapter. Finally the 

functionalizations of MNP and the surface of microfluidic sample holder reservoirs which are 

needed to perform immunoassays are described. 
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Chapter 1. Microfluidic structures for lab-on-a-chip (LOC) 

immunoassays 

1.1 Introduction 

An immunoassay is a test or a technique that aims to detect a biological entity based 

on its capacity to act as an antigen. Recently, an effort has been made by the scientific 

community to make pathogen sensing devices portable by integrating and miniaturizing as 

much as possible the components required to make the tests. These portable pathogen sensing 

devices are also called lab-on-a-chip (LOC) for immunoassays. A lab-on-a-chip is a device 

that fulfills several laboratory functions on a small platform which usually isn’t bigger than a 

few square centimeters. Smaller portable devices have many advantages if we compare them 

to benchtop versions. First, they allow the devices to be used outside the laboratories, directly 

in the field for in vitro diagnosis. This is particularly useful when the test has to give results 

quickly but also if there are no laboratories directly available near the location of the test.  

To illustrate how a LOC would be of high utility, we can take the example of the 

Ebola virus disease (EVD) outbreak which started in December 2013 (Figure 1). According 

to the World Health Organization (WHO), the epidemic started in Guinea then spread to 

Liberia and Sierra Leone. Some cases were also observed in Nigeria. But Africa is not the 

only continent which was hit by Ebola. The United States, Italy, the United Kingdom and 

Spain had some citizens contaminated by the virus. Thankfully the virus did not manage to 

spread in these countries and the number of cases in Africa started decreasing in 2015 and the 

26 March 2016, WHO terminated the Public Health Emergency of International Concern 

(PHEIC) status. But the outbreak killed 11,323 people according to the WHO and could have 

been a catastrophic worldwide pandemic. “Efforts to contain the outbreak are encumbered by 

weak laboratory and surveillance systems. Health experts are uncertain about how many 

EVD cases exist and where they are occurring, particularly in Liberia where roughly 20% of 

EVD cases have been confirmed through laboratory diagnosis. Limited laboratory capacity 

has resulted in extensive diagnosis backlogs, further calling into question the number of EVD 

cases and hindering efforts to contain the outbreak” [1]. With widely used portable pathogen 

sensing devices, this problem could be effectively tackled by facilitating diagnosis to contain 

epidemics as soon and as much as possible. 

Figure 1: Map of the spreading of the Ebola virus in 2014, source WHO 
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Immunoassays with LOC have other potential applications like the detection of 

biological threats to counter bioterrorism [2]. But the design and fabrication of a LOC for 

immunoassays is often challenging because it involves interdisciplinary knowledge from 

fluid handling to detection schemes (microfabrication, microelectronics, microfluidics, 

chemistry, material science and biology). A particular field called microfluidics is usually 

extremely important for a LOC design and is growing in interest in the scientific community 

as well. 

We will first present the principle of microfluidics and how it differs with more 

classical fluid mechanics. We will also show why it is important to carefully select the 

material and processing technique used for the creation of microfluidic channels and why this 

choice should be made early in a project development. Finally an overview of existing 

immunoassays techniques will be presented at the end of this first chapter. 

 

1.2 Introduction to microfluidics 

The matter is classified as solids, liquids and gases. Liquids and gases are both 

considered as fluids. Fluid has the ability to flow in any direction. The difference between a 

gas and a liquid is that a liquid will take the shape of the container that contains that liquid 

and the gas will occupy all the space possible. The shear force acting on any fluid due to the 

continuous relative motion between the fluid particles pushes the particles to move. And 

when the fluid particles are not able to resist the shear force the fluid particles tend to move 

over each other and create a fluid flow. 

Microfluidics is a field which describes the behavior of a liquid or a gas in a very 

small volume (10
-9

 to 10
-18

 liter) and how to create and control the flow of that fluid using 

channels with dimensions of tens to hundreds of micrometers [2]. The microfluidics 

technologies benefited from the microfabrication progress made by the microelectronics field 

and is a good candidate for tackling the increasing demand of efficient, automated, sensitive 

and fast analytical systems [3]. 

In this chapter we will only consider incompressible (volume constant with pressure 

variations) Newtonian fluids, which have a linear relation between strain rate and 

deformation (figure 2). The proportionality constant between the two is the viscosity: 

   
  

  
         

With: 

 τ the shear stress applied by the fluid in Pa or kg.m
-1

.s
-2

 

 µ the dynamic viscosity of the fluid (kg.m
-1

.s
-1

 or Pa.s) 

 du/dy the sheer rate in s
-1
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1.2.1 Reynolds number and laminar flow 

In small volumes, some physics phenomenon that are preponderant in the 

macroscopic scale become negligible and some physics phenomenon that are negligible at the 

macroscopic scale become critical in microfluidics. Thus, the capillarity phenomenon is 

extremely important when designing a microfluidic channel and, on the contrary, the gravity 

becomes a negligible force. Therefore, to describe the microfluidic world, dimensionless 

numbers are often used. The Reynolds number, introduced in 1883 by Osborne Reynolds [5], 

describes how a fluid behaves by balancing the inertial forces and the viscosity forces that are 

applied to it.  

   
   

 
 

  

 
         

With: 

 ρ the density of the fluid (kg.m
-3

) 

 V the speed of the liquid (m.s
-1

) 

 H the characteristic dimension of the microfluidic channel (m) 

 ν the cinematic viscosity of the fluid (m
2
.s

-1
) 

 µ the dynamic viscosity of the fluid (kg.m
-1

.s
-1

 or Pa.s) 

The Reynolds number is dimensionless: 

   
        

        
 

  
   

 
 

  

  
   

  
                       

 

 

Figure 2: Typical rheogram of Newtonian and non-Newtonian fluids. [4] 
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The link between the cinematic and the kinetic viscosity is expressed as: 

  
 

 
          

If the Reynolds number is low it means that the viscous force is preponderant, if it is 

high the inertial force is stronger than the viscous force. This can determine if a fluid is going 

to have different flow behaviors for a given channel layout. For an increasing Reynolds 

number, a Stokes flow is observed then a laminar flow, a transitory flow and a turbulent flow 

behavior for high Reynolds numbers. The Reynolds number increases when the velocity, the 

characteristic dimension or the density increase or if the viscosity decreases.  

The Stokes flow is observed when the Reynolds number of a Newtonian fluid in a 

system is lower than 1. In that case, the inertial force due to the speed of the fluid is 

negligible and the viscous force and the pressure are balancing each other. It’s the usual 

observed flow because in microfluidic channels the characteristic length L is very small 

(between tens of micrometers and hundreds of micrometers). The velocity of the fluid at the 

direct proximity of the walls of the channel is considered equal to 0, it is the no slip condition 

at the boundary layer. With a Stokes flow, the velocity depends of the position  ⃗ considered 

on the radius of the system where  ⃗=0 is the center of the tube and rmax is the boundary of the 

channel where the velocity is null. By simplifying the Navier Stokes, we can describe the 

Stokes flow with:  

  ⃗⃗ ⃗⃗⃗  
     ⃗

 
         

With:  

  ⃗  ⃗  the velocity of the fluid in the channel 

 p( ⃗  the pressure in the channel 

  ⃗ an applied body force 

   the Laplace operator and   is a gradient 

When Reynolds number is higher than 1 but lower than 2300 for a pipe shaped 

channel, the flow is laminar which means that the viscosity begin to be less important and has 

an impact only close to the walls of the system at the boundary layers. In the middle of the 

channel the flow is laminar with well-defined line of flow; the fluid can be considered perfect 

which means that the viscosity has no impact on its behavior. In a laminar and Stokes flow 

regime the fluids don’t mix. A straight pipe shaped channel is the ideal case for a laminar 

regime flow in a microchannel. 

 

 

 

 



 

12 

 

It is possible to calculate the flow rate with a laminar flow in a cylindrical channel 

with the Poiseuille equation: 

  
    

   
         

With: 

 Q the volumetric flow rate (m
3
.s

-1
) 

 P is the pressure difference between the exit and the entrance of the pipe 

channel in Pa or kg.s
-1

.s
-
 

 R is the radius of the pipe (m) 

 µ is the dynamic viscosity of the fluid (kg.m
-1

.s
-1

 or Pa.s) 

 L is the length of the pipe (m) 

An analogy can be made between the Poiseuille equation and Ohm’s law that can be 

useful to represent and calculate the flow in complex microfluidic systems. The pressure 

difference between the exit and the entrance of the pipe channel is the product of the flow and 

its fluidic resistance that depends on its dimensions and on the viscosity of the fluid (figure 3 

[6]). 

 

In a pipe if the Reynolds number is between 2000 and 3000 the flow is at a 

transitional regime which means that some instability can be observed on the flow lines. With 

a Reynolds number higher than 3000, the flow is no longer laminar and becomes a turbulent 

flow. At this regime, the lines of flow are not parallel anymore and the flow becomes chaotic. 

This regime usually doesn’t appear in a simple microfluidic channel but it is possible to 

observe it with specific microchannels designs, like creating some cavities on the floor of a 

Figure 3: a) Poiseuille flow in a circular channel, (b) the hydraulic resistance of the circular channel (Cgeometry = 8π for the circular channel), (c) 

equivalent circuit symbol of a fluidic resistor for the hydraulic resistance and Poiseuille’s law analogous to a resistor for the electric resistance and 

Ohm’s law, (d) a partially resistor, (e) an electric resistance, and (f) circuit symbol of the resistor for the electric resistance and Ohm’s law [6]. 
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channel [7]. Indeed in this later case a turbulent flow can appear at lower Reynolds number. 

Creating a turbulent flow can be interesting to mix a liquid in microfluidic channel (figure 4). 

 

1.2.2 Péclet number and diffusion 

As introduced in the previous section (1.2.1), a fluid in a microfluidic channel is 

usually flowing in a laminar regime where the fluids do not mix. For example, it is possible 

to put in contact the same fluid from two different sources in a single microfluidic channel, 

they will not easily mix [8]. 

The Péclet number for mass transfer describes the ratio between the transfer of 

particles by convection and the transfer of particles via the diffusion. 

   
   

 
               

With: 

 H is the characteristic dimension of the microfluidic channel (m) 

 V is the flow velocity 

 D is the mass diffusion coefficient 

 Re is the Reynolds number 

 Sc is the Schmidt number    
 

  
 (µ the dynamic viscosity and ρ the density) 

    
                         

                      
       

                      

                   
 

   
                         

                   
 

Figure 4: Laminar flow is a distribution of velocity, with the fastest moving fluid at the center 

www.automation.com. 
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In a classical microfluidic channel the Péclet number is low because since the 

Reynolds number is usually under 1, the diffusion transfer rate is the major way for the 

particles to travel inside the fluid or between different fluids. Obviously, it explains why the 

mixing of different liquids is difficult in classical pipe shaped microfluidic channel whereas it 

is easy to increase the convection in macroscopic flow by inducing a turbulent regime. To 

increase this Péclet number several strategies can be implemented in microfluidic system like 

adding scratches on the channel floor [7] or adding pillars in the channel. Making a lot of 

turns in channel is also effective to create some convection. 

 

1.3 Different materials for microfluidics devices 

1.3.1 Commonly used material: PDMS, advantages and 

drawbacks 

Polydimethylsiloxane or PDMS is a silicone polymer (or polysiloxane), which means 

that it contains several times the linkage -Si-O-Si-. It is a group of inorganic macromolecules 

of silicon of different chemical properties, weight and sizes. PDMS is transparent, non-toxic, 

biocompatible [9] and cheap. Thanks to the strong covalent Si-O bond, it has a decent 

thermal stability (stable at up to 200°C), chemical resistance and has some inertness against 

chemical attack [10]. It is a widely used material in a lot of different applications including 

lubricating, caulking, as an antifoaming agent for food. PDMS is also present in some 

shampoos to make the hair shiny and slippery. This material has been the focus of an 

increasing number of studies since the end of the 90s thanks to the spreading of the PDMS 

lithography technique which allows an easy way to create microchannels [11] even if the first 

microfluidic channel had been realized before [12]. 

In lab-on-a-chip devices the PDMS is used as an elastomer, a polymer with a low 

Young modulus which means that it is easily deformed when a mild strain is applied on the 

material (figure 5). PDMS is composed of the monomer [SiO(CH3)2] repeating several times 

to form the chemical CH3[Si(CH3)2O]nSi(CH3)3 with n the variable number of monomers 

bonded together to form a molecule of PDMS. The polymerization consists of mixing a cross 

linker to the liquid monomer then pouring it in a mold before curing it [13]. One can tune the 

properties of the solidified PDMS by changing the ratio between the PDMS and the curing 

agent. If the percentage of cross linker in the mixture is increased, the PDMS will be harder 

and less elastic which is useful to create very small microfluidic channels without collapsing 

them and to increase the soft lithography resolution [14]. The common ratio between the 

monomer and the cross linker is 10 to 1. The PDMS obtained can then be sealed with glass or 

any other material that can be activated via O2 plasma activation. You can also seal a PDMS 

channel with another PDMS part. 
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PDMS can be processed in normal condition, is quite cost-effective and is permeable 

to gas which can be useful for cell culture inside the material [16]. Permeability can also be 

used to create a flow. One can indeed, create a microchannel without an exit but the 

evaporation of the liquid in the channel will create a suction that can create a flow in the 

channel. To do that, the microfluidic channel can be put under vacuum during 15 to 30 

minutes. When the channel is brought back to air the PDMS will reabsorb the ambient air and 

create the passive pumping (figure 6 [17]). 

 

The fact than the mixture before the curing is liquid makes it very easy to cast on a lot 

of different molds which can be used to create structures that are smaller than 1 µm. By 

combining several PDMS parts, it is possible to create complex 3D microfluidic structures 

[18]. The transparency of the PDMS can be useful for several applications like colorimetric 

measures [19] and is very practical feature for directly assessing the phenomena that are 

occurring in the system. 

Figure 5: Performance of an elastomer under loading force and after its removal: plastic deformation of an uncrosslinked elastomer. [15] 

Figure 6: Effect of the passive pumping allowing the introduction of a sample inside a microfluidic device without any active parts. (1) 

Closed system with the reactive zone where we want to bring a liquid sample. (2) Sample insertion. (3) Sample aspiration. (4) Reaction. 

[17] 

Reactive zone 
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It is easy to integrate valves in a PDMS channel to generate the flow. There different 

techniques to create these valves. For example, it is possible to sandwich a PDMS channel 

with PMMA fluidic channel that are used as pneumatic valves (figure 7 [20]). 

 

PDMS is hydrophobic but the surface of the material can be altered to have a 

hydrophilic behavior for a limited duration thanks to different techniques like plasma 

treatment (see section 4.2.1) [21]. When PDMS is hydrophobic, it is easy to create volume-

controlled droplet in the microfluidic channel [22]. Polydimethylsiloxane is not dissolved in 

most solvents, it is resistant to most acid and bases, only some strong acids and amines are 

not compatible with PDMS. For crossed linked polymers that do not dissolve, solubility is 

measured with the swelling of the polymer which can be problematic especially with organic 

solvents like diisopropylamine, triethylamine, pentane and andxylenes. To assess the effect of 

a solvent on the PDMS we can use different parameters that are linked to each other. The first 

one is the solubility parameter δ (or Hildebrand number) which is the square root of the 

cohesive energy value    
 

 
 where U is the molar internal energy (cal/mol) and V is the 

molar volume (cm
3
/mol). Two entities with similar δ numbers will be soluble, for polymers it 

means that some swelling will occur. The second number S allows to directly quantifying the 

swelling. It is equal to 
 

  
 where D0 is the length of the PDMS sample before the contact with 

the solvent and D is the length of the PDMS sample in the solvent [23]. 

 

 

 

 

Figure 7: Cross-sectional views of a three-layer monolithic PMMA/PDMS membrane valve (A) and exploded and assembled illustrations of a 

single PMMA/PDMS membrane valve (B). a: PMMA pneumatic wafer; b: displacement chamber; c: PDMS membrane; d: PMMA fluidic 

wafer; e: pneumatic channel; f: fluidic channel [20]; 
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As it is shown in table 1, water and some commonly used organic solvents like 

acetone have no or very little effect on the PDMS and can be used in microfluidic channels of 

this polymer without problems. However most organic solvents induce a swelling in PDMS, 

which is a drawback of this material. 

Other drawbacks of the PDMS in comparison with other materials used for 

microfluidics are: 

 It can’t be easily mass produced with industrialization processes. Classic 

PDMS is not compatible with the two major methods for high throughput 

microfluidic device creation techniques: injection molding and hot embossing 

(see section 1.3.2.B.). 

 The flow in the microfluidic channel as a function of the pressure difference 

between the entrance and the exit of the PDMS channel is not linear after a 

certain pressure (figure 8). This is due to deformation of the PDMS channel 

that changes the fluidic resistance of the tube. 

Table 1: 
a 
δ in units of cal

1/2 
cm

-3/2
. 

b
 S denotes the swelling ratio that 

was measured experimentally; S ) D/D0, where D is the length of 

PDMS in the solvent and D0 is the length of the dry PDMS [23]. 
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 The PDMS channel can collapse for low aspect ratio (the ratio between width 

and height) [24]. This phenomenon was observed during my PhD studies and 

will be illustrated later in this manuscript (see section 3.4). 

 The transparency of PDMS is not as perfect as glass, it shows a small amount 

of fluorescence. 

 There is an adsorption problem with PDMS channels; they tend to suck up 

small, hydrophobic molecules from suspensions. After this adsorption the 

molecules cannot be washed away with water or detergent. This pH-dependent 

phenomenon could have an important effect on the outcome of drug screening 

tests [22]. 

 As said before, PDMS is hydrophobic but can be treated to have a hydrophilic 

surface. But these treatments are limited in time as PDMS revert back to 

hydrophobicity when it is exposed to air. Uncontrolled adsorption of proteins 

can begin to occur at that point [22].  

 PDMS is not the best suited material for cells culture; it doesn’t show very 

good cell viability because of a non-perfect cell adhesion on its surface and 

because of the leaching phenomenon: Some remaining uncrosslinked polymer 

chains can stick to the cells membrane [25]. And since water evaporate 

through PDMS, osmolality changes over time in cells culture [22]. However, 

this intrinsic drawback is not an issue for this PhD project. 

To summarize PDMS is a very practical material to use for prototyping but it has also 

several drawbacks that have to be considered when creating a microfluidic device. Since 

there are actually a lot of different possible materials to select for creating microfluidic 

channels with different advantages and drawbacks for each one of them, PDMS shouldn’t be 

the automatic answer. Sometimes it is a default choice when it is actually not the best-suited 

material for the targeted application. 

Figure 8: Measurement of the flow for different pressure differences between the entrance and the exit of a microfluidic channel [17]. 
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1.3.2 Criteria for the right material – technology 

combination selection 

For choosing a microfluidic material, several factors have to be taken into account. 

The material has to match with the manufacturing process which can utilize different 

technologies. The properties of the device and the process to obtain it have to be defined. For 

example, PDMS should not be used if the aimed production output per year exceeds a few 

thousands devices per year since this material is not compatible with high output technologies 

like hot embossing or injection molding. Furthermore the work environment is also important 

on the chosen process. Consequently, three main elements have to be considered, the material 

itself, the manufacturing process and the environmental context. 

1.3.2.A Material properties 

The wide variety of materials available with a broad range of mechanical, optical, 

chemical and electronic properties make the choice of the right material a difficult task but it 

also means that an optimal material exists for almost every given application. 

 First the mechanical properties of the material should be considered, a 

stretchable material can be utilized for wearable devices [26] or create 

stretchable antennas for frequency tuning [27]. On the other hand a harder 

material with a higher Young modulus can withstand higher strains with lower 

deformations which are useful for high pressure procedures [14]. A material 

has also thermal properties that have to be considered. The thermal 

conductivity can be very important if the microfluidic device utilizes entities 

that are very sensible to high temperatures like cells or antibodies. The 

thermostability is also essential, especially for a device that works at high 

temperatures. 

 The optical properties can also be important for the choice of the material if an 

optical signal has to be measured directly in the microfluidic reservoir (see 

section 1.4.2.A). Electrical properties should also be considered, especially if 

an electronic or a magnetic signal has to be measured in the device (see 

sections 1.4.2.B and 1.4.2.C).  

 The chemical resistance has also to be compatible with the fluid that flows in 

the microfluidic channel. For example, acetone deteriorates PMMA channel 

but doesn’t affect a COC channel. The chemical activity is also important, 

especially if a surface treatment is necessary for the microfluidic device to 

fulfill its purpose. 

 As mentioned in section 1.3.1 permeability to gas has to be considered and can 

be used to create a flow. 

 Finally the cost of the material has to be considered for prototyping. 
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There is a wide choice of materials for the realization of microfluidic devices with 

different properties, advantages and drawbacks. Here is a non-exhaustive list:  

Non polymers: Paper, Silicon, Glass,… 

Polymers: Poly(Dimethyl)siloxane (PDMS), Cycloolefincopolymer (COC), 

Polycarbonate (PC), Polyester (PE), Poly ether ether ketone (PEEK), Polyehtylene 

terephthalate (PET), Polyimide (PI), Polymethylmetacrylate (PMMA), Polystyrene (PS), 

Polypropylene (PP), Polyvinyl Chloride (PVC), Thermoset Polyester (TPE),… 

 Paper is very cheap, biocompatible, easy to fabricate and has interesting 

mechanical properties for microfluidic devices comprising flexibility, lightness 

and low thickness. It has also a high surface to volume ratio which is useful 

for increasing the number of entities that can be immobilized in the channel. 

Capillarity is easy on paper, so a passive flow can be implemented in a paper 

microfluidic system [30]. But it is also a fragile material that doesn’t withstand 

high pressures so the throughput volume of a paper microfluidic device can’t 

exceed a few µl per second. The fragility of paper makes these systems also 

very sensible to the harshness of the environment. Finally the fabricating 

process of paper microfluidic channels is not very well controlled which 

implies a certain inaccuracy on the result of the operation [31]. Fabrication 

techniques for paper are cutting, ink-jet etching or wax dipping. 

 Silicon was one of the first materials used to create microfluidic channels [32]. 

It permits to create high precision microchannel, it has a good chemical and 

mechanical stability and also have a good conductivity that can lead to various 

applications. However, this material is not optically transparent and it requires 

a cleanroom to be processed with a real expertise in microfabrication. It is now 

widely replaced by polymers for most microfluidics applications. 

 Glass, which was also used early to create microfluidic devices [32], is a 

versatile material in term of resistance to harsh conditions and precision of the 

resulted device. As silicon, glass is indeed resistant to a lot of solvents and 

high pressure strains. The main drawback of glass devices is the cost of their 

fabrication [33]. However a recent work on a combination of silicon and glass 

for making a cheap disposable device has been achieved [34]. As silicon, glass 

has been progressively replaced by polymers for microfluidics channels 

fabrication in the recent years. 

 The polymers are widely used because they are usually cheap, robust with 

various properties (table 3). For example, different polymers do not react in 

the same way when put in contact with different chemicals as shown on table 2 

for PDMS, PC, PE, PS and PVC. They can be used for prototyping but can 

also be compatible with large scale production. They don’t always require 

cleanroom facilities like silicon. Most polymers can be separated in two 

categories: Thermoplastics and thermosets (PDMS is an elastomer; it is cured 

like thermoset polymers but shows elastic behavior) [35].  
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 Thermoplastics soften and become moldable when the temperature is higher 

than a certain point called “glass transition temperature”. This process is 

reversible; the material regains its initial properties and hardens when cooled 

off. Thermoplastics are compatible with hot embossing and injection molding 

process. Thermoplastics include: COC, PC, PE, PEEK, PET, PMMA, PS, PP, 

PVC,… These thermoplastics are characterized by three temperatures. The 

glass transition temperature Tg above which the once rigid polymer softens. 

The heat distortion temperature (HDT) is the temperature from which the 

material doesn’t keep a structural resistance and fall apart when a mechanical 

strain is applied. Finally the decomposition temperature (TD) is the 

temperature from which the polymer chains break apart and the material is 

denaturized. Typically, thermoplastics have a wide gap between Tg and TD 

which create a large process window where the material is soft enough to 

change its shape [36]. 

 

 Thermosetting polymers are irreversibly hardened by curing from a liquid 

state. After this curing step these polymers can’t be reshaped, they can’t be 

melt when heated and decompose at high temperature. Thermosetting 

polymers are not compatible with hot embossing and injection molding 

techniques. TPE, PI and SU8 are thermosetting polymers. 

Table 2: A list of thermoplastic polymers that have been used for micro molding [37]. 

Table 3: Chemical resistance of common polymer substrate [38]. 
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1.3.2.B Manufacturing processes 

After choosing the right material for the microfluidic device, a manufacturing process 

must be selected in a wide range of possibilities. Different techniques change the cost of the 

operation, the time taken by the creation of one microchannel, the resolution of the 

microchannel and if it possible to integrate objects in it like electrodes. The process to create 

polymer microfluidic device can be separated in three main categories: create a master mold, 

directly fabricate the microfluidic channel with or without a photomask (figure 9 [36]).  

The use of a photomask, a plate with opaque and transparent parts, to create a pattern 

is called photolithography (figure 10). The transparent parts of the photomask, which is place 

on top of the material where the microchannel is aimed to be formed, allow the light to pass. 

A photomask can be made of chrome or sometimes transparent and black plastic sheets.  

Figure 9: Process diagram of polymer microfabrication technologies [36]. 

Figure 10: Photolithography principle using light sensitive 

photoresists [39]. 
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To etch the pattern on the material, you can use plasma etching after protecting some 

parts using a positive or a negative photoresist (figure 11) or directly use a laser ablation. 

Negative photoresist is deteriorated by light whereas positive photoresist is solidified by it. 

It is possible to etch a thermoset polymer like polyimide by applying on it a plasma 

composed of different gas. Plasma is a highly energetic state of the mater composed of 

chemically aggressive particles that react preferentially with organic materials. A metallic 

photomask should be placed on top of the material so that only the targeted areas are etched 

by the plasma. On figure 11, it is shown how it is possible to create channels with 50 µm 

polyimide foils coated with 5 µm copper. The copper is etched chemically on the areas that 

will form the microchannel after a photolithography step (the photoresist left is protecting the 

copper from the etching on the other parts of device). The plasma etching is then applied to 

carve the PI where it is no longer protected by copper. Through holes can be fabricated since 

both sides of the device are exposed to the plasma. Copper electrodes can be created by 

etching the rest of the copper except two discs that are then electroplated with gold. The 

channel is finally sealed by lamination with a PET/PE polymer which is heated at 135°C 

during 1 s [40]. 

 

The plasma etching technique requires several steps and a cleanroom but it is possible 

to do a few samples at a time, which increases the throughput. 

 

Figure 11: Schematic of the entire fabrication process of plasma-etched microchips with integrated gold/copper 

microelectrodes, sealed by lamination of a polymer film [40]. 
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A laser can be used to carve the material where the photomask is transparent by 

evaporating the material with a high-energy focused beam. Laser ablation is also possible 

without photomask if the laser has a controlled trajectory on x and y and not a broad 

sweeping. This technique is quite rapid, can create complex 3D geometries on the sample and 

is well suited for rapid fabrication of small to medium throughput. UV lasers are especially 

effective for polymers. [41][42]. Laser ablation is well suited for thermoset polymers like PI, 

one of the reason is the fact that thermoset polymers are not compatible with hot embossing 

and injection molding because their glass transition temperatures (Tg) are usually too close to 

their decomposition temperatures (TD) [43][44]. However the laser ablation changes the 

surface chemistry and charge of the surface which can lead to variations of performances 

especially on electroosmotic flows [45]. The open microfluidic channel is then sealed with a 

substrate. 

It is also possible to create a microfluidic structure by precisely focusing two high 

density laser light beams on a photoresist resin which solidify when exposed to light. The 

photoresist crosslink only if it is exposed by the two light beams, so it possible for one laser 

beam to penetrate the resin without inducing a solidification. Therefore, complex 3D 

structures can be created by moving the point created by the intersection of the two lasers. 

The photoresist is placed on a platform that can move on the z direction while the point of 

focus of the beams moves on the x and y axis. The process is simple and precise but it has a 

very low throughput and the choice of material is quite limited [46][47]. 

It is also possible to directly carve the material with precision machining techniques 

on polymers because of their rather high softness. The realized microchannel is directly the 

result of a CAD (computer aided-design) file but the process is actually long, from a few 

hours up to a few days and even if it is precise (down to about 30µm), it creates a notable 

roughness on the surface of the material [48][36]. 

For the other four techniques that can be used to create a microfluidic channel a 

master mold, that has the inverse pattern to the desired microfluidic channel, has to be created 

first before the replication fabrication can be performed. The master mold has to be as 

precisely fabricated as possible since the resulting microchannel formed from it (substrate) 

can only be as good as this master structure. The roughness of the master mold should be as 

limited as possible. The chemistry between the master mold and the substrate has to be 

carefully chosen and no undercut in the master structure itself can be allowed so that the 

separation between the master structure and the substrate can be possible [36]. Table 4 shows 

the common fabrication methods for the master structure. One of the more common 

techniques is to fabricate in a cleanroom a master structure with SU8 photoresist patterned by 

photolithography [49]. SU8 is a negative photoresist, which means that it is cross-linked 

when exposed to UV light; the resist not exposed is washed away. One drawback of this 

technique is that the formed master mold has a limited lifetime (number of time it can be 

used) after which it deteriorates. 
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Microthermoforming is the less used of the four replication techniques. A polymer 

foil is placed above the master mold and is heated to temperature Te that should be close to 

the future temperature of the molding step Tm but should not be higher than the glass 

transition temperature Tg of the polymer. A vacuum is created at the same time in the 

chamber which is divided in two parts. One part above the polymer foil which is clamped at 

its ends and a second part between the master mold and the foil. The aim of the next step is to 

heat up the foil so that the temperature exceeds Tg and reach Tm. Then a pressure difference 

between the two parts is applied by pressurizing the space above the foil. After a certain time, 

the pressure is increased a second time so the molding can be as precise as possible. Finally 

the chamber is cooled and vented to atmospheric pressure so that the substrate can be 

retrieved (Figure 12 [50])[51]. The advantage of this technique is the simplicity of the 

approach. However the replication accuracy is not as good as the other techniques and some 

pattern errors can occur if the experiments parameters are not fine-tuned. A microfluidic 

channel is created in about half an hour which is rather quick but not if it is compared to the 

hot embossing and injection molding techniques.  

Table 4: Overview on main master fabrication methods [36]. 

Figure 12: Process flow of microthermoforming. (a) Assembly in the process chamber, evacuation and heating. (b) Foil pre-stretching by pressurizing 

the space above the foil at pressure p1 and molding temperature Tm. (c) Molding at pressure p2. (d) Detachment and trimming after cooling and 

venting. (e) Schematic process chart [50] 
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Hot embossing (figure 13) is a well-known and widely used technique for the last 20 

years in industry and academics [52][36][53]. Hot embossing allows low cost and flexible 

fabrication of polymeric microsystem with high aspect ratio. The process is rather simple and 

compatible with a lot of different materials especially thermoplastics.  

1. The first step of the hot embossing process is the insertion of the polymer 

substrate (foil, wafer, bulk piece,…) in the system.  

2. The master and the substrate are then heated higher than the glass transition 

temperature Tg of the substrate in vacuum. 

3. The master mold is then pressed against the substrate with a force that depends 

on the design and the two materials of the master and the substrate. 

4. The chamber is cooled down just under the Tg of the substrate and two pieces 

are separated. 

5. Finally, the substrate is retrieved from the system. 

The vacuum is critical for the substrate to be perfectly molded by the master mold 

otherwise air will be trapped between the two structures and the features on the substrate will 

be deteriorated. Moreover the temperature has to be homogenous in the chamber, the master 

has to have a good surface quality and a chemical compatibility is required between the 

master structure and the substrate to prevent sticking. 

 

 

 

Figure 13: (a) Schematic drawing of the hot embossing equipment. [53] (b) SIMTech Microfluidics Foundry (SMF) hot 

embossing machine “Hot press”. (c) Process summary of hot embossing (MNX – MEMS and Nanotechnology exchange). 
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In comparison with other technologies, the cost of hot embossing is very low for 

precise substrates with good aspect ratio. The combination of cost advantages with good 

performance makes hot embossing a very widely used technique for producing systems for 

medical applications. Furthermore, the internal stress applied to the material is rather low 

because no phase transitions occur during the process, this allows to avoid warpage in the 

material that can affect the optical properties of the system. Finally, hot embossing is even 

capable of doing nano-imprint lithography, microstructures that measure less than 100 nm 

[54] (down to approximately 50 nm [55]). There is an even faster way to create microfluidic 

devices with the same principle with the roll-to-roll hot embossing (figure 14). The substrate 

is a foil that is heated between hot plates and then pressed between two rollers; one of them 

has the master structure on its surface so that the features are replicated on the foil. This 

technique increase the throughput in comparison to normal hot embossing but it is less 

precise in the replication of the master mold patterns [56]. 

Injection molding is most widespread technique in the macroscopic world for polymer 

replications [36]. It can be adapted for the microstructure systems (figure 15) and is a very 

fast technique to replicate microfluidic devices. The master structure is composed of two 

pieces called mold inserts that are heated above the glass transition temperature and 

vacuumed so no air bubbles is stuck in the system. The polymer substrate is also heated so it 

can be viscous and inserted between the two mold inserts. The whole system is then cooled 

off below the glass transition temperature so the substrate hardens which is called the 

variotherm process. Finally the polymer is demolded. This technique has the advantage to 

create three dimensional structures to integrate directly fluidics interconnects in the substrate 

or through-holes. The major disadvantages of injection molding are the complexity of the 

process and the high cost of the equipment which explain the fact that this technique is not 

widely used in the academics. Furthermore the master molding tool has to be in a material 

that can withstand high mechanical strains and temperatures. Micro-injection molding is 

compatible with silicon, glass and a lot of different polymers [56][57][58][59]. 

 

 

Figure 14: Principle of the roll-to-rool embossing process [56] 
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Another technique related to injection molding and hot embossing for microfluidics is 

the injection compression molding technique which is based on the CD (Compact Disc) 

process industry and produce what is known as “centrifugal microfluidics” as the flow is 

created by the rotation of the disk (figure 16)[60][61]. This technique is especially useful 

when handling biological sample because the movement is independent from the liquid 

properties like pH, viscosity or conductivity. Moreover the creation of the flow doesn’t need 

a pump and is actuated solely with a motor which induce the rotation of the disc. This 

rotation applies a centrifugal force Fω on the liquid that has to follow the microchannel 

(Figure 16). Cells can be separated from their surrounding medium because they are denser 

and subjected to a more powerful centrifugal force. This sedimentation technique can be used 

to separate the cells and the plasma of a blood sample [61]. Labs on a CD have other 

applications like cell lysis or cell culture [62]. Finally, it should be mentioned that CD 

process is the fastest way to create a microfluidic structure. 

Figure 15: Principal process steps of micro injection molding: (a) the molding 

tool is closed, evacuated, and heated above the glass transition temperature of 

the polymer; (b) the polymer is injected into the tool, and (c) tool and polymer 

are cooled down and the polymer is demolded [58]. 

Figure 16: Forces acting on a liquid plug in a channel of rotating disc. Fc = Coriolis force, FE = Euler force and Fω = centrifugal force [61]. 
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Finally, soft lithography, or casting, of elastomer is the most widely used technique 

and the most subjected to publications [63]. There are several advantages to this technique 

that can explain its popularity. It is cheap, simple to process, the elastomers have good 

material properties with interesting surface chemistries, and have a good replication accuracy 

[36]. It is usually used with the PDMS elastomer which is optically transparent, chemically 

inert and is an electric insulating material. The classical PDMS process follows these steps: 

 The liquid PDMS is mixed with the cross linker with a ratio of 10 to 1. The 

stiffness of the cured material can be raised by increasing the cross linker part 

in the mix. 

 This mixture is poured on the master structure. 

 The system is then cured at 65°C during 2 hours. 

 The PDMS substrate is demolded from the master mold and through holes are 

punched for the entrance and the exit of microfluidic channel. 

 To create the microfluidic channel, the substrate is sealed to another material. 

PDMS can be activated with plasma O2 so its surface is activated with oxygen 

and can then stick to a number of surfaces including glass or other polymers 

substrate. 

 However, other materials can also be used like polyurethane methacrylate (PUMA 

[64]) Norland optical adhesive (NOA [65]) which is a commercial photocurable polymer, or 

thermoset polyester (TPE [66]). These materials have a stronger stiffness than PDMS (~100 

to 1000 times harder) (Figure 17 [67]). These polymers are cured by either temperature like 

PDMS or UV light. 
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The advantages and disadvantages of a PDMS device are presented in the section 

1.3.1. The casting technique is perfect for prototyping but is not compatible with 

industrialization because of its very low throughput. 

 

 

Figure 17: Protocols for fabrication of PDMS, PUMA, TPE and NOA chips. (i) PDMS microfluidic devices were fabricated using standard 

replica molding processes with a cross linker to polymer ratio of 1:10. As PUMA, NOA and TPE adhere to SU8 and make demolding 

impossible, a PDMS master mold with the same polarity as the silicon master was produced as indicated by Kuo et al. [64] (ii) The PUMA 

chips were prepared as previously described by Kuo et al., [68] (iii) TPE devices were fabricated following the protocol published by Fiorini 

et al., [66] (iv) NOA chips were made using a protocol adapted from Bartolo et al. [65] [67]. 

Table 5: Comparison of the different molding technologies [36]. 
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To summarize, the choice for the polymer replication technique should focus on the 

number of microstructure to be produced. CD process and injection molding require a larger 

initial investment for the setup than elastomer casting. If the aim of the process is to create a 

prototype for a proof of concept, soft lithography is the most obvious candidate but if the goal 

is to create a commercialized product, other replications techniques should be considered 

because of the economy of scale (figure 18). Hot embossing requires less costly equipment 

than injection molding but is more difficult to setup than soft lithography. For microfluidics 

to truly invest the market as widely commercialized products, the technologies developed 

should try to get away from elastomer casting and the automatic use of PDMS. The different 

molding technologies utilizing master structure is summarized in Table 5. 

After the creation of microstructures, other steps, called back-end process, are 

sometimes required to create a functional microfluidic channel adapted to a precise 

application. For example, after a hot embossing creating microstructure on its surface, a 

substrate has to be closed by another material to form a microfluidic channel. Additional 

features can also be added like electrodes or surface modifications. 

 Encapsulation is the step where the microstructure is sealed to create a closed 

microfluidic channel. Several techniques exist to make this encapsulation: 

o Adhesion is simplest technique that works with some polymer and 

especially with elastomer like PDMS. If the surface of the substrate 

and the sealing material are perfectly, a simple mechanical contact can 

be sufficient to seal the microchannel if no mechanical force or high 

pressure is applied on the channel. As mentioned above, plasma 

activation can be extremely effective to strengthen this sealing [63]. 

o If two thermoplastic polymers are heated above their glass transition 

temperature and then pressed against each other, they can be bonded 

together. The process has to be carefully controlled as the 

Figure 18: Economy of scale consideration for the polymer replication process (adapted from lecture notes of Prof. R. Zengerle, IMTEK, 

University of Freiburg) [36]. 
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microstructures can be deteriorated when the temperature is above Tg 

[69]. 

o Ultrasound or laser can be used to apply energy on the interface 

between two polymers that are consequently sealed together [70][71]. 

o Two structures can be bound together by a third material that plays the 

role of an adhesive [72]. For example, PDMS can be used to stick two 

PMMA structures together [73]. The material used as adhesive should 

be viscous so it doesn’t enter and clog the channel. The activation of 

the adhesive can be made by evaporation, heating, pressure 

(lamination) or irradiation by UV light. 

o An alternative to the adhesive technique is to put a thin film of solvent 

at the interface between the structures to be bonded. Consequently, the 

materials should dissolve and solidify again after the evaporation of the 

solvent. The solvent should be applied carefully as it can damage the 

microstructures and can also present health risks [74]. 

 Cutting and dicing: A microstructure has to be separated from the rest of the 

substrate. Several techniques can be used to separate them like with a CO2 

laser or a wafer saw. 

 Electrodes can be added to the microstructure with a number of different 

fabrication techniques that are sometimes inspired by microelectronics such as 

lift-off lithography technic or metal evaporation technique. With electrodes in 

a microstructure, it becomes possible to manipulate fluids or biological entities 

with dielectrophoresis [75]. 

 The surface chemistry of polymers can be largely modified to suit various 

applications. The surface chemistry can be modified as well as the 

hydrophilicity (with plasma treatment for example [76]) or the geometrical 

patterning of the surface. Thus, surface modifications can, for example, allow 

the binding of biomolecules on a polymer surface [77] (see chapter 4). 

As we saw, there is a large choice of processes to obtain a microfluidic channel for a 

specific application. The choice of material for the application is directly linked to this 

process but the environmental context has also some importance. 

1.3.2.C Environmental context 

The third factor that has to be considered for the choice of the material-process 

combination is the environmental context.  

The first thing to consider is the budget available for the microfluidics project. As said 

before, the materials and processes have different costs. PDMS casting costs a lot less than 

COC injection molding but the throughput and the properties of the device are different. 

The second thing is the availability of equipment and facilities. For example, some 

processes like photolithography require a cleanroom to be performed with expensive 

machines (mask aligner, spin coater, reactive-ion etch …).  
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Most processes require knowledge and a practical formation. Sometimes, several 

batches have to be produced before a process is totally mastered. 

Finally, the time allocated to the project is a factor to be reckoned with. Short projects 

should focus on soft lithography or process that do not require a master structure fabrication 

whereas long projects can take more time to elaborate and master techniques like hot 

embossing or injection molding. 

Consequently, it is advised for the academics to work together and create 

collaborations and trainings so that microfluidics projects can be developed as much as 

possible and not be limited by the means and the resources of a particular laboratory. It is also 

important to consider collaborations between academics and industrialization actors as they 

can bring an expertise on high throughput process techniques and big equipment resources. 

1.3.3 Comparison and summary  

To summarize, the fabrication of a microfluidic is basically composed of a material 

and a process that have to be compatible to each other. This choice shouldn’t be 

automatically PDMS with casting and should depend on the application, the resources and 

time available.  

To make this difficult choice easier, table 6 and 7 present and compare the 

characteristics of different groups of materials. 

 

 

 

 

Table 6: Comparison of materials for microstructuring [36]. 
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The desired number of devices per year, the resistance of the system, the accuracy of 

the result and the flow that a device can sustain are parameters that help deciding which 

material to choose with figure 19 and 20. Figure 21 and 22 can then help deciding which 

fabrication process that one can use by comparing the same characteristics [31]. 

Table 7: Rough guide to properties of construction materials used in microfluidic processing [31]. 

Figure 20: Material selection decision support chart 2 [31]. Figure 19: Material selection decision support chart 1 [31]. 
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There are a lot of possibilities to choose from the thermoplastic polymers group with 

different characteristics. Table 2 in section 1.3.2 presented some of them than can withstand 

molding [58]. 

Other useful tables to choose the material can be freely found on the “Design for 

Microfluidic Device Manufacture Guidelines” edited by Henne van Heeren and Peter Hewkin 

[31]. 

As mentioned, the choice of the fabrication process with a specific material for 

microfluidics is difficult because of the huge amount of possible combinations. But it implies 

that for a particular application, there is an optimal material-process combo that has all the 

properties required. An effort should be made to discover and use this optimal combination 

instead of going right to PDMS casting in every case. 

 

1.4 Lab-on-a-chip (LOC) immunoassays technologies  

Immunoassays, the detection of a pathogen using antibodies as analytical reagent, are 

used in numerous applications: medicine, protection of the environment, agriculture, national 

defense for example. A pathogen is a substance that causes diseases, a micro-organism like a 

virus, a bacterium, a fungus, etc. 

A lab-on-a-chip (LOC) is an integrated device that can carry out measurements with 

extremely small sample fluid volumes. The LOC pathogen sensing system for immunoassays 

should be sensitive with a low limit of detection (LOD), cost effective, size selective, simple 

to use and with a large dynamic range. Having a low cost and very sensitive detection system 

is rather challenging. 

The miniaturization of immunoassays with LOC has a lot of advantages including 

small requirements for reagents and solvents, low cost, portability, low power consumption, 

versatility in design, and potential for parallel operation and for integration with other 

miniaturized devices. 

Figure 21: Material selection decision support chart 3 [31]. Figure 22: Material selection decision support chart 4 [31]. 
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A typical immunoassay uses the sandwich configuration where two antibodies are 

used (figure 23). The first antibody is bound to the system; the antigen (green circle in the 

figure) will chemically bind to its active paratopes. Then a second antibody with a label that 

the device can detect (yellow small circle), binds to the antigen. If the antigen is absent from 

the sample, the labeled secondary antibody is washed away from the device and the test is 

negative 

 

1.4.1 Biosensors, principle and applications 

Biosensors convert a biological signal into an electrical response that can be measured 

and analyzed. The biosensors can be used for pathogen sensing. 

Bisoensors are composed of three distinct parts (figure 24): 

 A biorecognition site that is composed of biomolecules which bond 

specifically to the targeted analyte that has to be detected. These biomolecules 

called bioreceptors can be antibodies, peptides, cells, nucleic acids (DNA and 

RNA),…  

 Then the biotransducer part converts the biological response that comes from 

the biorecognition part into a measurable signal. It can be a photo detector, 

electrodes, coils,… 

 Finally, the electronic system is responsible of the treatment and conditioning 

of the signal so it can be intelligible for the user of the biosensor. 

 

 

 

Figure 23: Sandwich immunoassay: antigen (analyte) in green, antibody (black) and label (yellow) [78]. 
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Biosensors use the sensitivity and specificity of bioreceptors which make them very 

interesting for immunoassay, especially if they are highly specific, reusable and independent 

of environmental parameters like pH and temperatures. However, the fabrication of biosensor 

can be tricky since it requires interdisciplinary knowledge like chemistry, biology and 

engineering [80]. 

Biosensors have a lot of different applications like food monitoring or plant biology. 

This work is focused on the pathogen sensing use of biosensors for point of care (POC) 

applications. 

1.4.1.A Biorecognition site 

A widely used receptor is the antibody. An antibody is a Y-shaped protein normally 

produced by the immune system to bind to pathogens to neutralize them. There are a lot of 

different antibodies with distinct variable paratope, also called antigen-binding site, on the 

end of Y shape that will bind to a specific region of an antigen. Therefore an antibody is 

specialized to bond with a specific antigen which allows system using antibodies as 

bioreceptor to have low false positive, good precision and specificity. However antibodies are 

expensive and once it is stuck to its antigen, it is very difficult to separate them again so the 

detection can only be done once without changing the biorecognition site. 

Another bioreceptor that can be used on biorecognition site is enzymes. The enzymes 

are protein catalysts than can be found in the body accelerating chemical reactions by 

transforming substrates molecules into products molecules. This process can be used by 

observing the changes in a sample caused by an increase of the products concentration or a 

decrease of the substrate concentration or by the chemical reaction itself. This result signal 

can be a release or uptake of gases like oxygen, a light emission, heat release, etc. This 

implies that the biotransducer is directly dependent to the kind of signal that has to be 

detected [81]. However, enzymes as bioreceptors have drawbacks. They are expensive 

because they are difficult to produce, isolate and purify [82]. Moreover the results are often 

unstable for the same measurements and change at different temperatures and pH. Finally, 

chemicals present in the sample can interfere with the measurements [83]. Some techniques 

exist to minimize these issues, therefore enzymes are widely used in a large variety of 

applications. 

Figure 24: Most common types of bioreceptors, biotransducers and signal processing circuits [79]. 
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It is also possible to use deoxyribonucleic acid (DNA) as bioreceptor. DNA is usually 

composed of two chains that bind to each other to form a double helix thanks to a 

complementarity that creates hydrogen bonds between the chains. So the strategy to use DNA 

as a bioreceptor is to bind one chain on the biorecognition so the completing chain will bind 

to it [84]. Since it is the gene that is directly detected, these DNA detection systems are 

usually more precise than the antibody detection based ones. 

1.4.1.B Biotransducer 

Biotranducers transform the biological signal into an electrical signal and can be 

sorted in four groups of methods: optical, electrochemical, mechanical and magnetic. 

1.4.1.B.a Optical methods 

In optical biosensors, a light beam is created and sent across the sample or reflected 

on it. The measurement is made possible by the change of the properties of the light (color, 

intensity, etc.) after it went through the analyte. These methods of detection are often rapid, 

cheap, simple and sensitive. They are also often suited to work with microfluidic chips. 

However, optical methods are difficult to integrate in small lab-on-a-chip devices as coupling 

light into microsystems typically requires accurate alignment components [85] and there are 

often background interferences. Nevertheless, some devices with optical method biosensors 

are already on the market [86]. 

Fluorescent biosensors usually work by using fluorochrome molecules that are 

previously bonded on secondary antibodies. The analyte binds to the primary antibody to 

form a “sandwich” immunoassay. A light is emitted by a light-emitting diode (LED) source 

that excites the fluorochrome which reemits some fluorescent light that a CCD camera can 

detect. The intensity of the fluorescence is function of the quantity of the analyte present in 

the sample tested. This method can detect various diseases by detecting protein markers [87]. 

Fluorescent techniques are very precise but expensive with long incubation times and 

complex processes [88]. 

Colorimetric biosensors are the other widely used optical sensors. They rely on the 

analysis of the sample color to determine the quantity of analyte in it. They are widely used 

for diagnostics because of their simplicity, as the changing of color can sometimes be even 

noticeable by the naked eye. One common technique that relies on a colorimetric signal is the 

lateral flow assay method (LFA) which is used for pregnancy tests [89][90]. This system 

relies on the capillarity force to make the sample (urine in the case of pregnancy test) moves 

across the device, from the sample pad to the reaction area. During this movement, the 

sample passes the conjugate pad where it sweeps away colored antibodies. If the analyte is in 

the sample, a sandwich configuration forms on the test line creating a colored line that can be 

observed. Else, there is no color binding on the test line. Either way a sandwich forms on the 

control line with two antibodies even without any analyte. If there is no color on the control 

line, it means that something went wrong during the process (figure 25). Therefore, in case of 

pregnancy test, if both lines appear, it means that the person controlled is pregnant. 
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Living organism bioluminescence can also be used to produce a biosignal. Some 

enzymes catalyze the reaction of cells creating this luminescence [90]. Chemiluminscence 

can also be used; it is an emission of light than happens during a chemical reaction [91]. 

These techniques do not require a light source but are limited to specific applications. 

Finally the surface plasmon resonance (SPR) method measures the reflection angle of 

a light beam on metal film. If the analyte is grafted on the other face of the film, the angle of 

reflexion changes because of the creation of an evanescent wave [92]. SPR has a good 

sensitivity, is reliable and fast but is, on the other hand, expensive. 

1.4.1.B.b Electrochemical methods 

The conductivity of an aqueous solution depends on the ions that it contains. This can 

be used to create different methods of biosensing by applying an electrical current that passes 

through the solution. Each electrochemical biosensor is based on a different measurable 

electrical parameter: voltage, current, impedance and conductivity. Most of these techniques 

rely on enzymes that release electroactive products in presence of the analyte to be detected. 

The potentiometric based sensors use two electrodes to measure a voltage. One 

electrode is a membrane and is the working electrode which changes its electric potentiel 

depending on the concentration of ions in the sample. A second electrode is the reference 

one. The potential is measured between the two electrodes and the obtained value is directly 

correlated to the concentration of analyte in the sample. This method, also called 

voltammetry, has a low detection limit and good signal-to-noise ratio [93][94].  

The amperometric sensors work by applying a specific potential to the electrode and 

the current is measured as a function of time [3]. The amperometric methods are the most 

widely used because they are very simple, easy to fabricate, cheap and robust. But they are 

also susceptible to give false positive results because of non-specific binding of molecules 

and they are sensitive to pH changes in the sample solution [95]. 

As the analyte binds to the biosensor the conductivity of the sample changes on 

electrode surface. This change may be expressed in terms of impedance for impedance based 

sensors. The benefit of this method is that only one electrode is necessary as the reference 

electrode is no longer needed. This make the fabrication of the sensor simpler and easier to 

integrate. But these impedance based methods need to improve their sensitivity, 

Figure 25: Lateral flow assay method [88]. 
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reproducibility and speed of process. These methods need more improvements to be used in 

commercialized immunoassays devices. 

Finally the conductometric sensors measure the conductivity of a zone that contains 

charged entities at different frequencies. These methods can be coupled with electrophoresis 

so that a flow and the measurement of the analyte can be applied to the charged sample; 

therefore the system has two pairs of electrodes, one pair of sensing electrodes for the 

detection of analyte and one pair of feed electrodes to create the electrophoresis flow [96]. 

Other than the advantage of getting rid of the reference electrode, conductometric methods 

also have the advantages to use little power to work. However, they need difficult 

experimental conditions to work properly and are therefore not widely used. 

1.4.1.B.c Mechanical methods  

The aim of mechanical biotransducers is to detect the mass of the analyte or the 

frequency change of resonance of a rigid biorecognition site where the analyte (sometimes 

directly the pathogen to detect) binds [97]. 

A quartz crystal microbalance (QCM) is composed of piezoelectric quartz crystal 

where the biofunctionnalization takes place (figure 26). The piezoelectric crystal is oscillating 

at a precise frequency thanks to an applied electric current. The frequency of oscillation 

changes if particles are grafted to the surface of the crystal. In case of immunoassays it can be 

the pathogen that binds to an antibody. When the mass of analyte increases on the sensor, its 

oscillating frequency decreases proportionally. A washing step is needed to remove any 

molecules that are non-specifically bounded to the sensor. 

This technique is very sensitive and can directly determine the amount of analyte but 

it is quite difficult to integrate because the sensor has to be totally dry at the moment of the 

measurement because it can affect the oscillating frequency. This renders this technique not 

suitable for portable lab-on-a-chip device. 

 

Figure 26: (a) The sensor is oscillating in free space and there is no change in the frequency of oscillation with time. (b) When 

particles begin to deposit onto the surface of the oscillator, the frequency of oscillation begins to decrease. (c) As more 

particles adsorb onto the oscillator, the frequency of oscillation decreases further [98]. 
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Cantilevers, that are beams anchored at one end that can bend, can be used as 

biosensors. There two main pathogen sensing techniques involve cantilevers. One way is to 

implant antibodies on the surface of the cantilever that specifically bind to the aimed analyte 

(figure 27 [99]). The surface is then illuminated by a laser. The deflection of the light is 

measured; it indeed depends on the degree of bending of the cantilever which is directly 

related to the number of analyte in the sample [100].  

 

Cantilevers can be integrated in portable lab-on-a-chip systems but it can suffer from 

parasite results during measurements and detection of multiple analytes are difficult with one 

device. 

1.4.1.B.d Magnetic methods  

Magnetic biosensors rely on the measurement of a magnetic field which is modified 

by the presence of the analyte in the tested sample. In LOC systems, magnetic beads are 

usually used that bind to analytes via antigen-antibody sandwich immunoassays [84]. The 

aim of the magnetic methods is to detect the magnetic nanoparticles (MNP) instead of 

directly the analyte. 

One way to detect MNP is to monitor the change of magnetic permeability that is 

function of the change in inductance. The magnetic beads are inserted into a cylindrical coil 

changing the value of the relative permeability that changes the coil inductance. 

The magnetic relaxation of the MNP can be detected and discriminated by several 

methods. For example, AC susceptometers use the Brownian relaxation tie to determine the 

size of the magnetic beads. The magnetorelaxometry method uses the Néel relaxation and 

determines if magnetic nanoparticle is bound to analytes or not [101]. 

When an external magnetic field is applied, charge carriers in a current-carrying 

conductor are pushed to one side of the conductor by the transverse force of this magnetic 

field due to the Hall effect. The charge buildup at the sides of the conductor generates a 

measurable electric field (or Hall voltage) with a direction perpendicular to both the applied 

Figure 27: Working principle of a cantilever array biosensor. Cantilever is functionalized by depositing a bioreceptor layer (top); 

surface-stress induced deflection upon binding between target analyte and bioreceptor (bottom) [99]. 
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magnetic field and the current. The measurement of this voltage is the basic principle of the 

Hall effect magnetic sensors. 

The electrical resistance of a material can change when a magnetic field is applied to 

it [102]. This phenomenon is used for two sorts of magnetoresistance based sensors: giant 

magnetoresistor sensors (GMR) and tunneling magnetoresistance sensors (TMR). 

Diagnostic magnetic resonance methods (DMR) use the effects of the magnetic 

resonance of the magnetic nanoparticles (MNP) on their surroundings to detect them. MNP 

are used as proximity sensors to accelerate the relaxation rate of neighboring water 

molecules. If the magnetic beads are bound to a bioentity, it creates heterogeneities in the 

sample that can be measured and are directly related to the amount of analyte in it [103] 

Finally, the frequency mixing technique can be used to detect MNP (see section 2.2.1) 

Methods that use MNP have a lot of advantages in comparison to the optical, 

electrochemical and mechanical methods [104]:  

 MNP have high contrast thanks to the fact that bioentities are not strongly 

magnetic. 

 MNP can be functionalized by creating several binding sites on their surface, 

so that they can bind to several bioentities. 

 Magnetic properties of MNP are stable for different pH or saline 

concentrations. 

 They can be manipulated by magnetic field gradients and consequently can be 

sorted or can carry the bioentities that are binded to them [105]. 

 MNP are relatively cheap and can be made biocompatible for in vitro 

diagnosis experiments (it has to be evaluated case-by-case for in vivo 

processes [106]. 

These methods have also some disadvantages. The colloidal suspension can be 

difficult to stabilize as the MNP can agglomerate and change their magnetic relaxation. The 

magnetic nanoparticles can form nonspecific interactions with other entities than the aimed 

analyte. 

1.4.2 Comparison table 
 

The table 8 presents most of mentioned detection techniques with comparative 

comments concerning relative sensitivity, dynamic range, assay time, portability, simplicity 

and cost. It has to be noted that the mentioned notes are only there to get an idea about the 

“usual” performance of the corresponding technique and are not representative of the best 

possible results that could be found in literature. This comparison was made by Amine 

Rabehi [107] and adapt to make table 8. 

  



 

 

Table 8: Comparison of important characteristics for different pathogen sensing methods. (97) 

Method Sensitivity 
Dynamic 

Range 
Assay time Portability Simplicity Cost Comments 

Optical  

Colorimetric * * 
Rapid  

(minutes) 
**** Very simple $ 

Difficult for multiplexing. Must use 

preconcentration step for 

quantitative measurements 

Fluorescence ***** *** 

Rapid to long 

(10 mins to > 

hour) 

* Complex  $$$ 

Very versatile (allows observing 

activity of target). Multiplexing 

possible. Extensive research is done 

to integrate the method  

Plasmonic **** *** 

Relatively fast 

to slow  

(minutes-

hours) 

* Complex $$$ 
Multiplexing possible.  

Label free.  

Luminescence *** *** 
Average time 

 (> hour)  
*** Simple  $$ 

Can be used to detect chemicals like 

heavy metals or for specific bacterial 

detection. Restricted detection to 

certain antigens. 

Electrochemical 

Amperometry *** *** 

Relatively 

rapid (dozens 

mins) 

**** Simple $ 

Sensitive to environment (pH) 

possible nonspecific binding. Need 

for reference electrode. 

Voltammetry *** ** 
Real time 

monitoring 
*** Moderate $/$$ 

Need of reference electrode, better 

performance when miniaturized 

Conductometry ** ** 
Rapid  

(minutes)  
**** Simple $/$$ 

Good coupling with electrophoresis 

actuation. Low power consumption. 

Issue of low specificity and low 

SNR.  

Impedance 

based  

 

** NA Moderate time **** Moderate $/$$ 

No need for reference electrode. 

Issues are nonspecific binding, 

reproducibility.  



 

 

 

Notes:   

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

Method Sensitivity 
Dynamic 

Range 
Assay time Portability Simplicity Cost Comments 

Mechanical 

Microcantiliver *** NM > 10 mins *** Moderate $$ 

Can be label free, can be coupled 

with optical detection. Issue with 

striction, multiplexing is very 

difficult. 

QCM *** NM > 10 mins *** Simple  $$ 

Can be label free, low power 

consumption. Can be used to 

validate immunosensors fabrication 

steps. Difficult multiplexing and 

need of dry environment. 

Magnetic 

Relaxation based ** to **** **** > 20 mins ** 
Simple to 

complex 
$/$$$$ 

Difficult to multiplex, not much 

integration attempts. Low 

background noise. 

Magnetoresistance 

based 
**** *** minutes **** 

Moderate 

to complex 
$$/$$$ 

Possibility to multiplex. Extensive 

research for miniaturization. 

Requires clean room work. Issues 

with linearity.  

Hall effect sensors **** **** minutes **** Moderate  $/$$ 

Better when miniaturized, detection 

is localized. Compatible with 

CMOS technology 

Magnetic 

resonance 
*** *** minutes ** Moderate  $$ 

Volumetric testing possible. Issues 

with temperature drift. Needs high 

magnetic field.  

Frequency mixing 

technique 
**** **** minutes *** Simple $/$$ 

Can be optimized for qualitative and 

quantitative multiassay, compatible 

with miniaturization technologies 

but not yet miniaturized. Possibility 

to multiplex. 
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1.5 Conclusions  
 

In this chapter, we presented how microfluidic structures can be made for lab-on-a-

chip immunoassays and what kinds of sensors are suited to be integrated in them. 

Thanks to the progress in microfluidics design and fabricating techniques, LOC 

immunoassays are being developed for numerous applications like point-of-care diagnostics 

or bioterrorism protection. The huge choice of materials and manufacturing processes to 

create microfluidic channels for theses LOC is a great opportunity to have an optimal 

combination for a particular microfluidic chip.  

Although the first material chosen for the microfluidic structure has been PDMS, 

PMMA and COC were then preferred to be compatible with an eventual industrialization and 

commercialization. 

We also presented the different possible detection methods for most lab-on-a-chip 

devices with their advantages and drawbacks. One has to keep in mind that for an optimal 

biosensing method, the choice of the material and the choice of the manufacturing process for 

microfluidic structure are interdependent. 

The miniaturized magnetic detection system, on which this PhD thesis is focused on, 

relies on the frequency mixing technique because of its sensitivity, rapidity of analysis, cost-

effectiveness and its possibility of integration and miniaturization. 
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Chapter 2. Electromagnetic miniaturized detection device of 

magnetic nanoparticles in a microfluidic channel 

2.1 Introduction 

A magnetic detection prototype has been designed to detect superparamagnetic 

nanoparticles (SPN). The project began in a previous PhD thesis [107]. The experiment setup 

is composed of two main parts: 

1. An electronic part that is responsible to generate the excitation magnetic field 

and to detect and process the response signal. The magnetic detection uses the 

frequency mixing method and planar coils. Efforts have been made to 

miniaturize these electronic elements that create and retrieve the magnetic 

fields. 

2. A microfluidic part where the SPN circulate and the immunoassay sandwich is 

formed. The microfluidic microchannels have been first created with SU-8 

master molds before this technique was replaced by a 3D printing technique. 

PDMS have been used for microfluidic channels but then COC and PMMA 

have been considered to replace the elastomer. 

The magnetic detection uses the frequency mixing method [108] and planar coils 

[109]. The general aim of the project is to create a rapid, cost-effective, easy to use and 

sensitive portable immunoassay device (figure 28). 

 

Figure 28: Schematic of the envisaged portable pathogen detection device. 
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2.2 Magnetic detection of nanoparticles 

As presented in the section 1.4, the magnetic detection of nanoparticles can be used for 

LOC immunoassays.  

The frequency mixing detection technique is a very promising technique for the 

detection and is suited to be integrated in a lab-on-a-chip immunoassay device as it has been 

proven to be very sensitive and reliable [108]. 

2.2.1 Frequency mixing technique 

2.2.1.A Principle 

The frequency mixing detection technique is used to detect superparamagnetic 

nanoparticles (SPN) [109]. When a magnetic particle is small enough (a few tens of 

nanometers), it shows superparamagnetic properties; it means that has a parametric behavior 

with higher susceptibility than classical ferromagnetic materials. Moreover, its magnetization 

curve is nonlinear, does not have a hysteresis and has a saturation effect (figure 29). Having a 

paramagnetic behavior means that the material does not show any magnetization in normal 

conditions but if a magnetic field is applied to it; it acquires a magnetization oriented in the 

same direction than the magnetic field because of a high statistical alignment of magnetic 

moments. Unlike ferromagnetic materials which present a hysteresis in their magnetization 

curves (a narrow hysteresis for “soft” ferromagnetic materials and a wide hysteresis for 

“hard” ferromagnetic material which means that they stay magnetized for a longer period of 

time), paramagnetic materials lose their magnetization when the external magnetic field is no 

longer applied. With superparamagnetic nanoparticles (SPN), it is the whole particle that is 

magnetically oriented by the externally applied magnetic field and not some random atoms as 

it happens in a classical paramagnetic material. The magnetization curve of SPN is directly 

related to their size [110]. The volume magnetization field M is the quantity of magnetic 

moment and is expressed in ampers per meter (A/m), it can be also expressed in emu per gram 

(1 emu/g = 1 A.m².kg
-1

) for mass magnetization. The magnetic field strength H is also 

expressed in A/m or in oersted (1    
    

  
 A/m). The magnetization curve M = f (H) is the 

magnetization M as a function of the magnetic field strength H [111]. The magnetization 

curve is nonlinear as it saturates for higher H at a certain M value because the molecules of 

the material begin to lose their ability to increase their magnetic moment by the current in the 

field windings, so the magnetic strength curve begins to flatten out with increased current 

flow. 

The magnetization curve of superparamagnetic nanoparticles usually follows a 

Langevin function [107]: 

           (
    

   
)        

Where:  

    is the saturation magnetization and       (  is the density of particles in 

the sample and   is the individual magnetic moment of each particle) 

 L is the Langevin function      
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 kB is the Boltzmann constant 

 T is the temperature 

 

The mixing frequency detection technique uses the nonlinearity of the magnetization 

curve of the SPN as a novel way to detect them [112]. The principle is to apply two magnetic 

fields of different frequencies f1 (high frequency) and f2 (low frequency) for magnetic 

excitations and then detect the response signal at a frequency representing a linear 

combination mf1+nf2 where m and n are entire variables (figure 30). The existence of this 

frequency is directly linked to the nonlinearity of the magnetization curve of the SPN [113] as 

the low frequency is used for the SPN to reach the nonlinear magnetization area while the 

high frequency signal probes this nonlinearity. Normal coils can be used to create the 

excitation signals but also to detect the response signal. To summary, if the 

superparamagnetic nanoparticles are present in the tested sample, the response signal has 

mixed terms, if there is no SPN in the sample, only the two fundamental frequencies f1 and f2 

of the exciting magnetic fields appear in the response signal. The amplitude of the response 

signal is directly proportional to the number of nanoparticles in the sample. We usually use 

the frequency f1+2f2 to perform the measurement because the other mixed terms present a 

lower sensitivity for quantitative tests.  

 

Figure 29: Magnetization of the nanoparticles coated with n-octylamine showing a slight hysteresis curve but with 

no coercivity or magnetic remanence. A significant increase in saturation magnetization is observed directly 

proportional to the size of the iron oxide nanoparticle [110]. 
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The main advantage of magnetic immunoassay is its high selectivity, rapid 

quantification is also possible in native matrices, which is quite difficult for optical methods 

assays due to variations of the optical properties of the medium (turbid fluid,…) [109]. The 

frequency mixing is also sensitive, has a high signal to noise response because of very low 

biological noises and is relatively easy to implement. Furthermore, as the relaxation time of 

SPN is function of their size and composition, this can be used to discriminate different 

nanoparticles and the different bioentities that can be binded to them, allowing achieving 

multiplex detection [114]. However a drawback that has to be kept in mind is that no 

ferromagnetic or ferrimagnetic materials should be used next or in the mixing frequency 

detection device since this method is very sensitive to magnetic environment. For example, 

iron cored coils should not be used in order to enhance the magnetic field amplitude. 

2.2.1.B Experimental device developed in the previous work 

With a non-miniaturized device, studied and developed (figure 31) at 

Forschungszentrum (Institute of Bioelectronics) at Jülich in Germany, Hans Joachim Krause 

et al. developed a transportable magnetic reader device that uses the mixing frequency 

magnetic detection method for immunoassays. C-reactive proteins (CRP) detection in 

different liquids such as PBS buffer, human saliva, urine and blood serum was tested [115]. 

Figure 30: (a) The magnetic particles are exposed to a magnetic field consisting of two frequency components f1 and f2. The excitation 

frequency spectrum (b) exhibits two distinct lines at f1 and f2. Due to the nonlinear magnetization curve (c) of the superparamagnetic 

nanoparticles, the resulting time-dependent magnetization (d) of the particles saturates at higher fields, leading to higher harmonics and 

frequency mixing components in the Fourier-transformed response signal (e) [109]. 
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Immunoassays using frequency mixing techniques has also been used to detect the bacteria 

Francisella tularensis [116] and the bacteria Yersinia pestis [117]. The system is integrated 

and is able to create the excitation magnetic fields and detect the response signal [108]. 

The device is composed of a measurement head and readout electronics along with a 

display screen. The measurement head is composed of coaxial cylindrical excitation and pick-

up coils. The excitation coils are composed of two coaxial solenoid coils (red and blue) that 

generate the low frequency and high frequency magnetic fields (f1 and f2). The detection coils 

which are doubled (yellow) detect the resulting magnetization. In order to enhance the signal 

to noise ratio, the resulting signal is the difference between the upper and lower detection 

coils as the upper coil measures the response at the sample while the lower coil is the 

reference coil with no sample in the middle of it. If no sample is put in the upper pick-up coil 

and if the lower coil is exactly similar to the upper one, the detected signal is equivalent to the 

noise level. This balancing (or gradiometry) technique helps to reduce the external interfering 

signals that induce noises and this method is suitable for relatively low operating frequencies 

[118]. Furthermore, the balancing configuration also prevents saturation of the first stage 

preamplifier. The sample holder is a commercially available ABICAP® column (AntiBody 

Immuno Column for Analytical Purpose). Finally, the system is shielded with aluminum 

shielding.  

 

Figure 31: Schematics of the measurement electronics (a) and a photo of the device by the bioelectronics laboratory in Juelich, Germany. 
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A keypad allows the user to tune the two magnetic fields frequencies f1 and f2. Two 

signals at these frequencies are generated by direct digital synthesizers (DDS), amplified to 

the proper strength and then applied to two sets of coils to generate the two excitation 

magnetic fields. The signal response is picked up by the detection coils and then pre-

amplified, demodulated by f1, amplified again and finally demodulated by 2f2. The 

demodulated signal is filtered to enhance the response and finally converted into a digital 

signal by an analog-to-digital converter so it can be displayed on the screen of the device 

(figure 32).  

 

The pathogen sensing technique relies on the antibody-antigen interaction in sandwich 

configuration. As seen on the figure 32, primary antibodies (Ab) are bounded to the sample 

holder surface. In the mentioned device these antibodies are bonded to polyethylene ABICAP 

column filters. The antigens to be detected bind to these antibodies. Then superparamagnetic 

nanoparticles coated with streptavidin that hold biotinylated secondary antibodies target the 

antigen as well. This sandwich antigen-antibody configuration allows trapping the 

superparamagnetic nanoparticles in the system where the magnetic fields are applied. 

Table 9 details the different steps that we have considered for magnetic detection 

immunoassays with a sandwich configuration. First the sample is injected into the device, if 

the sample is contaminated by the antigen it binds to the primary antibodies that are present in 

the system. Then, a second set of biotinylated antibodies is put in so they can also bind to the 

antigens. After that, magnetic nanoparticles coated with streptavidin are injected too so they 

can form a bioaffinity bonding with the secondary antibodies. Biotin and streptavidin have 

indeed a very high affinity and bind together almost instantly. After the sample injection step 

and after the secondary antibodies injection step, the system has to be washed by injecting 

phosphate-buffer saline (PBS) to remove any entities nonspecifically bounded to the surface 

of the system. Finally the magnetic measurement can be done for detecting the presence of the 

antigen in the sample. 

The frequency mixing method with before-mentioned device shows a better sensitivity 

than the classically used enzyme-linked immunosorbent assay (ELISA) as it has a lower 

detection limit (6 ng/mL against 105 ng/mL for the ELISA method to detect grapevine fanleaf 

Figure 32: Magnetic detection immunoassay sandwich configuration 
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virus). The ABICAP sample holder contains a volume of about 0.4 mL and the test takes 

about half an hour including the injection and washing steps [114].  

The main objective of our project is to miniaturize the existing device, notably by 

using microfluidic channels, because of the following advantages: 

 The test would take only a few minutes thanks to shorter reaction times. 

 A LOC uses less sample and reagents because it only requires very small 

volumes 

 A better sensitivity can be achieved by reducing the distance between the coils 

and the sample which lead to better magnetic excitation and detection 

efficiency. 

 A smaller device decreases the energy consumption needed for the system 

which implies using smaller battery and improving the portability of the 

device. 

 Parallel sample reservoirs could be integrated in one device which could lead 

to the development of multipathogens parallel testing by using different 

nanoparticles for different pathogens. 
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Table 9: Processes steps for magnetic immunoassays using magnetic nanoparticles in microfluidic reservoir. 

Biological test steps Explanatory illustration Electronics 

1. Injection of 

biological sample 

(blood, urine or saliva) 

 

Micropump activation and 

control via embedded 

electronics 

2. Incubation process 

(antigens react with 

primary antibodies 

immobilized on micro-

fluidic channel) 
 

 

3. Injection of 

biotinylated secondary 

antibodies 

 

4. Injection of 

magnetic nanoparticles 

(MNP) coated with 

streptavidin 

 

5. Injection of PBS to 

remove non-specific 

absorbed 

nanoparticles. 

Measurement and 

quantification of 

antigen concentration 

through MNP 

detection 

 

 

 Electronic activation of the 

detection structure including 

excitation and detection 

coils using a microcontroller 

6. End of test, display 

of results and cleaning 

or disposal of the 

microfluidic sample 

holder 

 

1. Signal processing using a 

microcontroller and display 

of the result. 

 

2. Micropump activation to 

clean microfluidics channel 

or prepare for sample holder 

ejection. 

  



 

54 

 

2.2.2 Developed electromagnetic and microfluidic 

instrumentation 

We developed a miniaturized superparamagnetic nanoparticles detection device 

prototype that uses planar printed circuit board (PCB) coils and microfluidic channels. An 

experimental setup has been set up to generate the excitation signals, to receive and process 

the response signal and to create a flow in microfluidic channels. The aim is to realize a rapid, 

easy and cost-effective, portable pathogen detection device. 

2.2.2.A Multilayer planar PCB Coils 

Planar coils allow a system to be smaller than with normal spiral cylindrical coils. A 

PCB/microfluidic prototype has been developed in our laboratory. The structure is composed 

of 3 copper coils as all used materials have to be purely nonmagnetic. Two coils emit the 

electromagnetic field, one for low frequency and the other for high frequency, the third one is 

the detection coil. These coils are contained in two PCB structures (100×40×1.55 mm
3
) 

surrounding the serpentine like microfluidic channel (12×12 mm
2
) which can contain 14 µL 

of magnetic nanoparticles suspension. The coils are composed of four layers each; the tracks 

are 100 µm wide with an inter-distance of 100 µm. Each layer of track has a thickness of 35 

µm. The emitting coils have a radius of 13 mm (60 turns per layer) and the detection coil has 

a radius of 10 mm (46 turns per layer). Because both the excitation and pick-up coils are made 

in the same PCB, we had to balance the above-mentioned criteria for proper magnetization 

and detection. The distance between the PCBs is 2.4 mm and the distance between the 

detection coil (lower PCB) and the microfluidic chamber is 1 mm. There are two sets of coils 

as one of them does the sample measurement and the other does a reference blank 

measurement. The result signal is the subtraction of these two measurements which leads to 

the removal of external noises. Air cored coils are used in many applications, including 

industrial, geophysical and biomedical applications [119]. The coils are arranged as presented 

on figure 33. Other prototypes were made using different order for the coils but the results 

obtained have been better with this configuration [107]. 

Figure 33: Schematic design of the PCB coils. LF are low frequency excitation coils, HF are the high frequency excitation coils 

and S are the sensing (or pick-up) coils. The grey (PDMS) and blue parts (glass) represent the microfluidic structure between 

the coils where the tested sample flows. This figure is only half of the PCBs as one half is for the sample measurement and the 

other half is for the reference needed for the reduction of external noises. 
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The figure 34 shows a top view of the magnetic detection prototype that has been used 

during this PhD project. The white plastic screws are used to have the best parallelism 

between the two PCBs so the gradiometry subtraction can be as precise as possible. 

 

The pick-up coil’s dimensions can be optimized by finding a compromise between 

sensitivity and minimum detectable magnetic moment. Figure 35 shows the best sensing 

characteristics that can be obtained by applying PCB restrictions on copper section, interlayer 

distances and minimal practical internal radius. For this particular chosen manufacturer, 

copper section is equal to 35 μm × 100 μm and inner radius is at a minimum of 800 µm. The 

calculation was done for a four-layer PCB coil. As seen on figure 35, if the outer radius is 

higher than 4 mm the minimum detectable magnetic moment increases more rapidly than the 

sensitivity so it is not advised to add more turns in the coils. Furthermore, it seems that the 

best compromise between sensitivity and minimum detectable magnetic moment for an outer 

radius is around 10 mm. 

 

 

 

 

 

 

 

 

Figure 34: Detection structure is composed of two sets of PCB coils and the two microfluidic reservoirs 

between them for sample and reference. (a) is the sample set of coils. (b) is the reference set of coils and 

(c) are the microfluidic channels that are slid between the PCBs. 

(a) (b) 

(c) (c) 

(c) (c) 
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The dimensions we used for the PCB coils are presented in the table 10. 

Table 10: Dimension of the coils 

 layers Rin (mm) Rout(mm) Turns/layer 
Total number of 

turns 

LF
1 

4 0.8 10 46 
324 

4 3 10 35 

HF
2 4 2.5 9 35 140 

sensor 4 0.8 10 46 184 

(1) Excitation coil with lower frequency bias ( Low frequency (LF) coil)) 

(2) Excitation coil with higher frequency bias (High frequency (HF) coil)) 

The impedance of the coils and the magnetic field on the surface of the excitation and 

sensor coils were measured with an impedance analyzer and a Gaussmeter respectively. The 

magnetic field was measured as a DC voltage (3, 4 and 6 V) was applied in the coils. The 

results are presented in the table 11. 

Table 11: Measured electronic parameters of different coils. The magnetic field is measured for different applied 

voltages. 

  
Resistance 

Inductance 

(mH) 
V=3 V V=4V V=6 V 

HF 35 Ω 176 697 µT 890 µT 1.3 mT 

Detection 44 Ω 265 708 µT 1.01 mT 1.45 mT 

LF 90 Ω 950 581 µT 715 µT 1.11 mT 

Figure 35: Pick-up coil optimization with sensitivity and minimum detectable moment versus coil 

outer radius. Internal radius fixed at 0.8 mm. 
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To make a magnetic measurement and detect SPN in the microfluidic structures, the 

excitation coils have to be supplied by two currents of frequencies f1 and f2. The result signal 

obtained by the detection coils has then to be amplified and demodulated so the response can 

be exploitable. 

2.2.2.B Magnetic measurement experimental setup 

The excitation coils provide the sinusoidal signals using two frequency generators for 

both low frequency (LF) and high frequency (HF) signals. The LF signal frequency range 

from few Hz to hundreds of Hz while the HF frequencies are between 10 kHz to 100 kHz. 

The high frequency signal is generated by a Stanford Research Systems ultra-low distortion 

generator DS360 and is able to emit a high enough power signal to directly provide the HF 

coil (figure 36). The high frequency is limited by the demodulating capacity of the Lock-in 

amplifiers and the response time of the nanoparticles. The low frequency signal is generated 

by a BK Precision 4087 low frequency generator and has to be amplified before supplying the 

LF coil. 

Concerning the detection part, the detection coils transduce the magnetic field 

response to an electrical signal. This signal must then be demodulated to the aimed mixing 

term with two lock-in amplifiers that are used for the sequential demodulation. The 

synchronization of the demodulation frequency is performed by connecting the 

synchronization output of the frequency generators with the reference input of each lock-in 

amplifier (figure 36 and 38). The f1+2f2 signal is measured to determine if magnetic 

nanoparticles are present in the channel with f1 the high frequency signal and f2 the low 

frequency signal. The first lock-in amplifier, a Standford Research Systems SR830, 

demodulate the response signal by f1 and amplifies it (usually by 500). The second lock-in, a 

Standford Research Systems SR530, demodulate by 2 times f2 and display the resulting signal 

that is proportional to the amount of SPN in the device. The whole electronic setup can be 

piloted, and the measurement result showed, via a Labview software on an adjacent computer. 
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To protect the magnetic nanoparticles detecting system from any electromagnetic 

interference, a Faraday cage was designed and realized (figure 37). 

 

 

 

 

 

Figure 36: Block diagram of the electronic setup 
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The Faraday cage slightly improves the signal detected but it is not very practical to do 

the measurements due to the plastic tubes necessary for the fluid flow in the microfluidic 

reservoir. These tubes tend to get out of the inlet and the outlet of the microfluidic channel 

when there are frictions between them and the cage when it is opened or closed. The Faraday 

cage has been redesigned and rebuilt to be more integrated and practical (figure 39). Holes for 

microfluidic tubes are not needed anymore as the microfluidic channels entrance and exit stay 

at the exterior of the cage. 

Hole for 

microfluidic 

tubes tube 

Faraday cage 

Excitation 

coils signal 

wires 

Device 

Detection 

coil 

Signal wire 

Figure 37: Opened Faraday cage 

SR830 

SR530 

HF-DS360 

Device 

LF-Amplifier 

Figure 38: Photo of the major part of the electronic setup for the generation and the treatments of the excitation and 

detection signals 
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2.2.2.C Miniaturization of electrical devices 

Efforts have been made to miniaturize the electronic components of the experimental 

setup so that the device could be as compact and integrated as possible. A source of noise and 

a major component to miniaturize is the low frequency generator and the voltage amplifier 

needed to reach a sufficient power to generate the LF magnetic field. After testing the 

considered voltage amplifier (figure 40) on a Labdec board (figure 41), it has been realized on 

a PCB in the framework of a master student (M1) internship (Benjamin Lomuto, 2018) with 

my participation in his supervision. However, this circuit still required a generator to create 

the low frequency (LF) signal. An integrated circuit with a voltage-controlled oscillator 

(VCO) for generating the LF signal and a voltage amplifier was then designed and fabricated 

(figure 42). 

Figure 41: Voltage amplifier tested using a 

Labdec board. 

Figure 40: Schematic of the voltage amplification circuit 

Figure 39: Opened new Faraday cage 
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A more stable second version of a combined VCO and amplifier was then designed 

and fabricated (figure 43) during a master student (M2) internship (Quentin Fornasiero, 2019) 

with my participation in his supervision. 

 

The perspectives are to also miniaturize the high frequency generator and the lock-in 

amplifiers to obtain a fully integrated electronic measurement device.  

 

 

 

Figure 42: First trails of miniaturization of low frequency electronic parts. (a) voltage amplifier, (b) is 

a low frequency generator using a VCO and (c) is the first version of a combined VCO and amplifier. 

Frequency 

out 

Power out 

Ground 

-25 V 

+25 V 

Figure 43: Second version of the VCO and amplifier for low frequency. The frequency out is used to tune 

the frequency and the power out to use as the low frequency intput signal. 
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2.2.2.D Pressure controlled flow inducing pump for microfluidic channels 

The flow in the microfluidic channel is created by a Fluigent microfluidic pressure 

controlled pump (figure 45). Syringe pumps were previously used but their use is not 

completely adapted to microfluidic channel as they control the flow in the channel and not the 

pressure (figure 44). This can damage the channel if something clogs it and creates a pressure 

surge. On the other hand, pressure controlled pumps that we then purchased allows safer and 

more uniform way to create the flow in the microfluidic channel. 

 

The Fluigent pressure pump (figure 45) is controlled by software where it is possible 

to apply a different pressure on each exits of the pump. The pump is linked to a tube 

containing the fluid to inject in the device with a plastic capillary. The pump creates an 

overpressure in the tube that induces the injection of the fluid in another capillary that goes to 

the microfluidic channel in the device (figure 46). 

Figure 44: The two syringe pumps used previously to create the flow in the 

microfluidic channel 

Figure 45: Fluigent pressure controlled pump 

Figure 46: Principle of sample flow creation with 

Fluigent pump [118]. 
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2.2 Microfluidic structures for immunoassays 

The last part of the device to present is the microfluidic channel itself. This is where 

the magnetic nanoparticles are measured by the detection system. Polydimethylsiloxane 

(PDMS) has been used to create the microfluidic channel as it is a well suited material for 

prototyping (see section 1.3). Some works were then done with PMMA and COC. In the final 

device, the microfluidic channel should be prefunctionalized before the immunoassay and 

should be a single use disposable microfluidic chip. Cleanable and reusable microfluidic chips 

are also possible but that strategy is complicated, especially for medical purposes. 

2.3.1 PDMS 

2.3.1.A SU8 mold protocol 

The chemical structure of PDMS is presented on figure 47. To create a PDMS 

microfluidic channel, a master mold has to be first made. Its microfluidic features are then 

replicated. 

To create the master molds, the used photoresist was SU-8 for photolithography 

process. SU-8 is an epoxy-based negative photoresist which means that the portions that are 

exposed to light become insoluble to the resin developer and cross linked at the surface of the 

substrate. Our experiments were carried out in the cleanroom of the IPGG (Institut Pierre-

Gilles de Gennes) in Paris. The SU-8 photoresist is spin coated on a silicon wafer. A mask 

aligner with a specially designed chrome mask is then used to irradiate ultraviolet light on the 

parts that need to be kept. The wafer is then put in the SU8 developer to remove all the resin 

that was not exposed to UV light. This photolithography technique is very precise and can 

create microfluidic master molds with features smaller than a micrometer. However it is 

rather expensive notably because it requires a cleanroom to be performed, complicated and 

the master mold deteriorates after a few uses because of some adherence between the 

photoresist resin and the PDMS when it is peeled off from it. Here is a step by step example 

for the photolithography of a SU-8 master mold generation (figure 48):  

 Clean the silicon wafer with acetone then dry it with nitrogen gas and heat it at 

120°C for 15 minutes to remove any stain on the surface of the wafer. 

Moreover the heating allows the photoresist resin the stick better to the surface 

of the wafer. 

Figure 47: Chemical structure of Polydimethylsiloxane (PDMS) [119]. 
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 The SU-8 is then spin-coated on the wafer usually in two steps. One with a low 

acceleration and maximum rotation speed and a second one with a high 

acceleration and rotation speed. These accelerations and maximum speeds have 

to be optimized to obtain the desired thickness layer of SU-8 on the wafer. This 

thickness also depends on the type of SU-8 used (several length of polymers 

exist). The photoresist is poured during the first slower rotation step for what is 

called a dynamic coating, this allows to obtain thickness of 50 µm and higher. 

For example, the first step can have an acceleration of 100 rpm/s up to 500 rpm 

and holds that speed for 30 seconds. The second step can ramp up to 2000 rpm 

at an acceleration of 300 rpm/s. With a SU-8 50 resin from Microchem, the 

thickness obtained on the wafer is about 50 µm. 

 The wafer is then heated on a hot plate so the SU-8 is soft baked to remove the 

solvent from resin and solidify it. A progressive temperature baking can be 

applied to limit the stress on the resin and have a better evaporation. The wafer 

is heated for 5 minute at 65 °C and then 20 minutes at 95°C for a thickness of 

50 µm. The wafer is let on the hotplate as it is cooling down so the return at 

room temperature is progressive. 

 The specific chrome photomask, that let UV light passes through only where 

the microfluidic channel will be on the silicon wafer, is loaded in the mask 

aligner. The wafer is also loaded into the mask aligner beneath the photomask. 

UV light at 365 nm is then applied on the photoresist that is not protected by 

the mask. The photoactive component in the SU-8 will then activate the cross 

linkage of the resin making it not soluble in the SU-8 developer where the UV 

light exposure occurred. The time of exposure depends on the thickness of SU-

8 but also on the power of the UV lamp. For a 50 µm thickness of SU-8 50, a 

UV light energy of about 200 mJ/cm
2
 should be applied to the wafer using the 

mask aligner (110). The chrome mask used for photolithography is designed 

using the Clewin software and then fabricated by a commercial firm. 

 The resin has to be then baked a second during the step called “post-exposure 

baking”. This step is necessary for the exposed photoresist resin to crosslink 

completely. Contrary to the soft bake step that to be performed on a hot plate; 

the post-exposure can be done either on a hot plate or in an oven. For a 

thickness of 50 µm with SU-8 50, the wafer can be baked at 65°C during 1 

minute and then at 95°C during 5 minutes. The cooling has to be progressive 

exactly like the soft bake step. 

  The development step aimed to remove the negative photoresist SU-8 from the 

areas of the wafer that were not exposed. The wafer is put in approximately 50 

mL of developer solution and strong agitation is applied during the process. 

The development time depends on the thickness of photoresist to remove. For 

50 µm thickness of SU-8 50 it is approximately 50 minutes as it depends on the 

agitation and the room temperature. The wafer is then rinsed with isopropanol. 

If some white spots remain on the wafer it means that the resin is 

underdeveloped and should be immersed again in the developer for a short 

time. After the rinsing the wafer has to be dried under a nitrogen gas stream. 
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  A last baking is applied to the wafer so the photoresist is mechanically 

strengthened. The temperature has to be progressively increased to 150°C and 

then cooled down gently (figure 48). 

 The quality of the mold can be checked using a microscope for the XY 

dimensions and mechanical profiler for Z the dimensions. 

Following these steps lead to the creation of a SU-8 master mold which can be used to 

create several PDMS microchannels. Some aluminum foil can be used to create a barrier on 

the edge of the wafer so it can contain liquid PDMS. The other steps to create PDMS 

microfluidic chips are detailed in section 2.3.1.C. 

 

Since the microfluidic channel structures needed for our project didn’t require very 

small features (between 50 µm and 200 µm), a simpler and cheaper 3D printing technique has 

been used instead of the photolithography. 

 

2.3.1.B 3D printed mold protocol 

With the help of Damien Bricault and Kieu Ngo from the “Laboratoire Interfaces et 

Systèmes Electrochimiques” (LISE), another technique was used to create master molds using 

a Formlab 3D printer (figure 49). For this PhD project, the majority of the master molds that 

have been used were crafted using this process. This technique is faster, cheaper and simpler 

Figure 48: Photolithography steps for SU-8 photoresist [120] 
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but it only works for microfluidic structures that require a spatial resolution of 50 µm and 

coarser. For smaller features, the photolithography technique is more suited.  

The desired mold is first designed on the free Openscad software. The “.scad” files 

have to be then converted into “.obj” or “.stl” files so that they can be transcribed by the 

printer into physical objects. The printer uses a low force stereolithography technique to print 

3D objects. The principle is that a tank full of photoresist resin is exposed to high energy laser 

that solidify the resin on a precise spot (figure 50). 

 

This printer allows the utilization of different photoresist resins and doesn’t require a 

cleanroom to be operated. The figures 51 presents an openscad file and the resulting printed 

master mold obtained from the Formalab 2. 

Figure 49: Formlab 2 3D printer (www.amazon.com) 

Figure 50: An object forming from the resin tank 

Figure 51: (Left) Openscad 3D drawing of a master mold. (Right) Master mold printed by Formalab 2 printer. 
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The thickness of the mold walls decreased in the middle part of the channel. A solid 

bloc of plastic is put on the master mold when PDMS is poured to create a thinning In fact it 

is very important that the PDMS be quite thin to place as close as possible the PCB planar 

coils to the microchannel in order to improve the detection sensitivity of magnetic 

nanoparticles. Nevertheless, high thickness is still needed at the extremities of the channel to 

connect the inlet/outlet tubing. See section 3.4 for details about the different microfluidic 

channels that were fabricated. 

2.3.1.C PDMS casting 

To create a channel, the liquid monomer and the curing agent (ratio 10:1) were poured 

on the master mold after degassing the mixture. It is then put in the oven at 80°C for one hour 

(figure 52). The now rigid polymer is peeled off from the mold. Holes are punched in the 

elastomer to create the inlet and the outlet of the channel. The PDMS is then exposed with a 

glass slide under plasma O2 for one minute. The plasma will create hydroxyl functions (-OH), 

on both the PDMS and the glass slide, that will create covalent bonds when they are stick 

together. These steps are made in the cleanroom of INSP (Institut des NanoSciences de Paris) 

in Jussieu. Alternative materials can be used to replace the glass and seal the microfluidic 

channel, like another piece of PDMS for example. 

The master mold can be cleaned and reused to create other replications of the 

microstructure. 

 

Figure 52: Molding technique for the creation of PDMS microfluidic channels. 
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2.3.2 Other utilized materials, PMMA and COC 

As it has been mentioned in the section 1.3 the PDMS is not suited for 

industrialization as it is not compatible with hot embossing and injection molding. In 

comparison to PDMS, thermoplastics offer increased solvent resistance, higher rigidity and 

low cost of mass production. 

2.3.2.A General characteristics 

For our project, the material used for the microfluidic channels needs to have: 

 Possibility of antibody bonding on the surface of the material 

 Suitability for hot embossing and/or injection molding replication techniques 

It is also better if the chosen material is: 

 As thermally and chemically resistant as possible 

 Strong under mechanical strains (with a high enough elastic modulus E) 

 As cheap as possible 

We selected poly(methyl methacrylate) (PMMA) and cyclic olefin copolymer (COC) 

as the two most interesting polymer materials to work with. 

PMMA also called Plexiglas®, acrylic or acrylic glass is a transparent, light weighted 

and resistant thermoplastic material that is used for a number of applications and is fabricated 

from petroleum (figure 53). For example, it is used for motorcycle helmet visors, basketball 

boards, helicopter and aquarium windows, etc. [121]. It composed of carbon, hydrogen and 

oxygen atoms. 

 

Figure 53: Chemical structure of PMMA. X denotes a 

repetition of its building units, called monomer [121] 
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It is biocompatible as it is already used for artificial teeth and intraocular lenses [123]. 

The latter application proves that this material is highly biocompatible as the interior of the 

eye is extremely sensitive with a lot of immune cells [124]. Moreover, antibodies have been 

graphed to a PMMA surface before [125] which is a crucial property for the creation of the 

immunoassay device in this project. 

PMMA has good tensile strength, flexural strength, transparency and UV tolerance. It 

is also a cheap material, easy to clean and 100% recyclable. However heat, impact and 

chemical resistances are limited (table 12). The glass transition temperature (Tg) of PMMA is 

between 85°C and 165°C [126]. 

Table 12: PMMA chemical resistance against some solvents [127]. 

 Behavior 

Solvents Good Limited Poor 

Water X   

Detergent X   

Acetic Acid   X 

Alcohol   X 

Acetone   X 

Toluene   X 

Methanol   X 

Hexane  X  

Heptane  X  

PMMA is suited for hot embossing and injection molding [127]. 

Finally PMMA is a widely used thermoplastic polymer for biomedical LOCs 

[129][130]. 

 

COC also called ethylene copolymer is a group of translucent thermoplastic 

copolymers that are the repetition of cyclic monomers like tetracyclododecene and a second 

monomer called ethene. COC materials are, in fact, copolymers because they are the product 

of the copolymerization of two different before-mentioned monomers. These rather new 

materials are used for packaging, cameras lens, touchscreens, etc. They are usually only 

composed of carbon and hydrogen atoms (figure 54).  
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Like PMMA, cyclic olefin copolymer is biocompatible and antibodies have already 

been bounded to COC surfaces before [132][133]. 

COC materials have exceptional optical properties similar to glass with low dispersion 

and birefringence. They are also mechanically strong materials (with young modulus higher 

than PMMA[134]) with a good thermal resistance. They are a bit more expensive than 

PMMA but stay cheap none the less. 

COC materials are very chemically resistant to a vast majority of solvents except some 

non-polar solvent like toluene (table 13). COC glass transition temperatures ranged from 

80°C to 180°C [135]. 

Table 13: TOPAS COC chemical resistance against some solvents [135]. 

 Behavior 

Solvents Good Limited Poor 

Water X   

Detergent X   

Acetic Acid X   

Alcohol X   

Acetone X   

Toluene   X 

Methanol X   

Hexane   X 

Heptane   X 

 

COC is also suited for hot embossing and injection molding [128].  

Figure 54: Chemical structure of COC with X and Y denoting a repetition of the 

building units, called monomers [131]. 



 

71 

 

They are upcoming materials for microfluidics and especially for biomedical LOCs 

[136][137][138]. 

Cyclic olefin polymers (COP) are polymers that are chemically close to COC and are 

also interesting for LOC applications [139]. 

Low water absorption of COC is beneficial to ensure that the dimensions of the 

structures do not change with the environmental conditions. 

PMMA and COC can be used for prototyping by applying: (i) a temperature higher 

than the glass temperature Tg of the material and (ii) a pressure high enough to deform the 

substrate on the master mold and obtain a replication of microfluidic channel. However this 

prototyping is more difficult in comparison to the easier PDMS casting. 

2.3.2.B Comparison table of PDMS, PMMA and COC  

In table 14, we have summarized the most important properties of PDMS, PMMA and 

COC for comparison. PDMS begins to swell at about 300°C and deteriorates at about 500°C 

[140][141]. 

Tableau 14: Summary of advantaged and drawbacks for PDMS, PMMA and COC [142]. 

 Biocompatibility 

Antibody 

bonding 

Thermal 

resistance 

Chemical 

resistance 

Elastic 

modulus 

E 

Optical 

transparency 

Prototyping Industrialization Price 

PDMS + ++ +++ + - +++ +++ - +++ 

PMMA ++ ++ ++ + ++ ++ + ++ ++ 

COC ++ ++ ++ +++ ++ +++ + ++ + 

 

The PDMS polymer has been used on this project for the prototype tests and trials of 

different microfluidic channels. However, some experiments have been done with COC and 

PMMA, especially on the biofunctionnalization, to anticipate a future industrialization of the 

LOC immunoassay device (see chapter 4). 
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2.4 Conclusions 

The magnetic detection principle based on frequency mixing method has been 

described as well as the previous device that has been developed by the institute of 

bioelectronics in Juelich research center using this method. The portable device studied during 

my PhD at “Laboratoire d’Electronique et d’Electromagnétisme (L2E) aims to be 

miniaturized so it can be smaller, faster and more cost-effective using less sample and 

reagents, with higher sensitivity as the distance between the coils and the sample is lower, less 

energy consumption implying smaller battery and longer autonomy of the device and the 

possibility of multipathogens parallel testing. 

The developed electronic setup has been presented with the planar PCB coils and the 

latter improvements for the low frequency generator. 

Master molds for microfluidic channels have been made using SU-8 photoresist in a 

cleanroom and with Formlab II 3D printer. The technique to obtain PDMS microfluidic 

channels via elastomer casting has also been described.  

Finally, a comparison has been made between PDMS, PMMA and COC to show what 

advantages and drawbacks each of these materials present. PDMS is the go-to material in term 

of prototyping but it is not suited for industrialization. COC shows interesting properties but it 

is still quite new in comparison to PMMA. The studies of biofunctionalization with these 

materials for immunoassays tests will be presented in chapter 4. 

After presenting the magnetic detection miniaturized prototype device and the 

measurement experimental setup, the results of magnetic measurements are described in 

chapter 3. 
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Chapter 3. Enhancement of the detection limit: magnetic and 

microfluidic approaches 

3.1 Introduction 

The magnetic detection device has been tested with several different nanoparticles to 

determine which characteristics of the magnetic nanoparticles (MNP) are critical for their 

detection and to determine the best nanoparticle candidate to use in future sandwich 

immunoassays. The newest MNP have also been coated with silicon dioxide (or silica) for 

future biofunctionnalization. 

Then several microfluidic channel layouts have been tested to optimize their 

geometrical properties. Three different microchannel geometries have been created: 

serpentine, spiral and pillar- based reservoirs. The latter was fabricated to improve the surface 

to volume ratio as it is a critical property for sandwich based immunoassays. Simulations and 

magnetic measurements are presented below. 

Finally, a new approach with the application of an external static (DC) magnetic field, 

using Helmholtz coils and permanent magnets, was used to improve the limit of detection 

(LOD) of the device for the MNP. 

All the mentioned MNP have been synthetized by our collaborators at PHENIX 

laboratory (Physicochimie des Electrolytes et Nanosystèmes Interfaciaux) from Sorbonne 

University by either Mrs. Sophie Neveu or Mrs. Emilie Secret.  
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3.2 Influence of MNP concentration 

The limit of detection (LOD) in term of MNP concentration has been, firstly assessed. 

Indeed, it is a very important property to show the effectiveness and sensitivity of the 

frequency mixing technique as viable immunoassay method. 

The magnetic nanoparticles used to determine the limit of detection of the device are 

iron oxides Fe2O3 nanoparticles (also called maghemite). These MNP referenced Magh-20nm 

have been synthetized and characterized (microstructure with TEM and magnetic properties) 

at PHENIX laboratory in Jussieu campus. Physical characterizations of these MNP show that: 

(i) the particles form flower-shaped structures of 20 nm in diameter (figure 55) and exhibit 

stability even for relatively large diameters and (ii) they display superparamagnetic behavior 

with no hysteresis and saturation in the magnetization curve (figure 56) [143]). 

 

These characterizations show the suitability of these MNP for the frequency mixing 

technique as described in section 2.2.1. The Magh-20nm nanoparticles were injected at 

different concentration in the microfluidic channel surrounded by the PCBs, the flow is 

stopped at the moment of the magnetic measurement. The distance between the two PCB is 

1.5 mm. The detailed protocol for the complete test is in the appendix 1. The test was made 

using different MNP concentrations with the same PCBs and the same microfluidic channel 

design (serpentine shape, 12x12 mm, 200 µm height and 500 µm width) for each 

measurement. The low frequency in the LF coils was set to 65 Hz and fed by a signal of 48 

Vpp (peak to peak after amplification) and the high frequency in HF coils was set to 40 kHz 

with a feeding voltage of 40 Vpp. The signal response is amplified by 500 during the 

demodulation by the high frequency by the first lock-in (figure 57). Thanks to this setup, the 

magnetic measurements were performed with various MNP concentrations from C0 = 

Figure 55: TEM image of 20 nm Magh-20nm iron oxides 

nanoparticles. 

Figure 56: Magnetization curve of 20 nm diameter Magh-20nm maghemite 

(Fe2O3) from PHENIX laboratory. 

Magh-20nm  
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0.254.10
-3

 mol/L (stock suspension which is equivalent to 14.23 g/L in term of iron mass 

concentration) to C0/1000 = 2.542x10
-7 

mol/L equivalent to 14.23 mg/L. 

 

 

 

 

 

48 Vpp – 65 Hz 40 Vpp – 40 kHz 

Signal x500 

Figure 57: Electrical parameters used for the measurements. 
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The figure 58 clearly shows that the magnetic detection device has a very good 

linearity of detection as a function of the concentration of iron nanoparticles in the 

microfluidic channel (R²=0.999). The reproducibility is also good as this test has been 

repeated several times with separations of a few days each time. The limit of detection was 

determined when the signal is no longer distinguished from the noise level of the system. The 

result is at about 15 µg/mL (15 ng/µL) which is a very promising result that validated the 

technique to detect MNP in a suspension as a function of its concentration. This limit of 

detection is roughly equivalent to detecting 0.2 µg of iron in a volume of 14 µL. 

These results will be further improved by notably working on the mechanical stability 

of the system. The parallelism of the two PCB is indeed critical as a height difference between 

the two sides of PCB induce noises since the magnetic gradiometry technique is no longer 

well applied (see section 2.2.2). In that case a false response result is created by the difference 

of magnetic field between the two sets of coils (measurement and reference). To reduce this 

problem, the adjustment system for the horizontality of the two parallel PCBs has been 

improved. 

The results presented above were all measured with Magh-20nm nanoparticles that 

were produced at PHENIX laboratory and provided in fairly big quantities for good 

reproducibility and repeatability results. The physical and chemical characteristics of MNP 

may have crucial influences on the detection sensitivity. Therefore different sorts of magnetic 

nanoparticles have been considered and the results are presented in the following section. 

Figure 58: Magnetic response signal f1+2f2 as a function of the mass concentration of 20 nm iron oxide (Fe2O3) 

nanoparticles. The red dotted line indicates the limit of detection at about 0.015 mg/mL or 15 mg/L for these 

measurements. 

Device response signal (x500) in terms of concentration of 
Magh-20nm iron oxide nanoparticles. 
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3.3 Study of different MNP 

The device response has been characterized for several types of magnetic 

nanoparticles with different chemical compositions and sizes. Magnetization units are 

described in section 2.2.1 (page 45). 

3.3.1 Influence of MNP properties on sensitivity 

To improve the response of the device, the MNP characteristics have to be optimized. 

The magnetic response of nanoparticles mainly depends on their sizes and chemical 

compositions. Several nanoparticles were tested with our detection device. The results of four 

different nanoparticle suspensions synthetized by the PHENIX laboratory (Mrs. Sophie 

Neveu) have been compared (figure 60, and table 15).  

 

 

 

 

 

 

 

 

Figure 59: (Left) Particle size distribution (PSD) of the CoFe-20nm. The parameter d0 is the mass-median-diameter of the 

SPN (average particle diameter by mass) and σ is the standard deviation. (Right) TEM image of CoFe-20nm nanoparticles. 
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Table 15: Comparison table of different iron oxide and cobalt ferrite nanoparticles. 

Nanoparticles 
 references 

Magh-
20nm 

CoFe-
45nm 

CoFe-
10nm 

CoFe-20nm 

Composition Fe2O3  CoFe2O4 CoFe2O4 CoFe2O4 

Size (core) 20 nm 45 nm 10 nm 19 nm 

Magnetic compound concentration 
(iron/cobalt) [mg/mL] 

15/0 8/4 121/65 19/8 

Initial concentration (C0) whole molecule 
[mg/mL] 

21.16 14.66 262.55 31.66 

Initial molar concentration (whole 
molecule) [mol/L] 

0.13 0.062 1.12 0.14 

Saturation magnetization (C0) [A/m] 1630 1012 20780 2790 

Normalized Ms (saturation magnetization) 
(to reference 10 mg/mL) [A/m] 

770.36 690.46 791.47 881.14 

Normalized Ms (saturation magnetization) 
(to reference 10 mg/mL) [emu/g] 

77 69 79 88 

The saturation magnetization has been normalized at a concentration of 10 mg/mL to 

compare this value between the different MNP (table 15).  

Figure 60: Sensitivity measurements for various nanoparticles. 



 

79 

 

We can firstly deduce from figure 60 that the performances of the smallest 

nanoparticles are lower than the bigger ones as the sensitivity from the particles with a 

diameter of 10 nm is very low even with normalization to the magnetic mass. That can be 

explained by the surface effect as the surface and the core of nanoparticle have different 

magnetic properties. If the nanoparticle is too small, the “effective radius” is also reduced and 

the magnetic response is not optimal [144]. We can also observe that this effect is no longer 

critical between the particles of 19 nm and 45 nm as the synthesis techniques of these two 

particles are different as CoFe-20nm was made using a hydrothermal process and CoFe-45nm 

was made using a polyol process (figure 61). 

 

If we compare the Magh-20nm composed with maghemite nanoparticles (Fe2O3) with 

CoFe-20nm that is composed of cobalt ferrite nanoparticles (CoFe2O4), we can observe that, 

for a similar core size (about 20 nm), the iron oxide nanoparticles give better magnetic 

responses. In fact, the cobalt ferrite nanoparticles are not perfectly superparamagnetic and 

exhibit some hysteresis on their magnetization curve and could explain that difference in the 

detection sensitivity (figure 62). This can be explained by the fact that the colloidal stability 

of the cobalt ferrite nanoparticles is weak [145]. This effect increases with the size of the 

nanoparticle and depends also on its morphology. 

 

 

 

 

Figure 61: Transmission electron microscopy (TEM) pictures of the 50 and 19 nm cobalt ferrite nanoparticles realized through 

polyol and hydrothermal processes respectively. 
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Magh-20nm MNP show good magnetic properties and constitute a good candidate for 

magnetic sensing. It has been the most broadly used MNP during the course of this PhD 

thesis, especially to determine the limit of detection of the device (see section 3.2). 

3.3.2 Iron oxide nanoparticles 

As the iron oxide nanoparticles gave the most promising results, new nanoparticles 

were made to improve the device response and prepare the formation of the sandwich 

immunoassays by binding antibodies on MNP (see section 4.3). These particles have been 

synthetized by Mrs. Emilie Secret at PHENIX laboratory.  

3.3.2.A Nanoparticles synthesis and magnetization 

The maghemite cores (Fe2O3) are produced by creation of both iron salts Fe (II) and 

Fe (III) in a basic suspension. The magnetite (Fe3O4) nanoparticles are oxidized to obtain a 

maximum of maghemite which present better magnetic stability in the air but less magnetic 

response (see section 3.3.2). A size sorting is then applied to only keep the biggest particles. 

The nanoparticles are citrated to make them stable at pH 7. Different parameters can be used 

during these steps to change the properties of the obtained MNP like the ratio of 

magnetite/maghemite or their sizes which are directly related as a bigger nanoparticle size 

implies a bigger magnetite core. 

Figure 63 describes precisely these process steps. 

 

 

 

Figure 62: Magnetization curves for Magh-20nm (Fe2O3) and CoFe-45nm (CoFe2O4). Cobalt based nanoparticles exhibit some 

hysteresis effects. Measurements have been made using superconducting quantum interference device (SQUID) technique. 

Magh-20nm  CoFe-45nm  
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As we observed before in the case of the Magh-20nm suspension, the maghemite 

nanoparticles possess good properties for the magnetic detection device. Four different 

batches were made: FFRS2, FFRS3, FFRS4 and FFRS9. The different batches have different 

nanoparticles sizes and maghemite/magnetite ratio (degree of oxidation). The figure 64 shows 

the magnetization curves of these nanoparticles.  

Figure 63: Coprecipitation of magnetic nanoparticles. 
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Figure 64: Magnetization curve of maghemite cores. Measurements have been made using SQUID technique. 
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3.3.2.B Magnetic measurements 

We tested the response of these nanoparticles with the magnetic detection device for 

two different Fe concentrations (4.10
-3

 mol/L and 40.10
-3

 mol/L). FFRS4 shows the best 

results while FFRS2 had some aggregation problems that prevented a good detection 

measurement. When magnetic nanoparticles aggregate in macroscopic groups, they do not 

respond to magnetic excitation fields anymore. As we can observe on figure 66, some of these 

new nanoparticles show higher detection signals than the previously used Magh-20nm for the 

same concentration.  

We tried to determine which differences between the three new MNP batches are 

critical for the nanoparticles to show the best result in the magnetic sensing device. The 

magnetic signal response has been compared to the magnetization saturation, the magnetic 

susceptibility and the size (table 16 and figure 66). 

Table 16: Magnetic properties of different batches of considered MNP. 

Nanoparticles 
 references 

FFRS9 FFRS3 FFRS4 

Composition Fe2O3  Fe2O3 Fe2O3 

Ms (emu/g) 65 60 80 

Magnetic susceptibility 0.4428 0.6097 0.9634 

Size (core) 8.8 nm 17.4 nm 20.4 nm 

Figure 65: Magnetic response signals of different magnetic nanoparticles for two different 

concentrations. 
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As we can see on figure 66, only the response signal in terms of saturation 

magnetization has a good linearity. Therefore, we can hypothesize that the difference of 

performance between the nanoparticles is due to the saturation magnetization differences but 

further measurements have to be done to validate this hypothesis since several parameters 

change between two batches. Moreover the homogeneity and the maghemite/magnetite ratio 

are difficult to control and assess as they can change the response signal. 

To summarize, superparamagnetic nanoparticles used for the magnetic detection 

device should be small enough to show a magnetic response, with a good saturation 

magnetization, synthesized with as much magnetite as possible and shouldn’t be aggregated in 

the suspension thanks to a thick enough maghemite shell. 
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Figure 66: Response signal in function of different magnetic properties for FFRS9, FFRS3 and FFRS4. 
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3.3.2.C Influence of the silicium shell coating on the output signal 

Magnetic cores have been coated with a silica shell so that antibodies can be later 

bounded to them (see section 4.3). This silica has been synthetized using a Stöber process 

[147], condensing silica precursors in an alcohol media. In our case, the silica layer has been 

formed in two steps. First, tetrathylorthosilicate (TEOS) is condensed. Then, a thin layer of 

three different chemicals is cocondensed: TEOS, aminopropyltriethoxysilane (APTES) and 

[methoxy(polyethyleneoxy)6-9propyl]trimethoxysilane (PEG6-9-silane). The short PEG 

chains and the amino groups of the APTES allow the stabilization of the synthesized 

nanoparticles. The amino groups are critical to the future antibody binding by click chemistry 

that consists of the reaction between an alkyne and an azide. The PEG chains also prevent the 

formation of a protein corona around the nanoparticle that can interfere with the future 

antibody-antigen interactions and thus create false negatives [147]. 

 

FFRS2, FFRS3, FFRS4 and FFRS9 superparamagnetic nanoparticles batches have 

been coated with silica using this process (figure 67 and 68), they have been respectively 

named 68, 111, 253 and 168. The coated nanoparticles were tested in the magnetic detection 

device to determine how the response signal is affected by this nanoparticles coating. A 

decrease of detection sensitivity performance in terms of concentration could be expected as 

the coating could affect the nanoparticles rotation. 

 
O

O
 

n 
O

O
 

n

 

NH2

 

NH2

 

NH2

 

NH2

γ-Fe2O3 γ-Fe2O3@SiO2

γ-Fe2O3@SiO2

NH2/PEG

Si(OEt)4

Si(OEt)3-

fluorophore

Si(OEt)4

Si(OEt)3-C3H6NH2

Si(OMe)3-PEG

Figure 67: Coating process of magnetic core with silica 

Figure 68: FFRS9 nanoparticles. (Left) Raw nanoparticles. (Right) Nanoparticles coated with silica. 
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 For these measurements, no notable difference between the raw nanoparticles and the 

coated ones (figure 69). We notice a decrease between FFRS3 and 111 and an increase 

between FFRS4 and 253. It should be noted that the general signal response decrease between 

the two set of measurements, maybe because of mechanical instability, as we can see a 

difference between the two measurements of Magh-20nm while it is the same batch of 

particles in both cases. To summarize, it seems that the silica coating does not induce a 

critical decrease on the signal response (especially on FFRS4 which is still the best suited 

nanoparticle) as a general trend didn’t appear but further measurements could be made to 

validate this hypothesis. 

However there is still a difference between uncoated and silica core shells as the latter 

have a bigger diameter (between 40 and 60 nm, the raw nanoparticles are between 8 and 20 

nm) which implies that for the same volume, the maximum concentration of nanoparticles 

possible is lower for silica coated beads. There is a nonmagnetic silica volume for the coated 

nanoparticles. 
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Figure 69: Response comparison of detection response signal between raw nanoparticles (left) and silica coated nanoparticles (right). 

The same sample of Magh-20nm was used both times, it was not coated. 
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Figure 71: Serpentine microfluidic shape. On the left, a 3D printed master mold. On the right a PDMS serpentine 

microfluidic channel filled with magnetic iron oxide nanoparticles (orange color) and input/output plastic tubes. 

3.4 Different designed and realized microfluidic structures 

After testing the effect of different nanoparticle characteristics on the response signal 

of the magnetic detection device, we investigated the effect of different shapes and 

dimensions for the microfluidic channels where the MNP circulate. The goal has been first to 

maximize the volume of the reservoir between the coils responsible of the magnetic fields 

emission and detection, but then the emphasis was refocused on improving the surface to 

volume ratio in order to increase the amount of nanoparticles trapped in the channel for 

immunoassays. The sandwich configuration indeed needs a bonding surface to be formed so a 

bigger surface to ratio allows to have more bonded MNP and therefore a higher detected 

signal. 

Three different shapes were mainly used during my PhD project: serpentine shaped 

channels, spiral shaped channels and microchannels with pillars. 

We made all the following channels both in our lab and in the INSP cleanroom in 

Sorbonne Université. 

3.4.1 Serpentine shape 

Before the serpentine like microfluidic channel, an oval shaped reservoir (figure 70) 

was used, but it tended to collapse in its middle after a few experiments, so a more stable 

serpentine form was designed and realized (figure 71). This serpentine shape does not 

critically decrease the volume of the reservoir and shows a very good mechanical stability. 

Figure 70: Former unstable microfluidic channel shape. (Above) Drawing of 

the channel. (Right) Collapsed channel photo. 
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Different geometrical parameters were tested for the serpentine 3D printed master 

mold to assess the signal responses of the device. The channel width is set at 500 µm for 

every mold but two different channel heights were tested: 100 µm and 200 µm. The 

serpentine reservoir part is either a 6x6 µm area or a 12x12 µm (like on figure 71). The space 

between the channels in the serpentine is set at 500 µm; lower values are indeed not enough to 

have separated channels as the fluid is passing through because of some irregularities created 

by the printing technique (figure 72). 

Measurements were made with three different PDMS microfluidic channels created 

from these three different master molds. The experimental conditions are quite similar as 

described in section 3.2, the high frequency signal is set at 40 kHz and the low frequency at 

65 Hz. The measurement is made for a high concentration of iron oxide nanoparticles (Magh-

20nm) and with a response amplification of 200. The results are shown in table 17. 

Table 17: Characterization measurements for different geometrical parameters of serpentine microchannels 

 

 

 

 

 

 

As we can observe in the above table, a change in the height of the channel will lead to 

a linear change in the signal response as the channel which is two times thinner lead to a 

result two times lower              . This result is quite logical because the number of 

nanoparticles that are responding in the detection zone of the reservoir (namely the 

serpentine) is directly correlated with the channel height. 

Serpentine microfluidic reservoir Height between 

PCBs [mm] 

Detected signal 

[mV] Dimension reservoir 

[mm*mm] 
Height channel 

[µm] 

12*12 200 2.4 5.60 

12*12 200 3.2 3.88 

12*12 100 2.4 2.77 

6*6 200 2.4 3.21 

Figure 72: Photos of successful (left) and unsuccessful (right) printing parameters. The spacing between channels is 

500 µm (left) and 100 µm (right). We can clearly see that there are some residues left in the spacing between channels. 
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We can also observe that reducing the big dimensions of the reservoir from 12x12 µm 

to 6x6 µm does not imply a linear change in the signal response. This change indeed implies a 

reduction of 4 times in the volume of the reservoir but the signal response ratio is way lower 

than 4        
    

    
      . This can be explained by the decreasing excitation magnetic 

field magnitude when moving away from the vertical center point of the excitation coils. As a 

result, the MNP in the center of the microfluidic reservoir give a higher response than the 

MNP on the ends. Therefore, we could miniaturize the microfluidic part with limited 

consequences on the response signal but it also means that increasing the size of the reservoir 

is not effective to increase this signal. 

Finally, we can see that the distance between the coils is critical as a decrease of 0.8 

mm (from 3.2 to 2.4 mm for the height between PCBs) induces a reduction of 1.72 mV in the 

response signal. Therefore, to keep a good sensitivity of the device, the coils should be as 

close to each other as possible. 

 

3.4.2 Optimization of the reservoir design 

In the framework of the Master level internship of Mr. Owen Barrigar (from the 

university of Waterloo in Canada), that I participated to his supervision at L2E laboratory, 

COMSOL simulations have been realized considering the microfluidic and chemical 

engineering parameters. 

3.4.2.A Spiral reservoir 

The spiral geometry was conceived to localize the nanoparticles within the strongest 

magnetic field between the two PCB planar coils so that the channel aligns better with the 

electromagnetic coils. Assuming that the magnetic field generated by the coils is relatively 

uniform at their center, this shape aims to increase the efficiency of magnetic excitation and 

detection of the magnetic nanoparticles under the coils center in compare to the larger 

serpentine channel. Therefore it can provide a more sensitive response to the same amount of 

MNP in the device. 

The mold has been made with a channel width of 500 µm and height of 200 µm 

(figure 73). 
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3.4.3.A Pillar-based reservoirs 

As described in section 2.2.1, the goal of the magnetic detection device is to create a 

sandwich immunoassay for the detection of pathogens. Therefore the nanoparticles will only 

be present on the surface of the microfluidic structure during a test and not in the rest of its 

volume. Consequently, an effort has been made to improve the surface to volume ratio in the 

microfluidic reservoir to maximize the amount of nanoparticle bounded to the surface. One 

way to do that is to create pillars in the reservoir. This approach can also decrease the amount 

of sample needed for a test and should induce some mixing of the suspension with the flow 

which can improve its homogeneity (figure 74). 

 

 

Figure 73: Spiral based reservoir. (Above) Openscad design. (Below) Photo of the realized 

spiral master mold. 

1 mm 
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Each pillar radius is 200 µm and the reservoir width that contains these pillars is 2 mm 

wide and 6 mm long. The surface to volume ratio for the serpentine and spiral reservoirs is 

equal to 9000:1 (9000 cm
2
/cm

3
) whereas the surface to volume ratio of the pillar-based 

reservoir is equal to 11500:1. 

 

3.4.3 Simulations 

COMSOL simulations have been achieved to address the fluid velocity profile (and 

potential dead volume), concentration profiles in fluid flow, surface concentrations and 

reaction kinetics in order to select the most adapted design. These simulations intend to 

compare the different designs and not necessarily to replicate their exact behavior, especially 

in terms of surface reaction kinetics. COMSOL 5.0 and 5.3 were used with parameters given 

in appendix 2. The Laminar Flow, Transport of Diluted Species, and Surface Reactions 

modules were used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 74: Pillar based reservoir. (Above) Openscad design. (Below) Photo of the realized pillar master mold. 

1 mm 



 

91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As we can see on the simulations observable on figure 75, the flow of the fluid in the 

channel is quite constant for the serpentine and spiral shapes whereas the flow of the fluid is 

decreased by half when it enters the reservoir containing the pillars. This can be explained by 

a higher fluidic resistivity due to the presence of pillars in this type of reservoir. This should 

not be a problem for the use of this microfluidic channel design; on the contrary, a slower 

flow rate could improve the antibody-antigen interactions on the central portion of the device. 

However, some dead volumes are visible on either side of the pillars and in the corners along 

the edges of the reservoir. This indicates that there could be a lack of homogeneity of the 

surface species in this reservoir over time, at least until saturation has been reached. 

 

 

 

 

Figure 75: Simulated steady-state fluid velocity profile (m/s) in the serpentine reservoir. The inlet and outlet are located at the bottom and top of 

the image, respectively. Volumetric flow rate was 90 l/min. (Top left) Serpentine reservoir. (Top right) Spiral reservoir. (Down) Pillar-based 

reservoir. 
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Antigen surface concentrations have been simulated for the three different reservoirs 

at different adsorption rates but the results are practically the same for every design.  

 

 

 

 

 

 

 

 

 

Figure 76 demonstrates the lack of homogeneity in terms of the immobilization of the 

analyte onto the surface, as predicted based on the velocity profile. The difference in surface 

concentrations of the pillars might present some difficulty in attempting to achieve high 

device sensitivity. This problem could be limited by optimizing the time of flow before the 

measurement.  

3.4.5 Measurements and comparison 

The three different channels were tested in the magnetic detection device with the 

same conditions and show results that appear in the table 18. 

Table 18: Characteristics comparison between the three microfluidic designs 

Geometry Serpentine Spiral Pillar-based 

Simulated pressure drop (Pa) 900 410 250 

Surface to volume ratio (m
-1

) 9000 9000 15500 

Reservoir volume (µL) 17.28 8.26 1.32 

Results for a test with iron oxide 

nanoparticles suspension (mV) 
3.8 2.8 1.5 

Figure 76: Pillar geometry analyte surface concentration after 5 seconds of flow (left) and 10 seconds of flow (right). 
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The pressure drop of the spiral and pillar based designs is lower because they have 

shorter channels in comparison to the serpentine one. The pillar-based reservoir seems to 

show a very good response to volume ratio but, as we saw in section 3.4.1. The comparison 

with the serpentine channel is difficult because the particles close to the center of the channel 

show a higher response which means that the relation between the signal response and the 

reservoir volume is not linear. To reduce this phenomenon and allow a better comparison 

between the serpentine and the pillar-based channels, a bigger pillar based channel was 

fabricated that contains approximately the same sample volume (figure 77). 

 

The new pillar-based microchannel (figure 78) was tested and compared to a 

serpentine microchannel in the same experimental condition (iron oxide and a first lock-in 

amplification of 500 (table 19)): 

Table 19: Serpentine and pillar-based reservoir comparison. 

 

 

 

 

 

The pillar-based response is lower than the previously used serpentine design 

microfluidic channel for a similar volume. Again this can be explained by the fact that pillars 

take some space in the middle of the reservoir that is critical to retrieve the maximum 

response. 

The spiral microfluidic channel is interesting to use because it needs less sample and is 

more efficient than the serpentine shape reservoir. But in the end, the pillar-based reservoir is 

most interesting since the improvement of the surface to volume ratio is critical to bind as 

much superparamagnetic nanoparticles as possible in the system in the context of a sandwich 

immunoassay. Other techniques have been investigated to increase this ratio in the 

microfluidic device to further improve the magnetic response; they are presented in the 

following section. 

 Serpentine reservoir Pillar-based reservoir 

Volume (µL) 17.28 17.3 

Response (mV) 12 7 

Figure 77: Photos of the small volume 1.32 µL pillar based reservoir (left) and the bigger one that can 

be compared to the serpentine reservoir (right) that can contain 17.3 µL. 
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3.4.6 Further work for surface/volume ratio 

improvements 

Improving the surface to volume ratio is a way to improve the signal response of the 

magnetic detection device in the case of immunoassays but it also complicates the device 

fabrication. Several strategies should be tested to determine the advantages and drawbacks of 

each one and select the most suited one for our application. 

A very precise 3D printer could be used to add even smaller pillars in the microfluidic 

channels to increase the surface. But this kind of printer is very expensive, and the mechanical 

stability of the pillars would have to be tested. SU8 method could also be used again with the 

drawbacks described in section 2.3.1.A. [148]. 

A porous material could also be inserted in the channels to greatly increase the usable 

surface. In that case, the use of syringe pump can be risky because with a constant flow rate 

the pressure could increase during the experiment and deteriorate the channel. The pressure 

controlled microfluidic pump that we purchased and installed recently on pur setup can 

prevent this problem and allow us to test this approach. Some works can be found in the 

literature regarding this strategy [149]. 

Another method consists of trapping silica beads, where the antibodies could also 

bind, inside the microfluidic channel (figure 78). With this method the sandwich 

configuration can be formed on the surface of the channel but also on the surface of the silica 

beads that would lead to an increased number of MNP trapped in the system in case of a 

positive response during an immunoassay. This strategy has been applied to improve 

immunosensors before [150]. Silica beads are nonmagnetic which make them compatible with 

our device. A drawback is that the way to trap silica beads in the channel could complicate the 

design of the microchannel and increase the cost of its fabrication. 

Figure 78: Idealized views of a (a) planar and (b) volumetric impedimetric immunosensor. (c) Fabricated thermoplastic device, and (d) magnified 

view of the detection zone including thin film gold interdigitated electrode array (IDA) and packed bed of functionalized silica beads in a 150 µm 

deep channel [150] 
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3.5 Improving the limit of detection (LOD) using an external 

DC magnetic field 
 

Until now all the measurements were made at the mixing frequency term f1+2f2 but the 

results could be improved by adding a static magnetic field (DC field) and measure the peak 

at f1+f2. This test has been made with the bigger transportable device developed at the 

institute of bioelectronics in Juelich research center described in the section 2.2.1 and 

illustrated in the figure 79 [109]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First, we assessed the response signal for f1+2f2 and for f1+f2 without adding any DC 

field and with different excitation voltages for f1 (figure 80). The parameters are:  

 f1 = 40 kHz 

 f2 = 65 Hz with 48 Vpp 

 Magh-20nm magnetic nanoparticles 

Figure 79: Measured frequency mixing amplitude of the components f1+ f2 (squares) and f1 +2f2 (circles) as a function of the dimensionless 

static magnetic offset field x=µ0*H/B0, with B0 = 1,9 mT, for an excitation amplitude A1=0.8*B0 at 49.38 kHz and a driver amplitude A2 = 

2.4*B0 at 61 Hz [109]. 
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As expected, without the static offset the response is better at f1+2f2. For the rest of the 

experiments the response will be measured at the maximum of Vf1.  

3.5.1 Measurement results using designed and realized 

Helmholtz coils 

A DC field is now added by using Helmholtz coils which surround the device (figure 

81) as they can produce a static magnetic field when an electrical current is applied to them 

[151]. These coils have been made by 3D printing for the plastic support then coiled with a 

copper wire around these parts. The two coils are placed above and below the magnetic 

detection device. 

Figure 80: Amplitude of the response signal in mV for f1+2f2 and for f1+f2 without an external applied DC 

field. 

Figure 81: Helmholtz coils with 200 turns for each of the copper wire coils. 
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It is clear that the response is better with f1+f2 when a DC field is applied with the 

Helmholtz coils (figure 82). But this strategy has been too impractical and cumbersome, as 

Helmholtz coils are relatively is big and need power supply, in comparison to the permanent 

magnets that are presented in the next section. 

 

3.5.2 Measurement results using adapted permanent 

magnets 

 We then used permanent magnets to create the static magnetic field. They are much 

smaller than Helmholtz coils and do not require any electrical current to generate a magnetic 

field. 

The permanent magnets were placed at different distances from the device to vary the 

strength of the DC field applied on the nanoparticles (figure 83). The DC magnetic field was 

measured using a gaussmeter. 

 

 

 

 

 

 

 

 

Figure 82: Amplitude of the response in mV for f1+2f2 and for f1+f2 with a DC field 
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The maximum response signal for f1+f2, that we obtain for a static field of around       

3 mT at the sample reservoir microchannel, is approximately 5 times higher than the response 

signal for f1+2f2 without DC field and almost 20 times better than f1+f2 without DC field, 

having for all measurements the same concentration of iron oxide nanoparticles. We also 

observe that if the DC field is too strong the response from the nanoparticles becomes less 

measurable which is in agreement with the result by Krause et al. (figure 79 [109]). The 

increase in the amplitude response with permanent magnets is interesting because it can 

improve the limit of detection, but it can also allow us to diminish the amplitude of the 

excitation signal of f1 and get the same result than before. This is very interesting if we want 

to decrease drastically the energy consumption of the system. 

 

  

Figure 83: (Left) Permanent magnets above the system. (Right) Amplitude of the response signal as a function of the applied DC field 

using the permanent magnets. 
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3.6 Conclusions 

The optimization of magnetic nanoparticles sizes, physical and chemical properties 

have been considered using various experimental conditions in order to enhance the 

sensitivity of our magnetic detection device. The effect of microfluidic microchannel 

geometries, forms and especially the surface to volume ratios have been also investigated to 

improve the sensitivity and bonding surface area for biofunctionalization purpose. 

However, at this time the device has only been tested with nanoparticles suspensions 

where they are in suspension in a volume. The device has not been tested yet in 

immunoassays conditions, namely in a sandwich configuration where MNP will be only 

present on the surface of the microchannel and not in the whole volume. 

The next chapter presents the preliminary results to create this sandwich configuration 

necessary to perform pathogen sensing immunoassays. In the final IVD (In-Vito Diagnosis), 

and hopefully optimized point of care (POC) magnetic immunoassay device, these sandwich 

configuration antibody-antigen interactions should take place in a single use microfluidic chip 

that can be inserted in the magnetic detection device. 
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Chapter 4. Surface and nanoparticle functionalizations for 

immunoassay 

4.1 Introduction 

In this chapter, the work to bind antibodies on the microfluidic materials and on 

nanoparticles is presented. PDMS, COC and PMMA have been selected for the microfluidic 

channel materials and therefore been functionalized with antibodies. We have been doing this 

functionalization with the help of the LRS laboratory while the PHENIX laboratory has been 

working on the nanoparticles functionalization (figure 84). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To test the device with a sandwich immunoassay, human C-reactive protein (CRP) has 

been selected to simulate a pathogen we want to detect as proof of concept. CRP is a ring 

shaped protein produced by the liver that can be found in the blood plasma [153]. Its 

concentration increases drastically when an inflammation occurs in the body which can 

indicate an illness including cancer [154]. We chose this protein to test our prototype device 

because it is a relatively cheap, well known and characterized one that has different 

corresponding antibodies that can be easily ordered. 

After choosing the antigen, a method has to be defined to immobilize the 

corresponding antibodies to the other parts of the system which are the microchannel surface 

and the MNP. In order to efficiently perform the bioreceptor function, an antibody 

immobilization technique should: 

 Immobilize as much antibody as possible on the surface to increase the 

number of pathogen trapped in the system consequently improving the 

response signal. 

Figure 84: Surface functionalization (red circle) is discussed in 4.2 and nanoparticles functionalization (yellow circle) is discussed in 4.3 
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 Limit the non-specific binding as much as possible. Non-specific binding is 

the phenomenon where secondary antibodies bind the surface even in the 

absence of the analyte (CRP in the proof of concept) in the system thus 

causing a false positive. 

 Be as durable as possible and irreversible so the immunoassay can be 

performable for as long as possible. 

 Be as reproducible as possible so that the results could be similar for two 

microfluidic reservoirs. 

Moreover, the specificity should be as high as possible, namely only the analyte 

should be bounded by the primary antibody. If other entities take the place of the analyte on 

the binding site, the detection will not be effective. 

The process should not be too expensive. In our case the cost are reduced by the very 

little amount of antibodies needed to coat the surfaces of a microfluidic channel. 

 

4.2 Surface functionalization with covalent binding 

The surface functionalization aims to bind anti-CRP antibodies on the surface of the 

microfluidic channel inside the detection device so the protein can be specifically bound 

inside the system and be detected. The reference of primary (or capture) antibody we chose to 

bind to the surface is MAB17071 from R&D systems (appendix 3). For the final device, this 

step of surface functionalization should be done in single use microfluidic chips that could be 

then inserted in the detection device to perform the immunoassay. 

 

4.2.1 Principle and surface functionalization with TESU 

The first strategy we performed to graft the primary antibody on the microchannel 

surface was using 11-triethoxysilyl undecanal 90% (TESU) and was tried on PDMS only. 

Most used techniques only graft antibodies on the glass or silica substrate of a microfluidic 

channel and not on the surface of the microfluidic channel material like PDMS. These 

techniques are easier process but it means that the majority of the surfaces of the channel are 

not used which decreases a lot the advantages of the detection. Therefore, we decided to test a 

protocol for binding antibodies on PDMS surface. This polymer is indeed hydrophobic which 

means that biomolecules can easily adsorb to it and thus create false positive. 

We chose to use a covalent binding process which means that the antibody is 

covalently bound to the surface (they share electrons). Firstly the surface is activated so it can 

react with the active parts on the sides of the antibody (binding sites). This reaction creates the 

covalent bond between that antibody and the surface. The remaining activation sites are then 

blocked with a chemical that does not interact with the bioentities that need to be detected. 

The covalent immobilization strategy has some advantages [154]: 

 A covalent bond is strong and cannot be easily removed by a mechanical 

strain. 
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 It shows a high density coating of antibodies in comparison with other 

methods. 

 It is rather cheap. 

 The surface activation methods are well known. 

The immobilization usually shows also a few drawbacks like the use of toxic reagents, 

long preparation time with complicated processes. The antibody can lose a part of its activity 

if its binding site is close to the capture site meaning that its orientation is not optimized 

(figure 85 [155]). Also, since the covalent bond is strong, it is irreversible unless using strong 

oxidizers. 

 

 

 

 

 

 

 

Thus the first thing that has to be done for us to bind the anti-CRP antibody on PDMS 

is to activate the surface of this material. The activation of PDMS can be done with several 

techniques but their goals are the same which is to change methyl groups (CH3) on the surface 

of the material by hydroxyl groups (OH) (figure 86). These treatments called oxidation also 

transform the PDMS into a hydrophilic surface and the subsequent steps of functionalization 

are therefore similar to the ones with glass and silica that are also hydrophilic. With the 

hydroxyl groups on the surface of the PDMS, it is possible to bind different organosilane 

molecules that will make the link between this surface and the antibody on it. 

Two main approaches were tried for this oxidation step either using chemicals or 

plasma O2. The chemical oxidations were performed using PVA - polyvinyl alcohol 

([CH2CH(OH)]n) or hydrogen peroxide (H2O2). To assess and compare the efficacy of these 

three different approaches, we measured the contact angle formed between a water droplet 

and the oxidized surface. As mentioned above, PDMS is hydrophobic before treatment which 

means that the contact angle with a droplet of water is typically way above 90° whereas the 

contact between a droplet of water and oxidized PDMS is typically about 90° or lower. 

  

Figure 85: Ideal representation of antibody immobilization orientation [155]. 

Oxydation 

Figure 86: PDMS oxidation creating hydroxyl groups (-OH). 
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A droplet of water was put on PDMS flat surfaces at different times after the oxidation 

using the three different techniques (figure 88). 

Figure 87: Droplet of water on PDMS before (left) and after oxidation (right). 
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Figure 88: Contact angle for different oxidation techniques and as a function of time. 
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We can observe that the plasma O2 has clearly the most important effect on the contact 

angle and is the most reliable technique as it is also durable in time. Although chemical 

strategies give poorer performance than plasma O2, their use can still be interesting. Plasma 

O2 cannot indeed oxidize a closed microfluidic channel whereas chemicals can still be 

injected in it. We can clearly observe on figure 88 that PVA is more effective than hydrogen 

peroxide which has been consequently abandoned for functionalization.  

PDMS surfaces are then put in an ethanol solution containing 2% TESU and 2% 

trietylamine (TEA) for 1 hour before being dried and heated at 80°C for 2 hours. The silane 

(TESU) reacts with the hydroxyl group of the activated surface. The primary capture 

antibodies in carbonate are then dropped on the surface so they can bind with the amino group 

of the silane. Finally the blocking step is performed to avoid other bioentities to non-

covalently attach to the silane. For this step we used bovine serum albumin (BSA) in PBS 

buffer. The whole structure we tried to obtain is showed on figure 89. 

 

X-ray photoelectron spectroscopy (XPS) was performed at the Laboratoire de 

Réactivité de Surface (LRS) of Sorbonne Université to verify if the antibodies are indeed 

bounded to the PDMS surface (figure 90).  

Unfortunately, the XPS survey curves did not show definitive results as the nitrogen 

peak (N1s around 400 eV) is weaker than expected and other peaks that should not appear are 

visible. For example, a peak that seems to correspond to chlorine appears when Cl should not 

be present on the surface. We can therefore hypothesis that some antibodies indeed bind to the 

surface, but only a very small quantity. After these preliminary experiments, we decided to 

directly work in the LRS laboratory, specialized on surface reactivity treatment, and to change 

the protocol for the functionalization according to LRS expertise. 

 

 

Figure 89: PDMS with MAB17071 antibodies bond by TESU. BSA block the silane active sites not used by the antibodies. 

Primary antibody 

TESU 
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4.2.2 Surface functionalization with GOPTS and 

APTES 

We tried a second protocol that also uses a covalent bond immobilization strategy 

developed by Souhir Boujday and Vincent Humblot, researchers at LRS. This time we have 

been trying to bind the MAB17071 antibody on three different material surfaces PDMS, COC 

and PMMA. It has been showed that these three materials can be activated via O2 treatment 

[156][157][158], therefore we concentrated on this method to oxidize the surface before 

putting an organosilane. 

We first applied a protocol using (3-Glycidyloxypropyl)trimethoxysilane (GOPTS) 

inspired by a protocol previously used by the LRS [159]. A step where protein G is bounded 

on top of the silane (GOTPS) is added [160]. This step is necessary to assure that the 

antibodies bind to the surface with the best orientation to maximize their activity (figure 92). 

After having problems using GOPTS on PDMS, we switched to protocol using (3-

Aminopropyl)triethoxysilane (APTES) (figure 91). 

 

 

 

Figure 90: XPS spectra of PDMS surface after the TESU protocol. The nitrogen peak at 400 eV is 

too small to conclude that we successfully grafted antibodies on the samples. 
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APTES was already used for different protocols in LRS laboratory. However we had 

to change the previously used protocol since toluene was used as the solvent for APTES 

because toluene is not compatible with COC (see 2.3.2). Therefore we decided to use absolute 

ethanol as APTES solvent instead. Glutaraldehyde is also added to cross-link the APTES and 

the protein G. The hydroxyl groups of the surfaces react with the silicon of the silane and thus 

create a covalent bond whereas the amino groups react with the glutaraldehyde. The protein G 

then bind to it and finally a bond is created between this protein and the active sites of the 

anti-CRP capture antibody (figure 92). We made the plasma activation in the cleanroom of the 

PHENIX laboratory and we made the rest of the chemical reactions in the LRS laboratory. 

 

The detailed protocol of the grafting protocol of primary antibodies on PDMS, COC 

and PMMA is presented in appendix 4. 

 

Figure 91: Chemical structure of APTES [161]. 

Figure 92: Different steps of the bonding protocol of the antibodies on the surfaces. (A) Activated surface after the plasma 

treatment. (B) APTES grafted on the surface. (C) Surface chemistry after the glutaraldehyde treatment. (D) Surface with the 

antibody, in our protocol a protein G is located between the glutaraldehyde and the antibody represented here by the red dot. 

This schematic is not to scale [162]. 

(A) (B) (C) (D) 
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PDMS, COC and PMMA samples are kept after each step and rinsed with Milli-Q (or 

ultrapure) water for characterization in order to confirm the effectiveness of the protocol. 

 

4.2.3 Surface characterization techniques 

We tested our surfaces using three different characterization techniques that complete 

each other. We used contact angle measurements, attenuated total reflection (ATR) and X-ray 

photoelectron spectroscopy (XPS). ATR and contact angles were performed under the 

supervision of Antoine Miche and Vincent Humblot from LRS and XPS were directly done 

by Antoine Miche as this equipment requires specific training. 

Contact angles measurement can assess the hydrophobicity and the surface energy of a 

sample whereas ATR show the chemistry bonds in the material. Finally XPS analyses the 

atoms that are present at the surface of the sample and their interactions. 

4.2.3.A Contact angle measurement  

As discussed in 4.2.1, the basic principle of contact angle measurement consists of 

assessing the wettability of a surface by measuring the angle formed by the edge of a droplet 

of a specific liquid and the surface underneath it, this angle being directly influenced by the 

chemical interactions between the surface and the liquid. There is equilibrium between three 

phases: the liquid (L), the solid (S) and the gas (G) which is usually the ambient atmosphere. 

The contact angle depends on the interfacial energies between these three phases. The 

parameter      is the interfacial energy between the surface and the atmosphere,      is the 

interfacial energy between the liquid and the atmosphere (also called surface tension of the 

liquid) and      is the interfacial energy between the liquid and the solid and depends on the 

chemical interactions between them (figure 93). The equation that links the interfacial 

energies and the contact angle θ is the Young equation: 

                   

θ 

γLG 

γSL γSG 

Figure 93: Contact angle depends on the equilibrium between three phases and their interfacial energies 

γ. (S) is the solid, (L) the liquid and (G) the gas around the droplet. 
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It should also be noted that surface roughness affect the contact angle, it enhances the 

wettability. 

To make the measurement we used the static sessile drop method with a contact angle 

goniometer at LRS laboratory [163]. Besides contact angle measurements, this technique 

allows to determine the surface energy      of the tested material which is also dependent of 

the surface chemistry. A 1 µL liquid droplet is dropped with a syringe on the sample surface; 

the droplet has to be small enough so that we can neglect the gravity force. A camera is 

located at the same level as the droplet and films it with a side view (figure 94). The contact 

angle is then calculated directly by a software from the images taken by the camera. 

To determine the surface energy of the material from the contact angle measurement 

we used the Owens-Wendt model (4.3) which is especially suited for polymers [164]. This 

method is a derivative of the Young equation and considers that the surface energy of a liquid 

or a solid can be separated in two parts which depends on its interactions, one dispersive    

and the other polar   .  

So for the surface energy of the solid material we have:        
     

 
          

And for the liquid we have:        
     

 
         

The contact angles are measured for at least two different liquids which dispersive and 

polar components are known.  

The Owens-Wendt model describes the surface energies     and     from the Young 

equation as following:                 √   
     

   √   
 

    
 

         

The unknowns are the dispersive and polar components of the solid surface. A curve is 

created with   √
   
 

   
          and   √

              

 √   
 

        . 

Figure 94: Example of image taken by the side camera of the goniometer. Water droplet on an untreated COC 

surface. 

Syringe 

Droplet

COC surface 
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We then do linear regression of the ax+b type where    
 

    and    
    . Finally 

the surface energy of the material is calculated by doing                  . 

For our surfaces characterizations, we used three different liquids, Milli-Q water 

(H2O), diiodomethane or methylene iodide (CH2I2) and ethylene glycol (C2H6O2) (table 20). 

Table 20: Liquid surface tension of the three liquids used during this project. 

Liquid Liquid surface tension     (10-3 N.m-1) at 20 °C 

H2O 72.8 

CH2I2 50.8 

C2H6O2 47.7 

Contact angles measurements have the advantages to be very cheap and easy to 

perform. However, the used liquids have to be tested to avoid a chemical degradation of the 

sample and, unlike attenuated total reflection or X-ray spectroscopy, the results do not 

precisely describe the molecules present of the surface of the samples. The contact angle 

measurement is still useful to investigate if the surface hydrophobicity and energy changes 

between each step of the surface functionalization that can be linked to a change of the 

surface chemistry. Moreover, the results can be compared to the literature. Three droplets and 

three measurements were done on every sample surface to increase the precision of the 

results. 

 

4.2.3.B Attenuated total reflection - Fourier-transform infrared 

spectroscopy (ATR-FTIR) 

Attenuated total reflection (ATR) is an infrared spectroscopy method to observe the 

chemical bonds of a sample surface. An infrared beam is emitted in a crystal that was 

previously put in contact to the sample surface to examine. The beam is reflected back to the 

crystal when it hits the sample but when this reflection is total, it actually penetrates the 

sample surface to some small depth before being reflected. This makes the chemical bonds 

vibrate inside the sample creating an evanescent wave, absorbing a part of the infrared 

spectrum depending on the energy of the chemical bond that attenuated the beam. The 

absorption spectrum is then recovered by a detector (figure 95). We used a Nicolet 5700 

infrared spectrometer for our measurements. 

In the case of a Fourier Transform InfraRed spectroscopy (FTIR), the aim is to detect 

the amount of energy absorbed by the sample for different wavelengths. A Fourier transform 

is applied by the computer to create the exploitable spectrum from the signal detected at 

different wavelength. The curves obtained have an x-axis expressed in terms of wavenumber 

which is  ̃  
 

 
 (cm

-1
) and the y-axis being the absorbance. 
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The ATR-FTIR technique does not need sample preparation which is rather sensitive 

and can work on thick samples. It is also cheaper and easier to operate than X-ray 

photoelectron spectroscopy. A possible disadvantage is that, for our samples, the mechanical 

strain of the germanium crystal pressing against the sample can deteriorate chemical chains 

that are at the surface of the material. Consequently, we did not reuse the samples observed 

with the ATR-FTIR for other purposes. 

ATR-FTIR has been used to observe polymer surfaces [166] and proteins like 

antibodies for biomedical applications [167][168]. We performed our measurement at LRS 

laboratory with a germanium crystal to determine if the protocol described in section 4.2.2 

worked for each step and on the three different materials: PDMS, COC and PMMA. 

4.2.3.C X-ray photoelectron spectroscopy (XPS) 

The principle of X-ray photoelectron spectroscopy is to beam X-ray photons (photons 

that have a wavelength between 10
-12

 m
 
and 10

-8
 m) on the samples that then emit 

photoelectrons that can be analyzed (figure 96). Each chemical elements emit photoelectrons 

of a specific energy therefore analyzing them allow us to determine the surface chemistry of a 

sample. 

Figure 95: Schematic of the ATR principle [165]. 

Sample 

Figure 96: Diagram of an X-ray photoelectron spectrometer [169]. 
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The detected photoelectrons are counted and sorted by their binding energy to create a 

spectrum. The binding energy of the photoelectron          is calculated from the energy of 

the x-ray photon         that created it minus the sum of the kinetic energy          of the 

photoelectron and the work function   that depends on the spectrometer and the material 

analyzed:                               . The samples analyzed by XPS should not 

exceed 1 cm² to enter in the vacuum chamber. This method requires a very high vacuum to be 

applied; the chamber should at least be at a pressure of 10
-8

 millibar or below to avoid any 

contamination. For our measurements we used an Omicron Argus spectrometer (figure 97). 

This technique is very sensitive but only probes between 10 and 12 nm into the 

sample, depending on the analyzed material, which implies that only the chemical at the top 

of the chain grafted on the surface can usually be detected. For example if we try to analyze 

the samples with antibodies bound on top of the APTES, the latter entity will not appear on 

the obtained spectrum. Its very high sensitivity has also to be carefully considered as any 

contamination on the analyzed surface will appear on the spectrum. Finally X-ray 

spectroscopy is more expensive to perform than contact angle measurement or ATR-FTIR. 

But despite these drawbacks, XPS technique remains one of the best methods to determine the 

atoms and their chemical bounds found on a sample surface. Unfortunately for us, PDMS is a 

porous material that releases progressively some gas when it is submitted to a high vacuum; 

therefore the use of XPS for PDMS surface characterization is difficult but it is well suited for 

PMMA and COC. 

 

 

 

Figure 97: X-ray photoelectron spectroscopy (XPS) setup at LRS laboratory 

[170]. 
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4.2.4 Contact angle and ATR functionalization results 

4.2.4.A PDMS 

 After following the protocol presented in appendix 4, we measured the contact angle 

between a 1 µL Milli-Q water droplet and the surface of the PDMS sample (figure 98). 

The contact angles measured before and after the plasma treatment confirmed that the 

PDMS surface becomes hydrophilic and they are in agreement with the literature [171]. After 

the grafting of the APTES the contact angle went back up to above 100°, this is quite above 

the measurements that can be found in the literature which is closer to 70° [172][173]. The 

same observation can be made for glutaraldehyde [174]. However there is a significant 

difference between the pristine PDMS and the PDMS coated with APTES. We could 

therefore suspect that some APTES and glutaraldehyde were indeed grafted but not in a large 

enough number to be efficient as bioreceptor. Some effects are nonetheless visible at the 

antibody binding step which is encouraging. To analyze further these results and calculate the 

surface energy of the samples, two other liquids were also used to perform the contact angle 

measurements: diiodomethane and ethylene glycol (figure 99 and 100).  
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Figure 98: Water contact angle on pristine PDMS, after the plasma O2 treatment, after APTES grafting, after the glutaraldehyde adding, 

the protein G and finally after putting the antibodies on top of the formed chemical chain. 

Figure 99: Contact angle photos for the three liquids used on pristine PDMS. (Left) Milli-Q water. (Middle) Diiomethane. (Right) 

Ethylene glycol. 
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Knowing the dispersive and polar components of the three liquids, it is possible to 

calculate the surface energy at each steps of the protocol. The [x,y] have been calculated using 

the previously presented equations (see equation 4.5, section 4.2.3, page 108) (figure 101). 
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Figure 100: Contact angle measurements for the different steps of the experimental protocol. (Left) With diiodomethane droplets. 

(Right) With ethylene glycol droplets. 
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It seems that the chosen liquids are not very well suited with the PDMS. We can 

especially make this observation for the untreated PDMS where the linear regression is clearly 

meaningless (R² < 0.1) although in the literature it seems that the surface tension is at about 

20 10
-3

N.M
-1

 [175][176]. A fourth solvent should be used to try having more clear results. 

Despite this it seems that something is happening since the energy varies at each step so we 

can hypothesis that some antibodies are indeed grafted to the PDMS surface.  

We try to further assess this fact with the ATR-FTIR characterization. We used a 

germanium crystal and we took 512 wavenumber points where we measured the absorbance 

to create a spectrum that range from 600 cm
-1

 to 4000 cm
-1

. The signal from air, without any 

sample against the germanium crystal, is first measured as “background” that is then 

subtracted from the ATR made on the samples. A baseline correction and a smoothing of 

34,713 cm
-1

 were applied on all spectra thanks to the software OMNIC. 

 

 

Figure 101: Surface energy calculation for each step of the PDMS functionalization protocol. 
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Figure 102: On the left we can see an infrared spectrum (ATR-FTIR) of a PDMS sample found in the literature with chemical bonds 

description for each peak [177]. On the right is an infrared spectrum that we obtained on our pristine PDMS surface. 
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We can see on figure 102 that the ATR-FTIR measurement of pristine PDMS is in 

very good agreement with the literature. For the next steps we should detect the silane of the 

APTES and the aldehyde group of the glutaraldehyde. The APTES should appear between 

1520 and 1640 cm
-1

 approximately while glutaraldehyde should be visible at about 1720-1730 

cm
-1

). For the protein and the antibody we should see a peak that corresponds to amide and 

amine bonds. They should be visible between 1550 cm
-1

 and 1700 cm
-1

. 

 

As illustrated on figure 103, the different steps do not show major differences on the 

ATR. Nevertheless, some batches exhibit some difference for APTES and proteins but the 

results are not as significant as expected (figure 104).  
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Figure 103: Combined infrared ATR-FTIR spectra of the different steps of antibody bonding on PDMS surfaces 
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We can conclude that, even if it seems that the chemical biofunctionnalization of 

PDMS happened as we can see some changes on the contact angles and surface tension, the 

yield seems rather poor for this material. Adding the fact that PDMS is difficult to 

characterize via XPS because of its degassing and the fact that we try to move away from this 

material (mainly because PDMS is not well suited for industrialization, see section 2.3.2), we 

decided to focus only on the COC and PMMA for biofunctionnalization. 

 

4.2.4.B COC 

For the COC and PMMA surfaces, the contact angles for the three liquids and the 

ATR-FTIR spectra are presented step by step as it is easier to compare them two-by-two. 

The first figure 105 presented is the effect of O2 plasma treatment on the COC surface. 

The contact angle measurements are rather similar with the literature [178]. 

.  

 

 

Figure 104: Infrared spectrum for PDMS after protein G grafting. The peak that could correspond 

to protein chemical bonds are highlighted by the dark blue circle. 
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We observe some differences between the ATR but the effect of the O2 plasma 

treatment can be solely confirmed thanks to the contact angle measurements and especially 

the ultrapure water contact angles. We then assess the APTES grafting. 

Figure 105: Comparison of infrared ATR-FTIR spectra and contact angles after and before the plasma 

treatment of COC surfaces. 

C-H 

C-H, C-C 
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We can observe a peak at the wavenumber we expected (~1600 cm
-1

) that could 

indicate that we have successfully bonded APTES on our surfaces. The clear differences 

between the untreated surfaces and the ones with APTES in terms of contact angle confirm 

that assumption.  

Figure 106: Comparison of infrared ATR-FTIR spectra and contact angle after and before the APTES bonding of COC surfaces. 

Figure 107: Comparison of infrared ATR-FTIR spectra and contact angle after and before the glutaraldehyde (left) and the protein G (right) bonding 

of COC surfaces. 
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Contact angle measurements and ATR seems to show that we successfully grafted 

proteins on top of the glutaraldehyde on the COC surfaces. However, the ATR does not show 

coherent results for the glutaraldehyde bonding but the contact angle measurements show 

some differences. 

The antibody grafting seem to be better on COC than PDMS as we observe a clear 

difference in ATR spectra that can be linked to the presence of amide groups from the 

antibody, explaining the variations observed above 3000 cm
-1

. Moreover, the contact angle 

measurements on ethylene glycol show a clear change in surface chemistry. 

 

The surface energies confirm the APTES and the glutaraldehyde bonding on the 

surfaces. However the energy is not modified a lot by the protein G and the antibody. The 

surface energy linear regression can be found in appendix 6. 

We can conclude that the protocol is more efficient on COC than PDMS. We tested 

also PMMA surfaces. 

Figure 108: Comparison of infrared ATR-FTIR spectra and contact angle after and before the anti-CRP antibody (Ab) bonding of COC surfaces. 

The COC antibody infrared spectrum is not smoothed like the other ATR spectra as some information can be lost since the variation are rather 

small (the smoothed curve is in appendix 5. 

Table 21: Surface energy calculation for each step of the COC protocol. 
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4.2.4.C PMMA 

Like with the PDMS and the COC surfaces, the water contact angle is enough to 

assess the efficiency of the plasma treatment. Our results are comparable to the literature 

[179][180], the APTES grafting seems to work very well as the difference of contact angle 

with pristine PMMA is rather high (figure 109). 

Our results with ethylene glycol on pristine PMMA are also comparable with the 

literature (about 60° [181]). The ethylene contact angle could not be measured after the 

plasma treatment as it was too close to zero to make a good estimation using the CCD camera. 

We can see on the figure 110 that a peak appears between 1520 cm
-1

 and 1640 cm
-1

 that 

should correspond to the amine groups from APTES on the surface of the PMMA. To confirm 

the difference between the two spectra we subtracted the PMMA ATR after the APTES step 

with the ATR of the untreated PMMA surface (figure 111).  

Figure 109: Comparison of water contact angle after plasma and APTES bonding of our samples (left) with the literature (right [180]) 
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Figure 110: Comparison of infrared ATR-FTIR spectra and contact angle after and before the APTES bonding of 

PMMA surfaces. 
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For the glutaraldehyde characterization, the ATR is ineffective as the peak of C=O 

bond at 1720 hide the interval where the glutaraldehyde should be observable (figure 112). 

Figure 111: Difference between the ATR spectra after the APTES grafting and the ATR of the raw PMMA. The blue circle underlines the part 

that probably comes from the amine group of the silane. 

Figure 112: Comparison of infrared ATR-FTIR spectra and contact angle after and before the glutaraldehyde bonding 

of PMMA surfaces. 

C=O 
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 The protein G grafting is validated by both measurements. The contact angles are 

modified by this step. The ATR spectrum displays a clear peak from amine groups contained 

in the protein (figure 113). 

Figure 113: Comparison of infrared ATR-FTIR spectra and contact angle after and before the protein bonding of PMMA surfaces. 

Protein G 

Figure 114: Comparison of infrared ATR-FTIR spectra and contact angle after and before the MAB17071 antibody bonding of PMMA 

surfaces. 
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The ATR of the antibody does not show a peak for the antibody. We hypothesize that 

it is hidden by the C=O peak at 1720 cm
-1

. However the water contact angle measurements 

indicates a change in the surface chemistry (figure 114).  

 

There is also a clear difference in surface energy between the PMMA samples with 

proteins G and the PMMA samples with anti-CRP antibodies that is an indication on the 

effectiveness of the protocol on the PMMA. We can also observe that the PMMA surface 

tension calculations are the most accurate as each linear regression have a R²>0.99. The 

surface energy linear regression can be found in appendix 6. 

 

4.2.4.D Results discussions  

On the three materials that we used for the biofunctionnalization, the PDMS seems to 

give the worst results and the PMMA the best. We decided to select PMMA to do a XPS 

characterization to confirm the surface chemistry of the samples for each step of the protocol. 

Unfortunately the batch made to make this characterization presented very odd patterns at the 

surface of the samples after the APTES step (figure 115). 

The source of these strange lines is unknown (a problem maybe occurred at the 

sonication cleaning step) but we tried to make the XPS characterizations nonetheless. 

However, the samples surprisingly degassed inside the vacuum chamber of the XPS 

equipment. PMMA should not degas like PDMS when it is subject to high vacuum. We could 

hypothesize that the unknown pattern somewhat trapped some air at the surface of the 

material which rendered the XPS characterizations impossible. It would be interesting to 

investigate this unexpected phenomenon to determine its origin and precise nature. 

 

Table 22: Surface energy calculation for each step of the PMMA protocol. 

Figure 115: PMMA surface after the APTES grafting step. The ” P” is a mark we made on the backside of 

the sample. The horizontal lines pattern appeared for an unknown reason. 
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Despite the fact that we could not finalize the XPS characterizations before the end of 

the PhD, we strongly believe that we managed to bond antibodies on PMMA and maybe also 

on COC. This affirmation is based on the changes observed on the contact angles, ATR and 

surface energy of the sample surfaces at each steps. XPS would allow making a semi-

quantification of these antibodies bonding. 

After successfully grafting anti-CRP antibodies on open surfaces, the future work 

should focus on developing a method to biofunctionnalize a closed microfluidic channel. Two 

ways should be possible to do that. Either directly functionalizes the channel by making the 

chemicals required for the bonding circulates in the channel via the creation of a pressure-

controlled flow. The problem of this method is the activation of the surface; it is impossible to 

do it via plasma O2 since it cannot penetrate the material very deep. The surface activation can 

be made by introducing PVA in the channel but it is not as effective as plasma O2. The second 

strategy that could work to biofunctionnalize a microfluidic channel is to bond antibodies on 

two open surfaces that we could close mechanically in a second time to form the microfluidic 

channel. 

After successfully creating the functionalized single-use microfluidic chip, the second 

step is to have magnetic nanoparticles that are also functionalized with antibodies that are 

specific to the analyte we want to detect in the tested sample. 

 

4.3 Nanoparticles functionalization 

The nanoparticles functionalization aims to bind anti-CRP antibodies to the magnetic 

nanoparticles so the nanoparticles can be connected to the CRP. This means that the detection 

of the MNP, via magnetic detection, in the system implies the presence of the analyte. The 

secondary (or revelation) antibody we chose is biotinylated BAM17072 from R&D systems 

(see appendix 3) 

The strategy to bind antibodies to the MNP is the bioaffinity immobilization technique 

which is a different strategy in comparison to the covalent immobilization technique used for 

the surface biofunctionnalization. Bioaffinity is an affinity that two entities already share 

naturally like antibody with antigen for example or streptavidin with biotin. The latter 

bioaffinity is widely used in biology because of its strength and high resistance to temperature 

and pH changes, it is also stable in time. This technique has several other advantages like a 

good orientation of the proteins grafted by this strategy and good specificity that prevent 

nonspecific binding (other entities that bind to either the streptavidin or the biotin) [182]. 

Thus, our strategy is to cover the magnetic nanoparticles with streptavidin where the 

commercially biotinylated anti-CRP antibodies can bind to by bioaffinity interactions. We 

selected the FFRS4 iron oxide nanoparticle as they exhibit the best response within our 

magnetic detection device (see chapter 3). 

To coat the nanoparticles with streptavidin, first dibenzocyclooctine N-

hydroxysuccinimide is used to stick alkyne on the amine functions that are on the silica shell 

of the nanoparticules (figure 67). Then we use streptavidin azide to form bonds via click 

chemistry between the alkynes of the dibenzocyclooctine and the streptavidin [183]. After this 

step, the biotinylated antibodies can just be put in contact with the streptavidined 
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nanoparticles so that the bioaffinity immobilization can occur and successfully 

biofunctionnalize the MNP. 

This strategy has been elaborated with the PHENIX laboratory. They will also perform 

the nanoparticle functionalization as they are specialized in their synthesis and manipulations. 

A first batch of streptavidin coated FFRS4 has been created. Unfortunately, nanoparticles 

tended to agglutinate and thus are not detectable with our device prototype. Improvement of 

the colloidal stability of the suspension is currently undertaken and the next batch should not 

be subjected to this phenomenon. The coating will be tested by using fluorescent markers 

coupled with biotin that will bind to the streptavidin. In order to test the bioaffinity 

immobilization between the biotinylated anti-CRP antibody and the MNP, we will use rat 

anti-mouse IgG2B fluorescein-conjugated antibody (provided by R&D systems) that will 

produce a fluorescent signal if the immobilization succeeds. 
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4.5 Conclusions  

Different protocols have been tested to functionalize the open surface of three 

materials which can be used for microfluidic channels fabrication. Based on the contact angle 

measurements and ATR characterizations of PDMS, COC and PMMA, we successfully 

established an experimental protocol to biofunctionnalize the primary antibody onto PMMA 

surfaces. This protocol should then be adapted for closed microfluidic channels to create 

biofunctionnalized microfluidic chips. 

The functionalization of the magnetic nanoparticles is also on the right track and 

should be achieved without major difficulties unless the colloidal stability of the MNP with 

secondary antibodies proves to be an issue that needs to be tackled. 

The whole sandwich on an open surface, containing also the CRP, can first be 

characterized using an enhanced chemiluminescence detection (horseradish peroxidase 

(HRP)) to validate the chemical bonds (figure 116.A). Then the magnetic detection device can 

be used to characterize the sandwich structure with the presence of MNP bound to CRP via 

Streptavidin azide and Biotin. (figure 116.B). 

 

After the optimization of the characterizations process on open surfaces, the 

mechanical assembly of two biofunctionalized open surfaces can be envisaged for the 

functionalization of a closed microfluidic channel. In the final closed structure, a sample 

suspension to be tested containing the functionalized nanoparticles can be injected in a 

prefunctionalized microfluidic reservoir. 

  

Figure 116: Sandwich immunoassay configuration validation using HRP and magnetic nanoparticles. 

M 
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General conclusions 

In this thesis a miniaturized magnetic nanoparticles detection system prototype for 

point of care (POC) immunoassays applications has been studied. As the device uses a 

microfluidic sample holder, the principle of microfluidic and their numerous innovations 

particularly in lab-on-a-chip for immunoassays have been described. In fact one of the 

innovations of our prototype in comparison to the previous transportable version using the 

same frequency mixing detection is the use of microfluidic reservoirs. We presented and 

discussed how the choice of the material for the microfluidic structure and the microchannel 

fabrication technology are critical for the properties of the final device. 

An overview of the already used technologies for LOC immunoassays have been 

presented and how the frequency mixing detection technique used for our project positioned 

itself with different advantages particularly its possibility of integration, in the spectrum of 

different methods.  

The miniaturized prototype device was then described with its magnetic and electronic 

parts along with the most recent improvements made to optimize the response signal of 

superparamagnetic nanoparticles. Then the approaches to fabricate the microfluidic channel 

were detailed before explaining the considerations that leaded to the choice of three polymer 

materials to create these microchannels: PDMS, COC and PMMA. 

To validate and improve the magnetic detection device prototype, we subjected it to a 

battery of tests to assess its efficiency in various conditions that included different magnetic 

nanoparticles, different microfluidic channel shapes or in the presence of a static magnetic 

field. The results are encouraging since we can detect magnetic nanoparticles at low iron 

oxide concentrations with a dynamic of three orders of magnitude, good linearity and 

reproducibility. Improvements have been made on every facets of the magnetic detection 

device to improve its stability and decrease the limit of detection down to 6 ng/L. 

Finally the functionalization strategy for both the microfluidic channel with the 

primary antibodies and the magnetic nanoparticles with the secondary antibodies have been 

described. The aim is to create the sandwich configuration needed to perform immunoassays 

with the magnetic detection device. We tried to bind the primary antibodies on three different 

surfaces: PDMS, COC and PMMA. The contact angle and ATR characterizations have shown 

promising results with PMMA but XPS measurements could confirm it in a near future. 
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The next step for the project is to perform immunoassays with CRP first and then 

proves that it is robust and can be used for the detection of other pathogens. A fully portable 

POC device should then be developed by miniaturizing all electronic instrumentation and 

lock-in amplifiers to perform immunoassays. 

 A second fully integrated version of the detection device has also been studied during 

my PhD that would be fabricated using cleanroom process obtain a very miniaturized and 

integrated second version of the magnetic detection device (see appendix 7 for the design and 

strategy to produce this second version). The excitation and detection will be fabricated using 

copper electrodeposition. This will allow to enhance the sensitivity and the limit of detection 

and to reduce the energy consumption for a miniaturized portable system. The table 23 

presents the expected performances of both of the finalized versions of the portable device. 

 

The magnetic detection device presented in this thesis has been patented and a 

maturation project has been funded by SATT Lutech to develop a portable prototype for rapid 

and cost-effective pathogen sensing for point of care (POC) testing [184].  

Expected results for the first portable device:  
 

• Required biological sample quantity: few µL  

• Sensitivity of the device: <10 ng/µL  

• Analysis time: 5 to 10 minutes  

• Reagent consumption: ~50 µL  

• Precision: Low intra-assay variability  

• High specificity, low cross reactivity for two-

pathogen detection 

Fully integrated structure specifications: 

 

• Low power consumption 

• Small device size: about 3-4 cm 

• Required biological sample quantity: ~0.5 µL  

• Sensitivity of the device: <10 ng/µL  

• Faster analysis time: ~ a minute 

• Low reagent consumption: ~5 µL 

• Precision: Low intra-assay variability  

• High specificity, low cross reactivity for two-

pathogen detection 

Table 23: Expected performance for the first and second version of the portable magnetic detection device for immunoassay. 
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Appendix 1: Magnetic measurements step-by-step experimental 

protocol 

This document describes the detailed experimentation steps for magnetic nanoparticles 

detection using frequency mixing method. 

1. Circuit cabling and microfluidic 

 

 

Functional block diagram of the electrical cabling, with real port names of devices. All 

connections use BNC cables, excepted between the DC supply and the LFG that uses basic 

jack cable. 

 

 

 

Fluidic schematic for driving nanoparticles into the sensor. The microfluidic structure is 

inserted between both PCB. 

 

2. Devices activation 

 

 Turn on the following instruments: 

DC 
supply 

Low frequency 
generator 

HF lock-in amplifier 
- SR830 

High frequency 
generator  

LF lock-in 
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Ref input 
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- DC dual power supply, set the symmetrical voltage on +/- 25V. 

- The Stanford Research ultra-low distortion generator DS360, at a frequency of 

40 kHz, and 40 V peak to peak voltage 

- SR830 lock-in amplifier for high frequency demodulation 

- SR530 lock-in amplifier for low frequency demodulation 

- Spectrum Analyser 

- Microfluidic pressure pump from Fluigent. Then open the corresponding 

software and enable the heating process that takes 10 minutes. 

 

To avoid the sensor overheating, make sure the DC supply and the high frequency 

generator are disabled. It is possible to do it with a specific button without shutting down or 

disconnects the materials. 

Electromagnetic devices could be sensitive to their environment, remember to insulate or to 

turn off some devices around the sensor (especially the extraction hood). 

 

3. Low frequency generator calibration 

 

- With a screwdriver, turn the “Freq” potentiometer on the surface of the corresponding 

PCB circuit until frequency is equal to 65 Hz. Then adjust the resonance frequency of 

the bandpass filter with the “Res” potentiometer until you find the maximum 

amplitude. 

- Set the 40 Vpp amplitude to the power output (“Pow out”). 

- The “Dist” and “Sym” potentiometers let reduce the harmonic distortion. Using the 

spectrum analyser and with the low power output (“Sig out”), the best first harmonic 

rejection (compared to the fundamental) is around 85 / 90 dBV at that amplitude. The 

second harmonic rejection best setting is about 75 dBV. 

 

This last step usually impact the voltage amplitude, return to the second point if it is 

necessary 

 

4. Lock-in amplifier setting 

 

- The first lock-in (SR830) let the high frequency demodulation. Ideally, set the time 

constant to 30 us, and the sensitivity to 100 mV*. Select the first channel X output. 

You can refer to the datasheet, part “SR830 basics” to understand well these 

parameters. 

- On the second lock-in (SR530), used for low frequency demodulation, set a high time 

constant (1 second is enough) and 20 mv sensitivity. On the reference bloc, select the 

2f mode**. 
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* The previous setting on sensitivity for both amplifiers can be modified, but it impacts 

directly the noise level (so the detection limit). Furthermore, there is an optimal value to get 

the higher signal amplitude level. 

** The 2f mode allows to double the reference input frequency, then to have a DC constant 

output only depending on the first mixing term. Otherwise, you will demodulate the low 

frequency from excitation signal, which is the wrong value. 

 

5. PCB parallelism adjustment 

 

- Place inside the sensor one or two microfluidic structure 

- Connect one of these structures to the fluidic microtubes 

- To make sure there are no particles inside the sensor, wash the channels with water or 

hydrochloric acid (PDMS is proof). 

- The non-parallelism between both PCB is part of the offset on the mixed terms when 

the sensor is empty. By using the spectrum analyser, you have to turn three different 

adjustment screws to get the correct position of the top PCB. Naturally, that also 

modifies the gap between them, so try to keep the nearest position *. If the LFG step 

was well done, you can totally remove the offset **. 

 

* Be careful: if the gap is to short, the top PCB layer is blocked by the microfluidic 

structure, Although the system is strong, but you may bend the top PCB, so it becomes 

impossible to make it parallel to the down fixed PCB. 

** Sensor mechanical instability can make this step very long and not perfectly concluding. 

 

6. Particles measurement 

 

- When all calibrations are done, keep in mind the setting of all devices, then the actual 

noise level without any sample in the sensor. 

- Connect the test tube that contains diluted nanoparticles to the fluidic circuit (pressure 

less than 200mBar) and let flow the fluid through the circuit *. 

- The DC output is already displayed on the second lock-in amplifier, you do not need 

anything else to record the measurement result. 

 

* When you see the particles expelled out from the channel, you can stop the pressure 

pump to avoid waste. It could be useful to make as much measurement as possible. 
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7. Common problems 

 

Usually, some results look senseless without any voluntary and obvious changes on 

the setup. For each observation, the main causes are listed by frequency appearance order, 

with a way to solve them. The most common default are: 

 

- Increasing of the noise level, on empty measurement: 

- Mechanical instability of the sensor 

Return to the fifth step 

- Near electromagnetic perturbation source 

Verify some low frequency working devices, like the extraction hood, 

or all devices that contains motors 

- particles residues in the channel 

If water is not enough, try with hydrochloric acid. 

- No flow in the microfluidic circuit: 

- particles deposit or many air bubbles in the structure 

- Push water with short but strong pressure strokes. Don’t exceed 

300 mbar pressure, the PDMS channel could unstick from its 

glass layer. 

- Otherwise, invert the direction of the flow. 

- Last possibility: wash with hydrochloric acid 

- Non detection of the particles but reasonable noise level: 

- Check cables connection and enable buttons of generators 

- Return to the lock-in setting at the fourth step 
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Appendix 2: COMSOL microfluidic and chemical engineering 

simulation parameters 

 

 

Table A1: List of constant parameters used in COMSOL 5.3 Multiphysics simulations 
Parameter Value Description 

Hchannel 0.200 [mm] "Height of the channel" 

Dchannel 0.500 [mm] "Diameter of channel" 

Temp 300 [K] "System temperature" 

Qin 90 [µl/min] "Inlet flow rate" 

D 10e-11 [m²/s] "Analyte diffusion coefficient" 

ka 10e6 [1/M/s] "Adsorption rate constant" 

kd 10e-3 [1/s] "Desorption rate constant" 

Cin 0.1 [nM] "Inlet analyte concentration" 

Cr 3.3*10e-3 [nmol/m²] "Receptor surface concentration" 

c0 1e-5 [nM] "Initial concentration" 

 

Table A2: List of parameters used in COMSOL 5.0 Multiphysics simulations 
Parameter Value Description 

Hchannel 0.200 [mm] "Height of the channel" 

Dchannel 0.500 [mm] "Diameter of channel" 

T 300 [K] "System temperature" 

Cin 0.1 [nmol/l] "Inlet analyte concentration" 

Qin 90 [µl/min] “Inlet flow rate" 

Dnp 1e-11[m²/s] "NP/analyte diffusion coefficient" 

ka 1e6 [l/mol/s] "Adsorption rate constant" 

kd 1e-3 [1/s] "Desorption rate constant" 

c0 1e-5 [nmol/l] "Initial conc" 

Cr 3.3e-3 [nmol/m²] "Receptor surface concentration" 

Av 6.022e23 [1/mol] “Avagadro's number” 

Dp 20 [nm] “Particle diameter” 

kB 1.38065e-23 [m²*kg/s^2/K] “Boltzmann constant” 
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Key assumptions for all simulations: 

 Reynolds number was roughly 0.29 – reasonable to assume laminar and not Stokes flow 

 No slip at channel walls 

 Incompressible fluid (water) 

 PDMS walls were rigid (somewhat inaccurate, but likely inconsequential at steady-state) 

 No competition in adsorption mechanisms 
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Appendix 3: Primary and secondary human CRP antibodies 

purchased for sandwich immunoassay 
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Appendix 4: Antibody bonding protocol using APTES on 1 cm² 

samples of PDMS, PMMA and COC. 

 

1. The three materials are cut into small squares of 1 cm² and cleaned using 

sonication 

2. The APTES:ETOH solution is mixed with a 1:5 ratio and applied to the 

samples during 2 hours. Afterward, they are cleaned two times by absolute 

ethanol and then one more time with absolute ethanol with sonication. The 

samples are heated after at 90°C during 30 minutes. 

3. The samples are then immersed in a glutaraldehyde solution at 5% in PBS for 

30 minutes. The surfaces are then rinsed with Milli-Q water for 5 minutes. 

4. 100 µl of a 20 mg/mL protein G solution in PBS is then dropped on each 

sample. The droplets should be left on the samples for 2 hours in a close 

container to avoid evaporation. After that the surfaces are cleaned two times 

with PBS containing 0.05% TWEEN 20 during 5 minutes then rinsed one time 

with Milli-Q water for 5 minutes. 

5. The MAB17071 antibodies are diluted in PBS to a concentration of 20 mg/L. 

100 µL droplets of this solution are put on the samples for 2 hours at room 

temperature. Like with step 4, the samples are then cleaned two times with 

PBS-TWEEN 20 and one time with ultrapure water. 

6. Finally the blocking step consists of putting the sample into a solution of 1% of 

BSA in PBS during 30 minutes. 
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Appendix 5: Smoothed spectra of figure 108 

  Figure 108²: Comparison of ATR and contact angle after and before the anti-CRP antibody (Ab) bonding of COC surfaces. Unlike figure 

109, the COC antibody ATR is smoothed like the other ATR spectra. 
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Appendix 6: Surface energy (10
-3

 N.M
-1

) table and linear 

regressions 

 

 

 PRISTINE PLASMA APTES GLUTARALDHEHYDE PROTEIN G ANTIBODY 

PMMA 27.80 73.62 42.05 33.10 57.53 38.87 

COC 29.22 90.31 50.37 62.66 58.54 56.24 

PDMS  105.05 11.25 12.51 20.00 32.10 
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y = 6,612x + 3,7165 
R² = 0,9996 
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Figure 117: Surface energy calculation for each step of the PMMA and COC functionalization 

protocol. [x,y] have been calculated using the equation page 108. 
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Appendix 7: Integrated device 

Introduction 

The aim of the fully integrated device is to be as small as possible so the coils can be 

as close as possible to the nanoparticles that are trapped in the microfluidic channel. To obtain 

the best possible performances, the device will be created in a cleanroom using extremely 

precise instruments. The principle of this second version of the magnetic detection device is 

quite similar to the one presented in the rest of this thesis. The main difference is that the coils 

are mono-layered and not multi-layered, and the microfluidic channel is a part of the device 

and is not disposable. In fact the coils are thick copper layer fabricated with electrodeposition. 

Miniaturization advantages:  

 Smaller device 

 Less power consumption 

 Smaller sample volume needed 

 Faster testing 

Drawbacks: 

 More expensive 

 The device has to be single-use as the microfluidic channel can’t be changed 

and its cleaning seems difficult. 

 The protocol to create a prototype is complicated 

3D models of the prototype: 

Figure 118: 3D view of the fully integrated device. 
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Side and above views of the prototype: 

Figure 119: Side view (XZ cut). 

Figure 120: Top view of the microfluidic part without and with a XY cut. 
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 Cleanroom Protocol 

A confidential step by step protocol has been established with the help of Mrs. Marion 

Woytasik from the “Centre de Nanosciences et de Nanotechnologies (C2N)” for the creation 

of a first prototype. 

Detection coil photolithography mask 

We made a multi-layered photolithography mask layout using CLEWIN software to 

test different characteristics for the detection coils like different number of turns and the effect 

of a gap in the middle of the coils. The goal is to determine if at this size we can have good 

detection homogeneity and if we can limit the heating created by Joule effect. 

 

 

  

Figure 121: Mask for different detection microcoils on a 4’ wafer 
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Résumé 

L’augmentation continue de la circulation des populations et des biens ces dernières décennies 

accentue les risques de pandémie due à un mauvais confinement des antigènes dangereux à leur région 

d’apparition. Il est donc crucial de développer une technique rapide de détection de pathogène pour 

prévenir ces risques. 

Un projet multidisciplinaire a donc était mis en place entre Sorbonne Université à Paris et 

RWTH University à Jülich pour le développement d’un dispositif laboratoire-sur-puce intégré pour 

effectuer des tests immunologiques rapides, faciles et abordables. 

Ce dispositif de détection de pathogène est composé d’un canal microfluidique entouré de 

microbobines planaires en circuit imprimé responsables de l’émission et de la détection de champs 

magnétiques. Ainsi des nanoparticules magnétiques peuvent être détectées et quantifiées puis être 

corrélées à la présence du pathogène, en tant que marqueurs du test immunologique. Habituellement, 

l’étape de détection de la présence du pathogène dans un échantillon se fait grâce à un signal 

fluorescent ou électrochimique qui sont des techniques longues et avec une sensibilité limitée. En 

conséquence, les tests immunologiques magnétiques semblent être une alternative intéressante. 

L’utilisation de canaux microfluidiques permet de n’utiliser qu’une très petite quantité d’échantillon 

pour effectuer un test. Le dispositif a été testé pour la détection de différentes nanoparticules 

magnétiques avec une limite de détection de 15 ng/µL pour des nanoparticules d’oxyde de fer de 

diamètre 20 nm et dans un volume de 14 µL correspondant à une petite goutte de sang. Pendant ce 

doctorat, l’objectif principal a été d’améliorer le prototype du dispositif et la fonctionnalisation de 

surface du canal microfluidique avec des anticorps. 

Mots clés : détection des pathogènes, laboratoire sur puce, détection magnétique, technique de 

mélange de fréquences, fonctionnalisation de surface 

 

Abstract 

The ever-increasing exchange of people and goods these last decades creates pandemic risks 

that should be prevented by containing the hazardous antigens in the region of the outbreak. Therefore, 

the rapid detection of a biological entity is critical to tackle this issue and others like environment 

contamination and bioterrorism. 

Consequently, a multidisciplinary project between Sorbonne Université in Paris and RWTH 

University in Aachen has been conducted to create a completely integrated lab-on-a-chip (LOC) for 

easy, rapid and cost-effective immunoassays. 

 The pathogen sensing system is composed of a microfluidic channel surrounded by planar 

PCB microcoils, which are responsible for the emission and the detection of magnetic fields. This 

system allows the detection and quantification of magnetic nanoparticles (MNP) used for 

immunoassays in a “sandwich” antigen-antibody configuration. So far, the final detection step is 

usually achieved by fluorescence-based or electrochemical techniques, which are time consuming and 

have limited sensitivity. Therefore, magnetic immunoassays constitute a promising alternative. Using 

microfluidics allows us to test very small volume samples quickly. We successfully tested this device 

with different concentrations of nanoparticles, different microfluidic channel layouts, different types of 

nanoparticles and different materials for the microfluidic channel. Using the frequency mixing 

magnetic detection technique, a LOD of 15 ng/µL for 20 nm core sized MNP has been achieved with a 

sample volume of 14 µL corresponding to a drop of blood. Antibody coating was also achieved on a 

Poly(methyl methacrylate) (PMMA) surface which is a more suitable material than the classically 

used polydimethylsiloxane (PDMS) for our application. In this thesis, emphasis is put on the 

improvement of the device prototype and the surface functionalization of the microfluidic channel 

with antibodies.  

Keywords: pathogen sensing, lab-on-a-chip, magnetic detection, frequency mixing technique, 

surface functionalization. 


