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ABSTRACT 
 

The sensitive and specific detection of proteins is at the center of many routine analyses 

in fundamental research, medical diagnosis, food quality control and environmental 

safety. The current gold standard for these applications remains the laborious and costly 

microwell plate ELISA. Over the last decade, new miniaturized devices have emerged: 

microfluidic systems that can drastically reduce the costs and the time of analysis. Many 

approaches and designs have been proposed. However, some recurrent difficulties remain 

that prevent the achievement of a system with the necessary balance between scientific 

performance, cost-effectiveness and user friendliness. These limitations include the 

complexity to maintain a constant flow rate in a simple and repeatable fashion, to mix 

solutions in a laminar flow regime, to control undesired surface effects, and to connect 

the chip to external pumping instruments. 

 This thesis describes a novel microfluidic immunoassay platform that addresses the 

aforementioned issues while also achieving highly sensitive parallel measurements for 

the rapid quantification of protein biomarkers. The development of this platform followed 

three consecutive stages: (i) the establishment of an initial design for the simple 

manipulation of solutions in stop-flow mode, and the elaboration of strategies for mixing 

and for the simultaneous detection of parallel reactions, (ii) the introduction of the 

concept of Dual Network system, which removes the need for channel passivation against 

the non-specific adsorption of proteins, and (iii) the optimization of the critical assay 

parameters for the quantification of the cytokine TNF-alpha.  

 The main attributes of the developed platform are also presented: the straightforward 

fabrication process, the simplified flow control, the enzymatically generated fluorescent 

signal, and the multi-purpose use of magnetic beads. These microbeads were utilized as 

functionalized substrate to capture the analyte, but also to induce mixing during 

incubation phases and to transfer the immune-complexes into the clean channels before 

the immunodetection step. Finally, a standard curve for the quantification of TNF-alpha 

in serum within the low-picomolar concentration range was obtained in less than 1 hour, 

confirming the potential of the platform for diagnostic purposes. 
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RÉSUMÉ 
 

La détection sensible et spécifique de protéines se trouve au cœur d’analyses de routine 

dans la recherche fondamentale, le diagnostique médical, le contrôle qualité de la 

nourriture et la sûreté environnementale. Le standard actuel pour ces applications est 

toujours le coûteux et laborieux test ELISA en micropuits. Au cours de la dernière 

décennie, de nouveaux dispositifs miniaturisés ont fait leur apparition : des systèmes 

microfluidiques pouvant réduire de manière drastique les coûts et les temps d’analyse. 

Plusieurs approches et designs ont été proposés. Cependant, certaines difficultés 

récurrentes entravent toujours l’avènement d’un système possédant l’équilibre nécessaire 

entre la performance scientifique, le maintient de coûts bas, et la facilité d’utilisation. Ces 

limitations incluent la complixité de fixer une vitesse de flot constante de façon simple et 

reproductible, de mixer des solutions en régime laminaire, de contrôler les effets de 

surfaces indésireux, et de connecter la puce à des instruments de pompage externes.    

 Cette thèse décrit une nouvelle plateforme d’immunoessais microfluidiques, qui 

adresse les problèmes mentionnés tout en réalisant des mesures hautement sensibles et en 

parallèle pour la quantification de biomarqueurs protéiques. Son développement a suivi 

trois étapes consécutives : (i) l’établissement d’un design initial pour la manipulation 

aisée de solutions en mode stop-flow, l’élaboration de stratégies de mixage et de 

détection simultanée de réactions parallèles, (ii) l’introduction du concept de système 

Dual Network, qui supprime la nécessité de passiver les canaux contre l’adsorption non-

spécifique de protéines, et (iii) l’optimisation des paramètres critiques de l’essai pour la 

quantification de la cytokine TNF-alpha.    

 Les attribues principaux de la plateforme sont également présentés : le procédé de 

fabrication rapide, le contrôle du flot simplifié, le signal fluorescent généré par une 

enzyme, mais aussi l’utilisation multiple de billes magnétiques comme surfaces 

fonctionnalisées pour la capture de l’analyte, pour induire un mixage pendant les périodes 

d’incubation, et pour transférer les complexes immuns dans les canaux propres avant 

l’étape d’immuno-détection. Une courbe standard pour la quantification de TNF-alpha 

dans le sérum à des concentrations de l’ordre du picomolaire a été obtenue en moins 

d’une heure, confirmant le potentiel de la plateforme pour des applications diagnostiques.        
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OUTLINES 
 

This thesis is divided into ten chapters: 

 Chapter 1 introduces the motivations behind the development of microfluidic 

immunoassays. Several advantages inherent to this technology are presented along with 

the main difficulties associated with the use of microfluidic systems.  

 Chapter 2 describes the rationale for the project before clearly stating the objectives 

of this thesis.  

 Chapter 3 provides the background knowledge related to the two technologies at the 

center of this work. First, standard immunoassay techniques, their principles, diverse 

formats, different detection methodologies and evolutionary trends are presented. Second, 

the latest developments in microfluidics for the manipulation of minute volumes of 

solution and various strategies for pumping, mixing and directing a flow are examined. 

The methods of fabrication for such microfluidic chips are also briefly described in this 

chapter with a particular emphasis on the technique known as rapid prototyping.  

 Chapter 4 presents an overview of the field of microfluidic immunoassays and 

discusses the state-of-the-art with respect to several important characteristics of these 

systems. In the first section, the choice of material, the implemented detection methods 

and the performance of microfluidic immunoassays as published in the literature are 

catalogued in tables. Each of these aspects is then analyzed in the following section with 

more emphasis on the advantages and disadvantages of the different techniques. To 

conclude this chapter, three significant examples of microfluidic immunoassay platforms 

are reported. 

 Chapter 5 describes the three main axes which, combined, confer its originality to the 

developed microfluidic immunoassay platform. The experimental approach and 

successive developmental stages are also presented in order to introduce the next three 

chapters, forming the results and discussion part of this thesis.     

Chapter 6 focuses on the initial developmental step, which aims at establishing a 

design for the simple manipulation of consecutively injected solutions in stop-flow mode, 

and developing the mixing strategy and the simultaneous detection of parallel reactions 
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on-chip. These preliminary advancements were published in Lab-on-a-chip (Herrmann 

M. et al., 2006, 6(4):555-560). 

Chapter 7 describes the original concept at the center of this thesis work: the Dual 

Network system. This new method was created to eliminate the high background noise 

due to non-specific adsorption of proteins without the need for pre-treating the 

microfluidic channels. The Dual Network system combines an expanded design based on 

the initial developments, featuring embedded pressure valves and the displacement of 

magnetic microbeads in order to physically separate the immune-complex building phase 

and the detection phase. The proof-of-concept was published in Lab-on-a-chip 

(Herrmann M. et al., 2006, 7(11):1546-1552).                      

 Chapter 8 corresponds to the last step of this project aiming at the characterization 

and optimization of the Dual Network platform. The purpose was to demonstrate the 

platform’s potential for applications in point-of-care diagnosis. As an example, a standard 

curve for the quantification of the cytokine TNF-alpha, a known biomarker of sepsis, was 

established in pure serum. These last results are currently in press in Analytical 

Chemistry.   

 Chapter 9, the conclusion, discusses the extent of completion of the preset objectives 

and the future developments that could be undertaken in order to further improve the 

platform.  

 Chapter 10 provides a cumulative list of all references cited in this manuscript.   

 In the appendices, reprints of all published material are included, with permission. A 

review on the current state of intellectual property in microfluidic nucleic acid analysis, 

published in Recent Patents on Engineering (Malic L., Herrmann M., Hoa X. et al., 

2007, 1:71-88), is also included at the end of this manuscript. 
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Chapter 1 
1 Introduction  

 

1.1 Motivations behind the development of microfluidic 
immunoassays 

Biological assays are implanted in many aspects of our society and continue to expand 

with a marked impact on our lifestyle and economy. Applications vary from point-of-care 

diagnosis, environmental or food safety, security, and for screening purposes in the 

biotechnology or pharmacology industries. Therefore, the ability to rapidly detect and 

quantify a specific species within a complex biological or environmental sample is 

becoming increasingly critical. Because of the growing number of samples to be tested 

and information to be analyzed, novel constraints in terms of cost- and time-efficiency, 

portability, throughput, multiplexing, but also simplicity and versatility of use are rising 

in addition to evermore stringent scientific requirements.   

In the last decades, immunoassays in particular have tremendously evolved from 

complex and time-consuming bench-top experimentations to miniaturized, parallel, 

integrated and automated systems. By doing so, the large consumption of precious 

samples and costly reagents can be avoided, while similar operations can be performed in 

only a fraction of the time by an untrained individual. In the trend toward miniaturization, 

two main strategies have emerged. At one end, microarrays, already widely used for 

DNA and protein analysis, soon to be available for cell and tissue examination, have 

appeared first. These chips are typically composed of a large number of probes 

immobilized on a surface area a centimetre square or less in size, and capable of 

screening a relatively small volume of sample for thousands of potential markers or 

threats. A very high density of information can be obtained in a relatively short amount of 

time with the use of microarrays. Unfortunately, this technology is limited to industrial 

and highly specialized laboratory environments as it still requires expensive and large 

apparatus for reading and sorting useful data. At the other end, miniaturized systems, 

often called lab-on-a-chip (LOC), have been devised. They are mainly intended for point-

of-care diagnosis, on-field analysis or for the realization of a series of laboratory 
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protocols. These systems are generally targeted on a particular function, and prioritize 

integration, portability, low costs and user friendliness over the density of data obtained. 

Although the end goal and practical requirements of both strategies can slightly vary, 

they are often complementary and have been brought together in a variety of different 

cases.      

Common to both microarrays and LOC is the need for manipulating minute volumes 

of solution and the integration of several functionalities such as separating, mixing and 

diluting the flow in a confined space. All these operations are typically performed in 

micro-sized channels fabricated in glass or plastic substrates known as microfluidic 

systems. Due to their exceptional potential for biomedical applications and newly adapted 

fabrication techniques, microfluidic systems have recently exploded in scientific 

publications and issued patents, giving rise to a large number of dynamic and successful 

companies (Figure 1.1).1 The possibilities and opportunities offered by this technology 

are truly remarkable. Also, its ease of use and low fabrication costs can foster the 

implantation of such high-tech medical devices in settings with limited resources as well 

as in developing countries.2  

            

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Number of microfluidic patents issued per year in the United-States for 
biochemical, environmental and diagnostic applications [Lab Chip, 2006, 6, 1118-
1121] – Reproduced by permission of The Royal Society of Chemistry –  
http://dx.doi.org/10.1039/b610250f  

http://dx.doi.org/10.1039/b610250f
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1.2 Microfluidic immunoassay: between dream and reality  

The ideal platform for immunoassays should present a variety of characteristics that can 

be grouped in three main categories: (i) the fabrication procedures, such as the 

simplicity, rapidity and associated costs for production, and integration possibilities; (ii) 

the user friendliness, including the ease of operating the platform and the assay time, as 

well as multiplexing, high throughput and automation possibilities; and (iii) the 

performance, comprising the sensitivity, dynamic range, reproducibility and specificity of 

an immunoassay.  

Microfluidic devices deliver a significant number of advantages as compared to 

traditional bench-top assays. The small size of channels reduces considerably the 

volumes of solution used, and decreases the reaction times due to the shorter diffusion 

distances. Likewise, the density of channels that can be produced on a smaller area 

enables researchers to attain medium to high throughput with no additional costs in 

fabrication. The precise manipulation of solutions inside the microscopic channels also 

allows for a better control of the experimental conditions, which often contributes to 

increase the reproducibility between assays.  

Still, the reality in the field of microfluidic immunoassays is different. Some recurrent 

limitations remain, such as the difficulty to maintain a constant flow rate during and 

between assays, to mix solutions in a laminar flow regime, to control undesired surface 

effects (hydrophobicity and non-specific adsorption), as well as to connect the chip to 

external pumping instruments. More importantly, the main difficulty remains the 

integration of all elementary components into a fully functional platform. 

In definitive, there is no ideal platform for immunoassays. The three aspects listed 

above are often contradictory and some level of trade-off is almost always necessary. 

Consequently, each system must be defined by the balance achieved between user 

friendliness, cost-effectiveness, and the scientific performance required for a specific 

application.   

 

 

 

 



 

 4

Chapter 2 
2 Rationale and Objectives  

 

2.1 Rationale 

Sepsis is responsible for over 120 000 deaths each year in the United States.3 The main 

reason of such a high number of cases, even in the world’s best intensive care units, is the 

late diagnosis of the potentially lethal infection. Bacterial cultures can take days and 

physical symptoms only appear at an advanced state of the infection. Therefore, 

biochemical tools that can quickly diagnose sepsis and allow the doctors to give an 

appropriate and timely treatment are still an urgent need. Thanks to small sample 

volumes and short analyses times, microfluidic immunoassays are very good candidates 

for this type of application.  

 However, the timely diagnosis of sepsis is not an easy task to achieve. Ideally, several 

biomarkers, mainly small circulating proteins called cytokines, should be monitored at 

regular intervals of the order of an hour. Also, the concentration thresholds for these 

protein biomarkers are situated within the low-picomolar range and precise quantification 

is often an absolute necessity. These demands are very challenging in terms of scientific 

performance, and push the limits of even the current gold-standard of immunoassays, the 

ELISA test. Because of the stringent time and performance requirements, the large 

majority of microfluidic immunoassays described to date have failed to provide a 

platform adapted for such a challenging application. In this thesis, we propose a novel 

platform for microfluidic immunoassays, based on original concepts and designs, and 

demonstrate its potential for the diagnosis of sepsis. 
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2.2 Objectives 

The overall objective of this project is to develop a functional platform based on 

microfluidic technology adapted for fast and reliable point-of-care diagnosis based on the 

quantification of protein biomarkers.  

 

 

The detailed objectives are:  

 

1- Conceive a versatile platform for immunoassays with the following 

characteristics: 

 

a. Design a microfluidic chip that is simple and economical to fabricate.  

 

b. Maintain the versatility and ease of use, and the potential for automation 

and integration. 

 

c. Achieve low density parallelization adapted for point-of-care diagnosis 

while maintaining the possibility of further increasing the throughput. 

 

d. Equal or surpass the performance of standard bench-top immunoassays 

while decreasing the time and cost of analysis. 

 

2- Demonstrate the potential of the developed platform to perform a rapid and 

sensitive test for a relevant biomedical application such as the quantification of 

the cytokine TNF-alpha in the context of sepsis diagnosis.  
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Chapter 3 
3 Background Knowledge 

 

3.1 Principle of immunoassays 

By definition, immunoassays rely primarily on the binding properties of an antibody to its 

specific target, the antigen, in order to selectively extract it from a complex biological or 

environmental sample for analysis. In vivo, antibodies are the keystone proteins of the 

immune system, acting as the link between the recognition event and the effective phase 

of the immune response. For in vitro assays, their natural bipolarity is utilized to bind a 

molecule of interest, called the analyte, while attached to a solid substrate or coupled to a 

molecule providing a detectable signal. The structure of the subclass of antibodies most 

frequently used in immunoassays, the immunoglobulin of the G isotype (IgG), is divided 

into two main units: (i) the F(ab’)2 fragment, composed of two identical F(ab’), each 

terminated by a variable domain specific to a unique antigen and (ii) the Fc fragment, 

common to all antibodies produced in a same animal species. Each fragment is composed 

of two heavy and two light amino-acid chains, brought together by several disulfide 

linkages, hence forming the typical tertiary structure of IgG often represented as a “Y” 

shape.4 Depending on the extent of the selection process, one can distinguish polyclonal 

antibodies composed of an entire population of many different antibodies, or clones, 

purified from an animal serum and directed against a unique antigen. Also determined are 

monoclonal antibodies, which corresponds to only one specific clone purified from a 

polyclonal population. Polyclonal antibodies recognize the same analyte but bind to 

different sites with various specificities, whereas monoclonal antibodies are extremely 

uniform and selected for their well-characterized binding properties.   

The performance of an immunoassay is assessed on several parameters, namely the 

sensitivity, the specificity, the range of detection and the reproducibility. The sensitivity 

refers to the efficiency with which the signal can be discriminated from the background 

noise. More precisely, the sensitivity is calculated by running solutions of decreasing 

amounts of an analyte, plotting a standard curve of the signal with respect to the analyte 

concentration. The sensitivity then corresponds to the concentration value at three times 
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the standard deviation obtained from at least five repetitions of the negative control. The 

specificity represents the accuracy with which the signal can be discriminated from the 

background noise generated by non-specific adsorption or from false-positive signal 

created by the non-selective binding of a similar molecule on the antibody. The 

specificity can vary with many experimental factors, such as the type of buffer solution, 

the presence or absence of detergent, and the washing procedure. It also largely depends 

on the intrinsic specificity of the antibody-antigen couple. Both the sensitivity and 

specificity are usually improved by the use of monoclonal antibodies. The range of 

detection delimits a minimum and a maximum concentration between which the amount 

of the analyte can be correlated to variation in the measured signal. Frequently, only the 

linear portion is kept for quantification of the analyte. The intra- and the inter-assay 

reproducibility are expressed by their respective coefficients of variation (CV) as defined 

by the ratio of the standard deviation to the mean signal intensity at a given concentration 

of the analyte. 

    

3.1.1 Different formats of immunoassays  

Over the last 50 years, immunoassays have spread into many fields of research and 

industries. They have been customized in a variety of formats adapted to particular 

applications and experimental procedures. A first important distinction originates in the 

necessity to isolate the specific signal from the noise after the binding event has occurred. 

In some formats, referred to as homogeneous immunoassays, the method of detection 

does not require the separation of the immune-complex (the analyte bound to a detection 

molecule), from unbound detection molecules. This is the case for techniques such as 

fluorescence polarization5, fluorescence resonance energy transfer (FRET)6, capillary 

electrophoresis immunoassay7, and agglutination assay8. In other formats, described as 

heterogeneous immunoassays, the method of detection imposes the initial separation of 

the immune-complex from the unbound probes. The immune-complex is bound to a solid 

support, permitting the retention of the molecules of interest while the unbound entities 

are washed out of the system. The solid support can take the form of a polymeric surface, 

a membrane, a chromatographic resin or micro-sized beads. Heterogeneous assays, 

although longer and more complex to perform, are more versatile, more sensitive and 
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more specific. The use of a solid support however creates recurrent issues, in particular 

the necessity to bind the capture entity to the surface without loss of activity9,10 and to 

block (or passivate) the uncovered parts of the support against non-specific adsorption.  

In the heterogeneous format, competitive and non-competitive assays are available 

(Figure 3.1). In a competitive assay, the analyte in the test sample is measured by its 

ability to compete and remove a labelled antigen externally provided to the system. The 

detected signal is inversely proportional to the concentration of the analyte. Conversely, 

in a non-competitive assay, no external antigen is provided to the system. The analyte is 

bound on a free capture site and its concentration in the test sample is directly 

proportional to the intensity of the signal measured. Because the non-competitive format 

measures directly the quantity of bound analyte rather than estimating a difference 

between two large quantities, which potentially introduces large errors, this type of assay 

offers higher accuracy.11 The detection of small amounts of analyte in this case is 

however limited by the sensitivity of the detection device or the signalling label itself. 

Additionally, one-site and two-site assays can be performed. In a one-site 

immunoassay, only one specific antibody is necessary to capture the analyte. If the 

detection method requires it, all proteins in the sample can be non-specifically labelled 

prior to the start of the experiment. In a two-site or sandwich immunoassay, a pair of non-

overlapping antibodies (binding to two different sites of the analyte) is used. Typically, 

the first one is called the capture antibody; the second one is the detection antibody. The 

detection antibody can generate the signal directly, or it can be further recognized by a 

“generic” secondary labelled entity. This method permits to improve the sensitivity by 

increasing the number of labels corresponding to the capture of a single analyte. The use 

of a pair of antibodies, while more costly and not always available especially for small 

analyte molecules, also enhances the overall specificity of the assay. In this project, we 

have developed a heterogeneous non-competitive sandwich immunoassay, thus the 

following parts of this thesis will put more emphasis on this type of assay format.  
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Figure 3.1: Formats of heterogeneous immunoassays. The different molecules are 
pictured as follow: the black Y- and T-shapes represent the antibodies; the white square 
the analyte; the grey square the externally provided antigen and the star-shape the 
detection label.  
 

 

3.1.2 Different detection methodologies for immunoassays 

In the early days of immunoassays, radioactive-labelled proteins were often used in a 

simple one-site competitive approach (RIA) (Figure 3.2).12 For safety reasons, the labels 

of choice have shifted towards organic fluorescent molecules such as fluorescein (FITC), 

rhodamine or cyanine dyes (Cy3 and Cy5). These molecules offer high fluorescence 

intensities and narrow peaks at both the excitation and emission wavelengths. This 

translates into highly sensitive immuno-fluorescent assays (IF) with interesting 

multiplexing possibilities. More recently, organic fluorescent dyes tend to be replaced by 

nano-sized inorganic particles, called Quantum Dots (QD), which display even greater 

fluorescent intensity and better stability when exposed to light (no photo-bleaching).13 

QD are also characterized by a wide excitation wavelength and a narrow size-dependent 

emission wavelength. They have a great potential as labels for in-vitro immunoassays, 

even if toxicity issues have yet to be solved for in-vivo applications. In the recent years, 

direct measurement techniques such as surface plasmon resonance (SPR) or quartz 

crystal microbalance (QCM) have gained increasing interest. These methods do not 

require the use of external labels, therefore they exhibit simpler methodologies and 

shorter times of analysis.14 However these techniques have not yet reached equivalent 

Solid support 

(A) Competitive assay (B) Non-competitive 
one-site assay 

(C) Non-competitive 
sandwich assay 
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sensitivities as compared to fluorescent sandwich immunoassays and are less specific due 

to the use of only one antibody. The detection of low molecular weight analytes is made 

particularly difficult with these techniques as they are based on the sensing of a mass 

change.          

Simultaneous to the progress of fluorescent labels, enzymatic immunoassays (EIA) 

have been developed that often enhance the sensitivity of an assay by several orders of 

magnitude. Enzymes such as the horseradish peroxydase (HRP), the alkaline phosphatase 

(AP) or to a lesser extend, the β-galactosidase (β-GAL) and glucose oxydase (GO), are 

the most popular alternatives for this type of assays. The choice of the enzyme usually 

depends on the conditions under which the assay is performed, taking into account 

possible issues such as low stability at elevated temperatures or potential chemical 

inhibitions.15 Many different enzymatic substrates exist for colorimetric, fluorescent, 

electrochemical and bioluminescent detection.        

Among all possible formats, the Enzyme-Linked Immuno-Sorbent Assay (ELISA) 

remains the most sensitive and most versatile form of immunoassays. Typically, the 

ELISA is performed in a microwell plate, running in parallel up to 96 independent 

reactions or more with an automated system. The main advantage of this methodology 

rests in the enzymatic amplification of the signal, which provides an exceptionally high 

sensitivity. The detection antibody can be directly coupled with an enzyme or can be 

recognized by a secondary antibody (or coupled to a biotin-streptavidin system) carrying 

the enzyme. After the immune-complex has been formed, an enzymatic substrate is added 

to the wells, starting the reaction and steadily accumulating the colorimetric or 

fluorescent product. When the signal reaches the appropriate level, the reaction is stopped 

by the addition of a stopping buffer and the plate is read in a spectrophotometer or 

fluorometer. For decades, ELISA has been the most commonly used technique in 

research and medical laboratories, as well as in the biotechnology and pharmacology 

industries. Despite many benefits, this method is limited by the consumption of large 

volumes of costly reagents and precious samples, and by the requirement for several 

hour-long incubation times. 
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Figure 3.2: Methodologies for heterogeneous immunoassays. The different molecules 
are pictured as previously. The doted sinusoidal line represents the signal used in non-
labelled detection methods; the oval represents an enzyme.  
 

 

3.1.3 Current trends in immunoassays 

A major difficulty in protein assays arises from the absence of a technique, equivalent to 

the polymerase chain reaction (PCR) for DNA, which could amplify specifically a target 

analyte within a complex mixture of proteins. Instead, enhancement strategies for the 

detection of protein have to rely on the amplification of the signal rather than on the 

multiplication of the target, as it is the case in the ELISA. In this regard, a number of new 

labelling techniques have recently initiated the emergence of “ultra-sensitive” 

immunoassays.16 Some of these techniques utilize natural molecules, for instance 

fluorescent-loaded liposomes, DNA probes coupled to the detection antibody in a variety 

of derived protocols (immuno-PCR, proximity ligation assay or rolling circle 

amplification) or DNA probes for direct recognition (aptamers). Some other techniques 

take advantages of the recent advances in micro- and nano-technologies to implement 

bio-barcode assay, electrochemical assay with carbon nanotubes or Surface-Enhanced 

Raman Scattering of gold nano-particles. Some of these new techniques have been shown 

to provide a several fold increase in sensitivity compared to the corresponding ELISA. 

Moreover, the last decade has witnessed the exponential development of miniaturized 

assays, driven by the ever growing need for higher throughput and multiplexing. Derived 

from DNA technologies, protein microarrays can resolve several thousands of capture 

Solid support 
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probes on a very restricted area, to the point of testing a sample for the entire human 

proteome on a single chip. In the so-called planar microarray format, direct fluorescence 

is the most commonly used method of detection, although enzymatic amplification and 

label-free techniques have been implemented with success as well.17 Despite being an 

attractive tool for protein analysis, some issues remain in the preparation and the 

operation of protein microchips, such as (i) the difficulty of patterning uniform spots of a 

capture entity without loss of activity, (ii) the presence of a high number of proteins and 

antibodies in a same solution, increasing the occurrence of cross-talk and the appearance 

of false-positive signals, (iii) the high costs involved in the production of the antibody-

loaded chips, and (iv) the need for expensive scanners and software to handle the 

overwhelming process of data acquisition and analysis.    

To address some of these challenges, another type of protein microarray has been 

developed based on the use of functionalized microbeads. The bead-based microarray 

format offers several advantages over a planar chip, trading some of the multiplexing 

capabilities for a less complex procedure and lower associated costs. The number of 

analytes simultaneously measured is usually no more than a few tens. The use of 

microbeads however facilitates the attachment of the antibodies on chemically active 

surfaces and increases the total capture area in the entire sample volume.18-20 Yet, 

discriminating between the various analytes requires the encoding of the differentially 

functionalized beads. Typically achieved through fluorescence labelling, the current 

encoding strategies limit the multiplexing capabilities of the bead-based format, as the 

label must not interfere with the quantitative signal in flow cytometry.  

Lastly, the recent transfer of microfabrication procedures from the semi-conductor 

industry into biology laboratories has revolutionized the field of immunoassays. Due to 

this technological transfer, the development of microfluidic immunoassays has expanded 

tremendously within the last few years. The vast potential of these systems to provide 

biosensors and tools adapted for rapid and economical diagnostic applications is of 

particular interest. Microfluidic immunoassays being the main focus of this thesis, they 

will be discussed in more detail in the next chapter.  
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3.2 Principle of microfluidics 

The term microfluidics refers to the manipulation of liquids or gas at the micrometer 

scale. Inside microchannels, some forces become dominant that can be otherwise 

neglected in macrosize settings. The properties of microfluidic flow, fabrication 

techniques, and methods to generate and control the flow are explained in this section.  

 

3.2.1 Properties of microfluidic flow 

In general fluidics, the flow regime is characterized by the Reynolds number (Re), a non-

dimensional number that evaluates the relative influence of inertial forces to viscous 

forces. The Reynolds number is defined by: 

μ
ρυ hD

=Re  

where ρ [kg/m3] is the fluid density, υ [m/s] is the characteristic velocity of the fluid, μ 

[Ns/m2] is the fluid viscosity and Dh [m] is the hydraulic diameter. 

 

Because Re is directly dependent on the diameter (or section) of the fluidic path, low Re 

values are experienced in microfluidic channels, well below the transition from laminar 

to turbulent regime for internal flows at Re = 2300.21 As a result, the flow in microfluidic 

devices is almost always laminar. As opposed to the chaotic turbulent flow, laminar flow 

follows a predictable velocity pattern. One major consequence in microfluidic channels is 

that two streams following each other, or running next to each other, will not mix except 

through a slow process of diffusion.  

When considering a channel of a virtual radius rv, its surface area decreases with 1/rv
2 

while its volume drops with 1/rv
3. As a result, the surface-to-volume ratio is rapidly 

increased at microscopic values of rv, thus strongly amplifying surface effects.  

Among these effects, the fluidic resistance plays an important role in microfluidics. 

When a constant pressure difference ΔP is applied, the average flow rate Q can be 

defined as Q = ΔP / Rh, where Rh is the hydraulic resistance. This resistance mainly 

depends on the geometry of the channel and the viscosity of the solution. By solving the 

Navier-Stokes equation for a channel with a rectangular cross-section (as it is often the 

(1) 
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case in microfluidic devices), Rh can be described as (2). As a result, elongating the 

channel, or decreasing its width or height, significantly increases the fluidic resistance in 

microfluidic channels.  
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where L [m] is the channel length, w [m] is its width and h [m] its height.  

 

Surface tension is another force that becomes significant in microfluidics. This effect 

mostly depends on the nature of the solution and the material used for the fabrication of 

the microfluidic chip, and their mutual affinity. This affinity can be modified for instance 

by adding a surfactant in the solution or by treating the surface by chemical or physical 

means, impacting the resulting contact angle and in turn, the surface tension. In some 

cases, the high surface tension and the small size of microfluidic channels are sufficient 

for capillary effects to create a flow through the total length of the channel. 

Both the laminar flow regime and the high surface-to-volume ratio provide 

remarkable possibilities for the design of microfluidic devices and integrated 

functionalities. However, these two aspects of the flow in microchannels can be either 

advantageous or detrimental depending on the targeted application. Some of the related 

issues will be discussed in more details later in this section.    

 

3.2.2 Fabrication of microfluidic devices 

In the early days of microfluidics, fabrication techniques were essentially inspired from 

the microelectronic industry. Processes such as micromachining, photolithography 

followed by wet or dry etching, electroforming (LIGA) or electron beam lithography 

have been utilized for the production of microchannels in silicon or glass.22 These so-

called hard techniques however require the use of costly equipment and dedicated 

cleanroom facilities. Furthermore, microfluidic devices for biomedical applications are 

almost always disposable chips in order to avoid sample contamination. For this reason, 

(2) 
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these chips must be easily fabricated in large numbers and at low cost to be relevant for 

large-scale realistic applications.  

In recent years, soft fabrication techniques more adapted for this kind of applications 

have emerged. They allow for the rapid production of a large number of microfluidic 

devices at lower costs and with methods that can be exported out of the specialized 

cleanrooms. This new generation of microfluidic devices are predominantly fabricated in 

polymeric materials of different types. Hard thermoplastics, such as 

polymethylmethacrylate (PMMA), polycarbonate (PC), polystyrene (PS) or cyclic olefin 

copolymers (COC) can be thermoformed against a master mold by micro-embossing or 

injection molding. Because of the thermal and pressure constraints that are applied on the 

mold, the latter must be manufactured in a strong material using classical hard-

lithography techniques. Another soft technique, developed in the late 90s by G.M. 

Whitesides and collaborators has marked the beginning of a new era in the field of 

biomedical microfluidics. This method, called replica molding, enables the rapid 

prototyping of microfluidic devices by producing high fidelity replicates in elastomeric 

polydimethylsiloxane (PDMS) on standard Su-8 molds (Figure 3.3).23 Because of the 

simple fabrication method and some advantageous properties of PDMS, replica molding 

has become since the most favoured technique for the prototyping and testing of 

biomedical microdevices.24,25  

PDMS is optically transparent and displays very low background fluorescence in the 

green and red light spectra. It is also chemically resistant to strong acids and bases, stable 

at high temperatures, permeable to gas and biocompatible. Due to its elastomeric nature, 

PDMS conforms to relatively flat surfaces, hence achieving a water-tight bonding with 

another sheet of PDMS, glass or silicon. The bonding is reversible but can be made 

permanent by treating beforehand both surfaces with oxygen plasma. The connection of 

external pumping devices to the microfluidic channels is also facilitated by the soft 

elastomeric nature of PDMS. PDMS is an extremely hydrophobic material with a 

tendency to adsorb rapidly any sort of biological substance. Various treatments are 

available, which modify the surface properties of PDMS to make it hydrophilic, 

chemically functional, or resistant to non-specific adsorption. These surface treatments 
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and their limitations are of particular importance for microfluidic immunoassays, 

therefore they will be discussed with greater details in the next chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3: Rapid prototyping by replica molding of microfluidic channels in 
polydimethylsiloxane (PDMS). 
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3.2.3 Generation of a microfluidic flow 

The most straightforward method to generate a flow inside a microfluidic channel is to 

rely on capillarity.26 Due to the small section of a typical microfluidic channel, and its 

high surface-to-volume ratio, a solution with a high enough affinity for the substrate 

material can travel long distances driven by capillarity only. No bulky devices or external 

power sources are required. This method however depends largely on the contact angle 

formed between a solution and the substrate material, which can be only tuned to some 

extent. Also, relying on capillarity does not permit the real-time control of the flow rate 

inside microchannels. For these reasons, other methods have been developed, which 

provide more flexibility in the control of the flow.    

Pressure driven flow, for instance, uses a mechanical pump to generate a pressure 

difference at one end of a channel.27 The resulting movement of solution behaves as a 

Hagen-Poiseuille flow, displaying a parabolic shaped solution front with its greatest 

velocity at the center of the channel (Figure 3.4A). The flow can be generated either by 

applying a positive pressure at the entrance port, the inlet, in which case the pump is 

worked in infusion mode, or by applying a negative pressure at the exit port, the outlet, in 

withdrawal mode. Such pumps are precisely calibrated and can be used on a wide range 

of flow rates. However, working at a slow flow rate can become problematic because of 

the large fluidic resistance inside microchannels. Likewise, it is often necessary to 

proceed to the initial filling of the microchannel, also called priming, using a more affine 

solution in order to facilitate the subsequent flow and avoid the formation of air bubbles. 

Finally, tight connections have to be secured in order to avoid any pressure loss or 

leakage. This can often be cumbersome and challenging to achieve. Despite the 

inconvenience, this technique is relatively simple to setup and exhibits low dependency 

to the nature of the substrate and the solution. As a result, it is the most frequent approach 

used to this day in microfluidic immunoassay systems.  

Another common approach to generate a flow in microfluidic channels is electro-

osmotic flow (EOF).28-30 This technique relies on moving ions at the surface of the 

channel (Figure 3.4B). It requires that the inner surface of the channel be charged, either 

naturally or through a specific treatment, so that the counter-ions present in the solution 

migrate to the surface and form an electric double layer. When an electric field is applied 



 

 18

in the plan of the channel through electrodes placed in the inlets and outlets, the ions 

condensed at the surface move toward the complementary electrode, dragging along the 

solution. Unlike pressure driven flow, the solution front in EOF is flat with equal 

velocities at any positions of the channel cross-section. This phenomenon has been used 

for instance to create plugs of solution in capillary electrophoresis as it generates a non-

deformed smooth fluidic movement at very slow flow rates. However, the limitation in 

the choice of the substrate material and the necessary high voltage render this technique 

non-economical and non-safe. It also creates overheating that can be detrimental to 

biological species present in solution and induces bubble formation.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Two main approaches for the generation of a flow in a microfluidic 
channel. 
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Controlled evaporation, absorption-induced flow and gravity flow are examples of 

alternative methods that have been used to generate flow in conventional microfluidic 

devices.31 Some less conventional microfluidic designs take advantage of their inherent 

possibilities to generate a flow. CD-based microfluidics for instance uses centrifugal 

force,29,32,33 whereas digital microfluidics manipulates droplets of solution using electro-

wetting on dielectric (EWOD) or surface acoustic waves (SAW).  

 

3.2.4 Mixing in microfluidics 

One of the main characteristic of a microfluidic flow is its laminar behaviour. This 

singular property has been employed advantageously in a variety of applications, for 

instance in the separation of particles with the H-filter system or in the analysis of 

interactions at the interface between two adjacent solutions.34 Despite its potential 

usefulness, a constant laminar flow also creates unusual difficulties when it comes to 

induce rapid chemical or biological reactions. In this regime, the transfer of mass is 

governed strictly by diffusion without the presence of chaotic mixing. Although lateral 

distances are short in microfluidic channels, a long flow path is needed before significant 

interactions can occur though diffusion only.  

A first strategy to induce mixing inside microfluidic channels relies on designing 

passive mixers based exclusively on variations in the channel geometry (Figure 3.5A).35 

The simplest design consists in elongating the channel in a serpentine shape to increase 

the contact time between the two adjacent solutions. Other forms of passive mixers have 

been described, some in 2D, for instance by forcing the flow into secondary side 

channels,36 some in 3D, by adding grooves37,38 or 3D-serpentine channels.39 The main 

advantage of passive mixers is that they are integrated into the fluidic design, and that no 

additional manipulations are necessary to actuate the mixing over the total volume of the 

flowed solutions. The drawback is that they are static and thus require the solutions to be 

moving across the length of channel to be effective. 

For mixing stationary solutions, active mixers featuring moving elements placed 

inside the channel have been developed (Figure 3.5B). Several approaches have been 

designed using magnetic micro-particles, such as plugs of beads being moved in the axis 

of the flow by alternative electromagnets flanking the channel,40 lateral chains of 
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particles rotating around their base,41 and magnetic particles in CD-shake mode.32,42 In a 

more sophisticated approach, a micro-magnetic stir-bar has been fabricated as a part of a 

microfluidic channel and used both for propulsion and mixing of adjacent solutions.43  

Several alternative strategies have also been described, such as overlapping an 

electro-osmotic flow in the direction opposite to the main pressure-driven flow,44,45 or 

inserting gas bubbles, which can afterwards be vented downstream of the mixing 

area.46,47 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Examples of various strategies for mixing in microfluidic channels. 
 
 
 
 
3.2.5 Valving in microfluidics 
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manner through the engineering of valves. The ability to interrupt or direct the flow at 

strategic positions and times allows for the integration of functions such as injecting 

sequential solutions, switching the flow direction, isolating a particular section of a 

microfluidic network and opening or closing fluidic loops.  

Some valves are non-reversible and fabricated for single use only (Figure 3.6A). This 

is the case of Laplace valves based on the modulation of the capillary action. For 

instance, the abrupt expansion of a channel width and/or height can stop the capillary 

advancement of a solution. Applying an external pressure forces the liquid through the 

stoppage zone and subsequently resumes the flow.48,49 A local change in the surface 

wettability of the substrate material can produce a similar effect. Such a modification can 

be included in the fabrication process by chemically patterning hydrophobic zones on the 

substrate material, thus stopping the capillary flow without modifying the channel 

geometry.50 Although Laplace valves can be readily incorporated in a fluidic design, their 

functionality depends strongly on the geometry of the channel, the surface properties and 

the nature of the flowed solution. Another category of non-reversible valves utilize a plug 

of a disposable heterogeneous material such as paraffin51 or ferrowax,52 obstructing the 

channel, that can be subsequently melted to liberate the flow path.  

For more complex fluidic manipulations, it is often necessary for a valve to be 

reversibly actuated. Electrowetting-based valves, a variation of the chemically-modified 

Laplace valves, uses microfabricated electrodes in order to transiently increase the 

surface wettability at the surface of a fluidic channel.53 Similar to the use of paraffin, 

hydrogels with adapted shrinking and expanding properties have also been incorporated 

inside microfluidic channels (Figure 3.6B).54,55 A final kind of actuated valves employs 

vertical pressure to mechanically compress and close an underlying channel. The 

necessary pressure can be delivered by external apparatus such as actuated fingers56 or 

pneumatic valves,57 or manually through a system of screws as in the recently described 

TWIST valves.58  

Among the variety of actuated valves, another kind, the PDMS pressure valves 

developed by the team of S.R. Quake in Stanford University have been the most popular 

alternative implemented in recently reported microfluidic systems. Its success originates 

from the simple fabrication process using exclusively PDMS, and allowing the parallel 
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integration of a large number of these valves in a single procedure.59,60 PDMS pressure 

valves have been implemented for various applications (only one example of 

immunoassay), as well as used in series to create microfabricated mixers and pumps.61-67  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Examples of valves in microfluidic devices. 
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Chapter 4 
4 Microfluidic Immunoassays: State-of-the-art 

 

Over the past 10 years, an exponentially increasing number of microfluidic 

immunoassays have been described in the literature. While all systems are converging 

toward the fast, inexpensive, and sensitive detection of protein biomarkers, the most 

striking observation when first reviewing the field is the large variety of implemented 

formats, designs and methodologies.68-70  

Similar to bench-top immunoassays, two main formats can be identified. First are the 

homogeneous immunoassays, essentially composed of variations of the T-sensor and the 

capillary electrophoresis (CE) designs (Figure 4.1A). Second, heterogeneous 

immunoassays have been developed, comprising a majority of planar assays with 

functionalized channels as substrates, as well as a significant number of bead-based 

assays using either magnetic, polymer or glass beads (Figure 4.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Main formats and designs of microfluidic immunoassays. 
 

(A) Homogeneous IA: T-sensor® (left) and capillary electrophoresis (right) 

Sample 
stream 

Detection 
stream 

Diffusion zone 

1. 
Sampling 

2. 
Separating 

Functionalized channel 

(B) Heterogeneous IA: planar assay (left) and bead-based assay (right)  

Functionalized beads 
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Beyond the microfluidic design itself, other important aspects play a critical role in the 

conception of a microfluidic immunoassay platform. The first of these aspects is the 

chosen material for the fabrication of the microchannels. Evidently, the nature of the 

material has a direct impact on the procedures used to fabricate the microfluidic chip. 

Also, it determines the necessity and possibilities for surface treatments, and sets the 

range of thermal and optical spectrum within which the platform can be operated. The 

second aspect, closely related to the previous one, is the choice of the detection method.  

The first section of this chapter reviews the microfluidic immunoassays described in 

the literature, classified along their respective formats and methodologies. For each of 

these assays, the most critical characteristics are provided in the corresponding table. The 

second section analyses more specifically the materials and associated surface treatments, 

as well as implemented detection methods. Subsequently, the performances of the listed 

assays are discussed with regard to these two fundamental aspects. In the last section, 

three significant examples of fully-achieved platforms for microfluidic immunoassays are 

presented. 

 

4.1 Literature review of the field of microfluidic immunoassays 

In order to facilitate the analysis of such a diversified field, four tables are provided in 

this section classifying microfluidic immunoassays into different groups with respect to 

their format (homogeneous or heterogeneous planar/bead-based assay), and the 

methodology used for the generation of the signal (direct or through an enzymatic 

reaction). Table 4.1 presents the homogeneous and planar immunoassays with direct 

detection, table 4.2 the bead-based immunoassays with direct detection, table 4.3 the 

homogeneous and planar immunoassays with enzymatic detection, and finally table 4.4 

the bead-based immunoassays with enzymatic detection. For each one of the listed 

microfluidic immunoassays, the design, the channel material, the detection method, the 

sensitivity and dynamic range for a specific analyte, the assay time and the flow type are 

reported. 
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4.2 Analyses of the field of microfluidic immunoassays   

As an initial remark, it should be noted that a large number of systems published in the 

literature feature a single straight channel in order to establish a proof-of-concept of a 

specific aspect of the platform (fabrication procedure, technique for surface treatment or 

detection method for instance). Less than a quarter of the listed systems have so far 

proven capabilities for multiplexing or parallelization, although it is an essential 

requirement to achieve the precise quantification of biomarkers. This section analyses the 

information contained in the tables, with a particular emphasis on the materials, the 

surface treatments, and the detection methods implemented in microfluidic 

immunoassays.  

 
4.2.1 Materials and surface treatments 

As mentioned in section 3.2.1, one of the main physical properties of microfluidic 

channels is their high surface-to-volume ratio. For planar-based immunoassays, this 

characteristic is advantageous as it facilitates the immobilization of a large number of 

capture molecules on the surface, while the short diffusion distances accelerate the 

binding of the analyte. However, this same property of microchannels also implies that a 

non-optimally covered surface is prone to strong non-specific adsorption (NSA), 

potentially causing an elevated background noise. In particular, systems using a bead-

based approach must be carefully passivated against NSA on the full length of the 

microchannel. The treatments of glass and silicon channels are mostly achieved through 

the silanization of surface groups with chemically-active or protein-repellent molecules 

such as polyethylenoxide (PEO) or Polyethylenglycol (PEG). The treatments of plastics 

materials can vary greatly depending on the available functionalized groups at the surface 

of the material.  

For PDMS channels, the material used in the majority of the reviewed systems, many 

techniques have been developed. Active molecules or proteins are rapidly adsorbed on 

PDMS due to its highly native hydrophobic nature.108 The most frequent approach to 

prevent NSA on PDMS employs the direct absorption of large quantities of bovine serum 

albumin (BSA).109 This simple technique is however time-consuming as it must be 
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performed immediately prior to the realization of the assay. Moreover, the quality of the 

passivation displays high variations in efficacy from assay to assay. The addition of a 

surfactant such as Tween-20 helps to further reduce NSA by forming a protective film at 

the surface of the hydrophobic channel.110,111 Commonly, PDMS can also be treated by 

oxygen plasma prior to use to facilitate the fluidic flow and diminish NSA. The oxygen 

plasma treatment induces a dramatic change at the surface of PDMS, drastically changing 

the water contact angle from 110º to about 20º (Figure 4.2). However, hydrophobic 

recovery, a phenomenon specific to PDMS, causes important instability at the surface 

only a few minutes after the completion of the treatment. If left unprotected, the total 

reversion of the contact angle happens within only a few hours. Hydrophobic recovery is 

not yet fully understood, but it is partially explained by the migration of short non-

polymerized chains accumulating at the surface of PDMS from its bulk. This effect 

occurs through micro-cracks appearing in the very brittle glassy layer formed by the 

oxygen plasma treatment. The rate of recovery can be decelerated by permanently 

keeping the treated PDMS in an aqueous solution. Furthermore, the surface 

transformation of PDMS into a thin layer of silicon can be utilized for covalently 

attaching protein resistant groups such as PEG on the microchannel walls by 

silanization.112-114     

 

 

 

 

 

 

 

 
Figure 4.2: Contact angle of water on native and treated PDMS. (A) Untreated 
PDMS and (B) oxygen plasma treated PDMS.  
 

 

 

 

(A) (B) 
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Despite the relative efficacy of these two techniques, a large variety of surface 

modification methods have been developed in an attempt to increase PDMS resistance to 

NSA, and enhance its stability over a long period of time. A non-exhaustive list of these 

treatments includes the use of lipid bi-layers,79,115-117 polyelectrolyte layer-by-layer 

protective films,118-120 amphiphilic block copolymer,121,122 chemical vapour deposition,123-

125 atom-transfer radical polymerization,126 ultraviolet graft polymerization,127-129 and sol-

gel modification of PDMS.130 In the end, the multitude of these techniques mainly points 

to the present lack of a convenient, strong and stable method to achieve the efficient 

passivation of PDMS microchannels.   

 

4.2.2 Detection methods for microfluidic immunoassays 

The method of detection chosen for the development of a new immunoassay dictates 

many of the aspects of the future platform, from the channel design to the chip 

material.131 By analogy with bench-top immunoassays, and because of the diversity and 

sensitivity of commercially available labels and detection devices, fluorescence has been 

adopted in almost half of the listed systems. Both the detection of surface-bounded 

labelled antibodies (IF type)28,30,66,72,73,75,79,80,82,83,86,87,90,94 and fluorescent molecules in 

solution (ELISA type)95,96,104,132,133 have been achieved with the use of standard scanners, 

fluoro-spectrophotometers or fluorescence microscopes (Figure 4.3A). Many strategies 

have been described to miniaturize and integrate fluorescent detection in a lab-on-chip 

technology.32,134-139 Similarly, several enzymatic microfluidic immunoassays have 

incorporated chemiluminescent detection, despite the limited possibilities for 

multiplexing compared to fluorescence (Figure 4.3B).98,140 More optical-based methods 

have been developed using, for instance, gold nano-particles as labels for aggregation 

detection,78 thermal lens microscopy88,105 or silver reduction.74,89 Magnetic beads also 

have been employed with dark field microscopy85 or magnetophoretic detection,92,141 as 

well as latex microspheres combined with QD for targeted light scattering.93 Finally, 

microfluidic immunoassays employing non-labelled detection methods, in particular 

surface plasmon resonance (SPR), have also been reported.81,84,97  

 After fluorescence, electrochemistry is the second most used detection method in 

microfluidic immunoassays (Figure 4.3C). This technique benefits greatly from the size 
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reduction of the system.100,101,106,107,142-144 Among the main electrochemical techniques, 

voltammetry displays the most significant improvement in performance with the 

reduction of the electrodes into the low micrometer size range. At this scale, non-planar 

diffusion occurs, which enhances the collection efficiency of the electroactive species.145 

This effect is further improved by the physical proximity imposed by the small size of 

microchannels. Another advantage of electrochemistry is the convenient microfabrication 

processes similar to the ones used for the production of the microfluidic chip itself. 

Simple electrodes, or more advanced detection devices such as the interdigitated array 

electrode (IDA), can be mass-produced at low costs, conferring compactness and 

portability to the system. The decrease in current due to miniaturization however requires 

improved electronics and shielding materials in order to achieve stable and accurate 

measurements.  

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 
Figure 4.3: Most common methods for enzymatic detection in microfluidic 
immunoassays.  
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4.2.3 Performance of microfluidic immunoassays   

With regard to the sensitivity, which is the often the only performance data being 

reported, the most crucial objective is to reach the discriminating threshold related to a 

given application. If a biomarker is to be quantified for a medical diagnosis, the targeted 

sensitivity of the immunoassay depends on the concentration of the analyte present in a 

healthy individual relative to the symptomatic concentrations. These threshold 

concentrations can vary on several orders of magnitude given a particular analyte and 

application. As a comparison, standard bench-top ELISA routinely achieve low 

picomolar sensitivities (1-10 pM), which for an average protein of about 50 kDA, 

correspond to a concentration of 500 pg/mL. Among the 40 references listed in the tables, 

about only a quarter of microfluidic immunoassays have reported results in a similar 

range of sensitivity. Among them, 3 systems have reported sensitivities below 1 pM, in 

the fentomolar and even atomolar range. These assays however rely largely on their 

unique detection methods, namely dark field microscopy on magnetic microbeads,85 

magnetophoretic deviation92 and biobar-code coupled with silver staining.89 Their 

implementation in a full scale parallel system remains to be proven. The remaining 6 

platforms feature in majority direct fluorescent detection,66,72,76,94 with the exception of 2 

non-fluorescent enzymatic immunoassays, the first one coupled with SPR detection,97 the 

second with thermal lens microscopy.105 Interestingly, only 2 among the 6 lastly cited 

systems are made exclusively of PDMS.  

The average assay time to complete at least one test is about an hour. Most systems 

described in the literature feature only one channel, which gives an appreciation of the 

platform possibilities but avoid all complications that might arise from reaction 

parallelization. Multiplying the number of independent tests is however an inescapable 

requirement to achieve precise protein quantification, along with running the necessary 

controls. Direct detection tends to decrease the assay time as compared to enzymatic 

assays. About a quarter of the systems using direct detection achieved protein detection in 

15 minutes or less. Also, because only one binding step is required, homogeneous assays 

have the potential to be much faster than surface-based assays, displaying turn-over times 

of less than a minute.80 They are however generally significantly less sensitive and less 

specific than heterogeneous assays. 
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4.3 Significant examples of microfluidic immunoassay systems 

Three significant examples of particularly achieved system have been identified and are 

presented in this section: (i) the micromosaic immunoassay, originally developed by 

Delamarche’s team at IBM Zurich, (ii) the Gyros Bioaffy by Gyros AB and (iii) the 

Immunochip by Diagnoswiss SA.  

 

(i) The micromosaic immunoassay is one of the most attractive systems developed to 

date. This relatively simple approach consists in patterning straight lines of capture 

antibodies on a flat piece of untreated PDMS, using channels embedded in oxygen 

plasma treated PDMS. Because 3 walls of the channels are made hydrophilic, the 

solutions are flowed by capillary action only. After the washing and blocking steps are 

realized, another piece of PDMS with treated channels is placed perpendicularly to the 

patterned lines, and the samples and detection antibodies are successively flowed to 

complete the immune-complex formation. The signal generated by the labelled detection 

antibodies are then analyzed on a fluorescent scanner. This simple approach has led to the 

development of rapid, low-cost, user-friendly parallel immunoassays with moderate 

sensitivities.73,86  

Using this technique, Cesaro-Tadic et al. achieved the quantification of the cytokine 

TNF-alpha in cell culture medium with a detection limit of 20 pg/mL (1.14 pM) (Figure 

4.4).72 The range of quantification is about 2 to 3 orders of magnitude; the time of 

completion is less than an hour to perform 11 independent assays. However, in order to 

reach performances comparable to those of a bench-top ELISA, compromises had to be 

made in the fabrication procedures and the complexity of the assay protocol. Similar to 

the earlier systems, the capture antibodies were adsorbed on a flat block of PDMS. The 

microfluidic channels however were fabricated in glass, covered with a layer of gold and 

passivated with HS-PEG. Two of these chips had to be prepared and utilized for each 

micromosaic assay. Furthermore, the flow rates were tightly controlled through a system 

of capillary pumps and induced slow evaporation. Although the sensitivity has been 

drastically enhanced, these changes significantly increase the costs and complexity of the 

micromosaic assay. Additionally, several manual manipulations of the chip itself are 

required to complete the assay, potentially limiting the possibilities for automation.    
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Figure 4.4: Silicon-gold microfabricated chip for the highly sensitive quantification 
of TNF-alpha by a micromosaic immunoassay [Lab Chip, 2004, 4, 563-569] – 
Reproduced by permission of The Royal Society of Chemistry – http://dx.doi.org/10.1039/b610250f  
 

 

(ii) Commercialized by Gyros AB, the Gyrolab Bioaffy is another good example of a 

fully achieved platform for microfluidic immunoassay (Figure 4.5). Slightly more than 

100 assays can be completed simultaneously with low-picomolar sensitivity in less than 

an hour.76 The system is completely automated, with pre-loaded solutions and integrated 

self-metering capabilities. The channels are fabricated in a polymeric CD, which allows 

for the selective release of different solutions by gradually increasing the rotation velocity 

of the disk. The fluorescent detection is realized on-line by laser induced fluorescence 

incorporated in the quite large bench-top Gyrolab Workstation LIF.      

 

 

 

 

 

 

 

 

Figure 4.5: The Gyrolab Bioaffy® and the Gyrolab Workstation LIF®. 
(http://www.touchbriefings.com/pdf/890/PT04_gyros.pdf) 

http://dx.doi.org/10.1039/b610250f
http://www.touchbriefings.com/pdf/890/PT04_gyros.pdf
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(iii) Less sensitive but very attractive for its simplicity, the Immunochip developed in 

Rossier’s laboratory is another excellent example of a successfully integrated 

microfluidic immunoassay platform (Figure 4.6).99 This system exploits the advantages 

of electrochemical detection to realize 8 parallel assays in less than 10 minutes. All 

fluidic and detection components are integrated into a relatively small workstation, 

featuring independent peristaltic pumps, pressure valves and a heating element. The 

microfluidic chip itself takes the form of a pocket-sized cartridge. Based on the same 

detection technology, the so-called GRAVI-Chip is presently commercialized by 

Diagnoswiss SA. In the latter system, the fluidic workstation is replaced by on-chip 

functionalized magnetic beads and gravitational flow capabilities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: The Immunochip and its workstation. (A) Electrochemical immunochip 
for the realization of 8 parallel microfluidic immunoassays. (B) Immunochip workstation 
comprising a heating unit, integrated valves and peristaltic pumps and detector [Anal 
Bioanal Chem, 2007, 387, 267-275] – Reproduced by permission of Springer. 
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Chapter 5 
5 System Description and Originality 

 

5.1 System description 

Based on the analysis of the field of microfluidic immunoassays provided in the previous 

chapter, and the recurrent limitations observed in these systems, the platform described in 

this thesis was developed around 3 main axes:   

 

1- An original microfluidic design:  

The final design of the microfluidic chip was conceived to adapt the two novel concepts 

introduced in this thesis: the stop-flow and Dual Network systems. In a first iteration of 

the chip, the channel layout was adjusted to perform in stop-flow mode, rather than in 

continuous flow conditions. In stop-flow mode, the channels are quickly filled with a 

given solution before the flow is stopped. After a period of incubation, the next solution 

is injected, replacing the previous one without mixing due to the laminar flow. This 

method was expected to increase the potential analyte exploitation rate as the system 

shifts from a reaction limited regime to a transport limited regime (Figure 5.1). In this 

mode, the performance of the system is independent of the flow rate, allowing simple 

connection and pumping schemes. Additionally, the volume of solution used for the assay 

is defined by the volume of the channel itself, rather than by the volume of solution 

manually pipetted and flowed through the system. For these reasons, working in stop-

flow mode should contribute to increase the reproducibility between independent assays.  

Based on the initial layout, the concept of Dual Network system was later introduced. 

This novel concept relies on the physical separation of the immune complex formation 

phase and the enzymatic reaction phase into two distinct networks of channels. The 

independence of the two networks, ensured by PDMS pressure valves, permits the 

realization of the final immuno-detection step in an environment free of non-specifically 

adsorbed proteins. Through reducing the noise, this method was expected to increase the 

assay performance. Also, it removes the necessity of passivating channels before use, 

leading to the development of a faster, less expensive and less complex protocol. 
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Figure 5.1: Modeling of the analyte exploitation rate versus the flow rate in 
heterogeneous surface-based microfluidic immunoassays. Adapted from Zimmermann 
et al.109 

 

2- The multi-purpose use of magnetic microbeads: 

Microbeads have been used previously in microfluidic immunoassays. Most frequently, 

they serve as functionalized substrates to support the formation of the immune complex. 

Microbeads, both in conventional and microfluidic immunoassays, increase the active 

surface area and provide specific chemistries used to attach the capture entity with an 

adequate orientation and a preserved binding activity. A large amount of microbeads can 

be functionalized in advance and placed in long-term storage without significant loss of 

activity. This permits the system to be more versatile, with no functionalization necessary 

prior the beginning of an experiment, and also contributes to reducing the overall assay 

time and complexity. In other systems, non-functionalized microbeads have been used to 

induce mixing inside microfluidic channels.  

In this work, magnetic microbeads were utilized to achieve both purposes 

simultaneously. During the incubation periods in stop-flow mode, local depletion of the 

analyte might occur. To prevent this effect, the beads were magnetically displaced inside 

a limited portion of the fluidic channel, homogenizing the solution, while capturing the 

analyte molecules inside a well-defined volume. This technique was expected to 

accelerate the analyte exploitation rate in stop-flow mode. Additionally, the magnetic 

beads were also used in combination with the Dual Network design as vessels to transfer 

the newly formed immune-complexes into the yet unused reaction network.  
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3- The enzymatically amplified fluorescence signal: 

Fluorescent detection was implemented in order to achieve high quality measurements 

for protein quantification. To this date, fluorescence remains one of the most used 

detection method as it is highly sensitive and offers multiplexing and imaging 

possibilities. Besides, powerful devices such as microscopes and scanners are already in 

place in most laboratories, lowering the investments associated with the acquisition of a 

new technology. 

 The fluorescent signal was generated and amplified through an enzymatic reaction, 

accumulating the fluorescent molecules in a time-dependant manner. Simultaneous 

detection of parallel independent assays was achieved thanks to the adapted design at the 

detection site. The fluorescent signal intensities were measured away from the reactive 

beads in order to physically stop all parallel reactions at the same instant, and avoid 

scattering interferences or background noise induced by the bead’s polystyrene shell. 

 

5.2 System originality 

The design of stop-flow microfluidic ELISA with parallel fluorescent detection, the 

conception and implementation of the Dual Network system, and the multi-purpose use 

of magnetic microbeads are the principal aspects contributing to the originality of the 

present work. The Dual Network platform is fully functional and allows for every step of 

a protein quantification experiment to be completed on a single PDMS chip. In the 

remaining part of this thesis, the initial developments leading to the proof-of-concept for 

the Dual Network system are first presented. Second, the performance of the platform as 

characterized through the optimization of important assay parameters for the rapid 

quantification of TNF-alpha are described. By doing so, the use of the platform in 

research applications, as well as its potential for the fast and cost-effective diagnosis of 

sepsis were demonstrated. The original contribution of this work was recognized and 

published in three peer-reviewed articles presented in this thesis as chapters 6, 7 and 8.  
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Chapter 6 
6 Initial Microfluidic Design and Detection Method 

 

This first paper, published in Lab-on-a-Chip, established the initial microfluidic design 

adapted for the enzymatic generation and the simultaneous detection of the fluorescent 

signal of parallel assays in stop-flow mode. 

 Several technical elements were addressed, such as the shapes and sizes of the 

different portions of the microfluidic channels, the connection and pumping schemes, and 

the magnetic mixing strategy. A general protocol for the generation and the detection of 

the fluorescent signal was also established. 

 In this first iteration of the platform, only the enzymatic reaction and detection were 

performed on-chip. The first part of the assay, which consists in the formation of the 

immune-complexes on the functionalized magnetic beads, was realized off-chip in 

standard reaction tubes. This approach avoided completely the issue of elevated 

background noise caused by non-specific adsorption of proteins on the channel walls.          
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Reproduced by permission of The Royal Society of Chemistry - http://dx.doi.org/10.1039/b707883h  
 

 

Enzymatically-generated fluorescent detection in micro-
channels with internal magnetic mixing for the development of 

parallel microfluidic ELISA 
 

M. Herrmann,a T. Veresb and M. Tabriziana 

 
aBiomedical Engineering Department, McGill University 

bIndustrial Materials Institute, National Research Council of Canada 

 

6.1 Abstract 

The Enzyme-Linked Immuno-Sorbent Assay, or ELISA, is commonly utilized to quantify 

small concentrations of specific proteins for a large variety of purposes, ranging from 

medical diagnosis to environmental analysis and food safety. However, this technique 

requires large volumes of costly reagents and long incubation periods. The use of 

microfluidics permits one to specifically address these drawbacks by decreasing both the 

volume and the distance of diffusion inside the micro-channels. Existing microfluidic 

systems are limited by the necessary control of extremely low flow rates to provide 

sufficient time for the molecules to interact with each other by diffusion only. In this 

paper, we describe a new design of micro-channels for the realization of parallel ELISA 

in stop-flow conditions. Magnetic beads were used both as a solid phase to support the 

formation of the reactive immune complex and to achieve a magnetic mixing inside the 

channels. In order to test the detection procedure, the formation of the immune complex 

was performed off-chip before the reactive beads were injected into the reaction chamber. 

Anti-streptavidin antibodies were quantified with low picomolar sensitivity (0.1 – 6.7 

pM), a linear range of 2 orders of magnitude and good reproducibility. This work 

represents the first step toward a microfluidic platform for simple, highly effective and 

parallel microfluidic ELISA. 

http://dx.doi.org/10.1039/b707883h
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6.2 Introduction 

The sensitive detection of specific proteins is an important analysis for applications in 

biotechnology, biomedical diagnosis, food and environmental safety. Label-free methods, 

such as Surface Plasmon Resonance (SPR) or Quartz Crystal Microbalance (QCM), 

provide simple and real-time measurements, but they are yet limited by a lack of 

sensitivity.146 Alternatively, sandwich immunoassays allow the detection of a specific 

protein with greater sensitivity at the cost of a more complex procedure. In particular, the 

Enzyme-Linked Immuno-Sorbent Assay (ELISA), in which the enzymatic amplification 

of the signal greatly lowers the limit of detection, is the current standard for protein 

quantification. However, this method requires large volumes of reagents as well as long 

incubation times due to the high volume-to-surface ratio. The use of microfluidic to 

perform sandwich immunoassays permits one to specifically address these drawbacks. 

The low scale of these devices reduces the volumes and diffusion distances inside the 

micro-channels, therefore decreasing the duration of the successive incubation periods.   

Many microfluidic platforms have been described using various methods of detection 

such as indirect fluorescence,77,87,147,148 electro-chemistry100,102,143 or fluorescence 

generated through an enzymatic reaction.95,96,132,149 Fluorescence is a popular technique 

as it provides powerful detection tools, increasing sensitivity and gives the possibility of 

imaging numerous sites on a restricted area.73,150 Interestingly, optical fibers and diodes 

(LED) have been successfully incorporated in some microfluidic platforms in order to 

miniaturize and integrate the fluorescent detection device.136,137 To date, the highest 

sensitivity achieved in a microfluidic immunoassay has been reported for the 

quantification of the cytokine TNFα with a detection limit of 20 pg/mL (1.14 pM).72  

This system is however restricted by the number of necessary manipulations and the 

requirement for sophisticated equipments, which increase the complexity and the cost of 

the assay. Moreover, it has been demonstrated that one of the main challenges to perform 

highly sensitive microfluidic immunoassays is related to the fine tuning of the flow 

velocity.151 When the flow velocity is high, the kinetic of capture of the analyte is 

reaction-limited. In this regime, the exploitation of the analyte present in the solution is 

only about 5%. Conversely, when the flow velocity is extremely slow, or even stopped, 

the analyte exploitation reaches values up to 90%. The regime is then transport-limited as 
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the incubation time required to attain such high exploitation rates is extended due to the 

absence of mixing.     

Micro-beads have been used for more than a decade in immunoassays as a means of 

concentrating specific molecules and of increasing the available surface area supporting 

the formation of the immune complex.88,104,152 In particular, paramagnetic micro-beads 

can be easily manipulated by applying variable magnetic fields with permanent magnets 

or electromagnets. Magnetic beads are for instance commonly utilized in macroscopic 

automated system such as the immunoassay analyzer Elecsys.153 In microfluidic systems, 

they have been employed to capture specific molecules154-160 as well as to produce 

mixing inside micro-channels or microfluidic chambers.40,42  

Based on these observations, we designed a system to perform microfluidic ELISA in 

stop-flow rather than in continuous flow conditions. In stop-flow conditions, the channel 

is first rapidly filled with the desired solution. The flow is then stopped for a defined 

incubation period. This approach has two major advantages, (i) the volume of solution in 

the system is precisely defined by the volume of the channel, thus avoiding imprecision 

due to pipetting and (ii) the assay is not limited by the complex control of extremely low 

flow rates. The outcome of the assay is hence not dependent on the flow rate but only on 

the incubation time corresponding to the stop period. The issue of transport limitation is 

circumvented by using magnetic micro-beads both as a solid phase to support the 

formation of the immune complex and as a means to create an internal mixing. 

This paper is divided in two parts. First, an original microfluidic design to perform 

parallel ELISA in stop-flow conditions is described. Then, the enzymatic amplification 

and detection of the fluorescent signal was tested on-chip following the off-chip 

formation of the immune complex. Rapid prototyping in PDMS, manipulation of 

magnetic beads and epifluorescence microscopy have been combined in order to achieve 

the detection and quantification of anti-streptavidin antibodies. 
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6.3 Material and methods 

6.3.1 Fabrication method 

Micro-channels were molded in Poly(dimethylsiloxane) (PDMS) (Dow Corning, MI) by 

the technique of replica modeling. A negative photo-resist (SU-8 2035, MicroChem, MA) 

was spin-coated on to a silicon wafer to achieve a homogenous layer of 50 μm. The 

patterns were exposed with UV-light (I-liner, 365nm) through a high-definition 

transparent mask and then developed to obtain a negative master of the channel network. 

PDMS was prepared by mixing the elastomer and the curing solutions in a 10:1 ratio and 

baked in an oven at 80°C for 2 hours or more. The PDMS was then pealed off the wafer 

and the connection holes were pierced before assembling.  

 Both the PDMS block and a 5 cm x 7.5 cm glass slide were cleaned and carefully 

dried under a nitrogen flow before they were brought into contact to form a tight 

waterproof reversible bond. The platform was then placed onto the homemade 

trapping/mixing device. The channels were primed with ethanol to prevent the formation 

of air bubbles and then connected to a syringe pump (Model 210, Lomir biomedical, NY) 

via a single outlet. The fluidic tests were carried out with a buffer solution mixed with a 

red food dye for visualization. 

 

6.3.2 Bead preparation and formation of the immune-complex 

Phosphate Buffer Saline (PBS), Trizma Base (TRIS), Tween-20, glycine and Bovine 

Serum Albumin (BSA) were obtained from Sigma-Aldrich (Oakville, ON). Magnesium 

chloride was purchased from ACP Chemicals (Montreal, QC).  

The desired amount of streptavidin-coated beads (Dynabeads® MyOneTM 

Streptavidin, Dynal Biotech, NY) was diluted 10 times in PBS 0.05% Tween-20 (PBS-

T). The beads were washed 3 times in PBS-T and separated into different eppendorf 

tubes. They were then incubated for 30 minutes with the anti-streptavidin IgG (Rockland 

Immunochemicals, PA) diluted at the appropriate concentration in a solution of PBS 1% 

BSA, under constant mixing. A volume of 10 μL of the protein solution per μL of beads 

was used (equivalent to 1 assay). Following the incubation, the beads were washed 3 

times in PBS-T. They were then incubated another 30 minutes in a 1 µg.mL-1 solution of 
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anti-rabbit IgG coupled with Alkaline Phosphatase (AP) (Rockland Immunochemicals, 

PA) diluted in PBS 1% BSA. Finally, the beads were washed 3 times and kept in PBS-T 

at 4°C until use.    

 

6.3.3 Procedure for on-chip signal generation and enzymatic amplification 

The channels were rinsed twice with 10 µL of PBS-T. The remaining solutions trapped at 

the bottom of each inlet were rapidly withdrawn with a pipette between each run to avoid 

cross-contamination of the sequentially injected solutions inside the inlets. The beads 

were then injected into the channel and trapped by an external rare earth magnet in the 

reaction chamber, forming a loose bed that can be moved by displacing the magnet back 

and forth along the direction of the channel. The beads were washed twice with 10 µL of 

TRIS buffer pH = 9, 10 mM MgCl2, 10 mM Glycine (TRIS). The solution containing the 

enzymatic substrate, namely 20 µM Fluorescein Di-Phosphate (FDP) (Biotum, CA) in 

TRIS, was subsequently flowed into the channels and incubated for 5 minutes with 30 

seconds mixing every minute. 

 

6.3.4 Detection method and data processing 

An inverted microscope (TE2000-U, Nikon), a stereoscopic zoom microscope 

(SMZ1500, Nikon) and a digital camera (DXM1200F, Nikon) operated with the ACT-1 

software were used to acquire pictures of the channels. For fluorescence imaging, the 

microscope is equipped with a high pressure mercury lamp (C-SHG1, Nikon) and with 

the appropriate set of filters for fluorescein (FITC) excitation and emission wavelengths. 

The intensity of fluorescence in each channel was measured with ImageJ (software for 

image processing and analysis in Java) over the total section of the captured channel 

(100x magnifications). All data were normalized by subtracting the intensity obtained in 

the negative control.      
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6.4 Results and discussion 

6.4.1 Microfluidic design 

Employing the technique of replica molding,23 the network of 3 walled micro-channels 

was fabricated in PDMS. After cleaning and drying, the PDMS block was placed on the 

surface of a microscope glass slide, closing the channels and creating a reversible 

watertight seal. The original design of the system enables the simple parallelization of 

individual ELISA on a single chip. Fig. 6.1 presents a photograph of the entire platform, 

along with close-ups at various strategic locations. The system comprises eight 

independent micro-channels for the realization of parallel simultaneous measurements 

with identical experimental conditions. Each channel is composed of 3 different sections: 

(a) an independent inlet linked to a wide channel acting as a diffusion barrier, (b) a 

reaction chamber where the generation of the signal and the magnetic mixing are 

realized, and (c) a smaller channel where the intensity of the fluorescent signal is 

measured before the solution is discarded via the single outlet of the system. 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: PDMS chip for the realization of simultaneous microfluidic ELISA: (a) 
individual channel with a cross-section of 200 x 50 µm acting as a diffusion barrier; (b) 
reaction chamber with dimensions of 6 mm x 2 mm x 50 µm (L x W x H); (c) network of 
channels with a cross-section of 50 x 50 µm referred as the detection area; (d) gathering 
of the independent channels; (e) merging of the channels into a unique outlet channel 
connected to a syringe pump in withdrawal mode. 
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Section (a), linking the inlet to the reaction chamber, is formed by a rectangular segment 

of 200 μm in width and 50 μm in height. Its relatively large dimension slows down the 

diffusion of liquid from the inlet into the rest of the system when the flow is stopped, thus 

acting as a diffusion barrier between the sequentially injected solutions. In addition, it 

allows for a better lateral distribution of the beads and the various solutions, which flow 

through the gradual opening into the wider reaction chamber. 

Section (b), or reaction chamber, is 2 mm wide, 6 mm long and 50 μm high. These 

dimensions keep the fluid regime in the laminar domain, where solutions injected 

sequentially follow each other with only minimal mixing at the interface. The reaction 

chamber is terminated with two symmetrical cone-shaped ends, opening and closing over 

a 2 mm long path. The gradual change of width leads the solutions from and to the 

narrower channels with no apparent dead-volumes or liquid retention in the corners. The 

reaction chamber defines a volume of 600 nL, which has been demonstrated to be 

suitable in achieving the highly sensitive detection of TNF-alpha in a dendritic cell 

culture medium.72 The larger dimension of the chamber also contributes to decrease the 

linear flow velocity, thus reduces the hydrodynamic forces that are applied on the beads. 

As a result, the magnetic force necessary to capture and hold the beads at the desired 

location is also diminished.  

However, as the flow is laminar within the entire system, turbulent mixing does not 

spontaneously occur inside the micro-channels. Additionally, when working in stop-flow 

conditions, fresh solution is not continuously transported toward the capture area. As a 

result, it is necessary to actively produce an internal mixing in order to promote binding 

events of complementary proteins, increase enzymatic substrate availability and 

homogenize the generated fluorescent signal. For our microfluidic platform, a prototype 

device was fabricated in order to efficiently trap and manipulate the magnetic beads 

inside the micro-channels. The microfluidic chip is placed on the top of the device, 

bringing the external rare earth magnet in close contact with the bottom of the glass slide 

used to seal the channels. The magnet can be manually displaced from one end of the 

reaction chamber to the other entraining the beads along in its course. The displacement 

of the external magnet moves the beads in a synchronized way, causing the fluid to 

circulate around them and mixing the surrounding solution. With about 106 beads of 1 
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μm in diameter trapped in the chamber (equivalent of 1 μL of Dynabeads concentrated 

solution), only a few seconds were necessary to initiate the mixing, and moving the 

magnet for less than 2 minutes was enough time to ensure the good homogeneity of the 

solution in the entire reaction chamber (Fig. 6.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Magnetic mixing inside the reaction chamber: (a) about 106 beads of 1 μm 
in diameter are injected and trapped by an external permanent magnet. The reaction 
chamber is half-filled with a solution of red-food dye and left aside for 1 minute to ensure 
that the colored solution is not advancing anymore; mixing of the solution after (b) 5 
seconds (c) 30 seconds (d) 60 seconds (e) 90 seconds (f) 120 seconds. 
 

 

Section (c), or detection area, corresponds to the portion of the system where the eight 

independent 50 µm wide channels gather (section (d)) to form a network with a 100 μm 

pitch. The total width of the detection area is about 750 μm, which allows the 

simultaneous observation and acquisition of the signal from all channels in one single 

shot. At the end of the detection area, the channels merged into one larger channel 

leading to the single outlet connected to a syringe pump in withdrawal mode (section (e)). 

This particular design necessitates the utilization of only one source of vacuum, 

simultaneously driving the solution into multiple channels, thereby facilitating the 

parallelization and the synchronization of individual reactions.  
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6.4.2 Fluorescent signal generation and detection 

In order to demonstrate the efficiency of the microfluidic platform for protein 

quantification, a generic detection scheme has been utilized that can be adapted for 

potentially any desired applications. In addition, the chip does not require that it be pre-

coated with either capture proteins or antibodies, thus it can be used for a specific 

application without the need for any further modifications. The analytical concept of the 

system is described in Fig. 6.3. Paramagnetic beads of 1 μm in diameter, coated with a 

layer of streptavidin, were used as a support for the formation of the immune complex. In 

that experiment, streptavidin was not used for its affinity for biotynilated molecules, but 

rather as a target protein to be recognized by anti-streptavidin polyclonal antibodies. The 

streptavidin-coated beads were first incubated with various concentrations of anti-

streptavidin antibody, followed by a solution of secondary antibody coupled with alkaline 

phosphatase (AP). The enzymatic substrate Fluorescein-diphosphate (FDP) was 

subsequently used to generate the fluorescent signal. FDP is a very efficient fluorogenic 

enzymatic substrate for alkaline phosphatase, which has been previously utilized both for 

enzymatic assays and ELISA.161,162 The enzymatic reaction generates fluorescein, a 

strongly green fluorescent molecule, through the hydrolysis of the two phosphate groups 

of the colorless and non-fluorescent fluorescein-diphosphate.  

 

 

 

 

 

 

 

 

Figure 6.3: Analytical concept for the quantification of anti-streptavidin antibodies: 
the formation of the immune complex is performed off-chip by incubating the 
streptavidin-coated micro-beads first with rabbit anti-streptavidin antibodies and then 
with 1 μg.mL-1 of secondary anti-rabbit antibodies coupled with Alkaline Phosphatase. 
The beads are then injected into the micro-channels and both signal generation and 
detection are performed on-chip. 
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Figure 6.4: Schematic presentation of the procedure for the on-chip generation of 
fluorescein and signal detection in the downstream channels: (a) filling and washing 
with PBS-T; (b) injection of about 106 beads, trapping in the reaction-chamber and 
washing with PBS-T and TRIS buffer; (c) introduction of the substrate solution (20 μM 
FDP in TRIS buffer), 5 minutes incubation with (d) alternate magnetic mixing and (e) 
detection. The total procedure takes about 10 minutes to be completed. 
 
 

As the beads aggregate to form a loose bed, the reactive surface with the AP-coupled-

antibodies becomes extremely concentrated and localized into the reaction chamber (Fig. 

6.4). The reaction then occurs very rapidly around the bead bed but the rest of the 

enzymatic substrate solution is left unreacted. Moving the beads and mixing the solution 

thus improve the substrate availability and the resulting signal homogeneity. The 

transformation of FDP into fluorescein is processed at a steady rate into the reaction 

chamber, yielding to a final fluorescent intensity which depends both on the duration of 

the incubation period and the number of immobilized enzymes. As a result, when the 

incubation period is fixed, the intensity of the fluorescent signal is only dependent on the 

number of immobilized enzymes, which itself is directly proportional to the quantity of 

anti-streptavidin antibodies bound on the surface of the streptavidin-coated beads. After 5 

minutes of incubation and alternate mixing, the reacted solution is simply driven away 

from the magnetic beads, physically stopping all reactions at the same time, and giving a 

precise control over the duration of the multiple individual enzymatic reactions. The 

relatively large volume of the reaction chamber permits the downstream detection 

channel to be entirely filled up without the need for an extremely precise control of the 

flow.  

 Figure 6.5 shows the fluorescent image obtained for multiple reactions performed in 

parallel on a single chip. No beads were introduced in the first and last channels. They 
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served as controls to ensure that the solution of FDP did not exhibit auto-fluorescence 

due to deterioration of the substrate molecule during the storage period. From the top to 

the bottom, the second channel corresponds to the negative control where beads have 

been incubated with the secondary AP-antibody only. The weak signal obtained in this 

channel represents the background signal due to the unspecific binding of AP-coupled 

antibodies to the streptavidin-coated beads. Channels 3 to 7 correspond to increasing 

concentrations of anti-streptavidin antibodies, ranging from 12.5 pg.mL-1 (0.1 pM) to 1 

ng.mL-1 (6.7 pM). The same experiment was repeated 3 times and a standard curve for 

the quantification of anti-streptavidin antibodies was plotted. The linear range of 

quantification for this model was approximately of 2 orders of magnitude (R2 = 0.987). 

The low picomolar sensitivity showed promising potential with regards to the 

performance of the optimized immunoassay for TNF-alpha (1.14 pM).72 A 3 to 4 folds 

increase in sensitivity was observed with systems using indirect fluorescence (1 nM).77 

The sensitivity was also enhanced by at least a factor of 10 when compared to previously 

described microfluidic ELISA (17 pM to 31 nM).95,96,132 The standard deviations varied 

from 3% to 15% of the highest fluorescent intensity. The inter-assay coefficient of 

variation, which is defined by the ratio between the standard deviation and the mean 

fluorescence intensity, was about 15% for concentrations above 500 pg.mL-1 (3.3 pM). 

Similarly, Fig. 6.6 displays a fluorescent picture where all channels, except for the 

negative control in channel 3, were filled with beads incubated with a solution of 500 

pg.mL-1 of anti-streptavidin antibodies. The measured intra-assay coefficient of variation 

was 15.1%. Both inter- and intra-assay variability were comparable to those recently 

obtained by Honda et al. using indirect fluorescence on a compact disk-shaped 

microfluidic device.163 Additionally, the automation of the assay procedure is currently 

under development, which is expected to further reduce the variability of the system.  

Employing streptavidin-coated micro-beads as the solid phase, the formation of the 

immune complex was realized off-chip. With this method, the issue of non-specific 

adsorption of proteins on the channel walls has been circumvented, thus largely 

eliminating the potential background noise for the enzymatic reaction that can cause a 

damageable loss in sensitivity.  
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Figure 6.5 (left): Standard curve for the quantification of anti-streptavidin 
antibodies: (a) fluorescent imaging of the downstream channels after 5 minutes 
incubation with concentrations of anti-streptavidin antibodies varying from 12.5 pg.mL-1 
to 1000 pg.mL-1 (100x); (b) linear range of quantification for anti-streptavidin antibodies. 
The averages and error bars were calculated from 3 independent assays. 
 
 
Figure 6.6 (right): Determination of the intra-assay coefficient of variation: all 
channels were filled with beads previously incubated with a solution of 500 pg.mL-1 anti-
streptavidin antibodies and secondary AP-coupled antibodies, except for channel 3 where 
the beads were incubated with the secondary antibody only. The average fluorescent 
intensity after normalization was 56.3 a.u., the associated standard deviation was 8.5 a.u., 
which represented a coefficient of variation of 15.1%.  
 

 

 

 



 

 52

However, this approach slightly increases the quantity of reagents used, as sub-microliter 

volumes are not conveniently manipulated outside the chip. The overall duration of the 

assay is also augmented. Therefore, current efforts are focused on the realization of the 

entire assay on-chip, including the formation of the immune complex. This next stage of 

development has been so far limited by the difficulty of obtaining effectively passivated 

surfaces to avoid random adsorption of proteins on the channel walls.108,114 

 

6.5 Conclusion 

As a first step toward a microfluidic platform for parallel ELISA in stop-flow conditions, 

we have developed a system featuring micro-channels molded in PDMS, manipulation of 

paramagnetic micro-beads and fluorescence detection. The original microfluidic design 

enables one to conveniently work in stop-flow conditions. The magnetic beads are used 

both as a solid phase to support the formation of the reactive immune complex and as a 

means to produce an internal mixing of the solution. In order to test the amplification and 

detection of the signal inside the microfluidic system, the formation of the immune 

complex was performed off-chip before the reactive beads were injected into the reaction 

chamber. A standard curve for the quantification of anti-streptavidin antibodies was 

realized, exhibiting low picomolar sensitivity, a dynamic range of quantification of 2 

orders of magnitude, and inter- and intra- coefficients of variation of about 15%. Current 

developments include the optimization of the fluidic network, the automation of the 

magnetic mixing and the treatment of internal surfaces to proceed to the on-chip 

formation of the immune complex, as well as the quantification of bio-medically relevant 

proteins.164 Finally, we believe that the design of the system could allow further 

integration into a portable biosensor using a miniaturized pump and electromagnets.  
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Chapter 7 
7 The Dual Network System: Proof-of-concept 

 

This second paper, also published in Lab-on-a-Chip, followed up on the previous article 

by describing a means to realize the immune-complex formation on-chip in addition to 

the generation and the detection of the signal. The entire immunoassay was performed on 

a single chip, using two interdigitated networks of channels similar to the one developed 

initially. It is therefore referred to as the Dual Network system. This original method was 

hereby proved to replace efficiently common physical or chemical treatments used to 

block non-specific adsorption on PDMS in the presented immunoassay. 

 With the development of the Dual Network chip, the microfluidic design had to be 

adjusted, in particular the size and position of the fluidic bridges linking the two 

networks. Certain challenges related to the fabrication and the operation of the pressure 

valves had to be overcome.  

 A specific chip-holder was conceived in order to align the chip on the moving 

magnets and to secure the tight connection to the valves. A computer-controlled mixing 

device was also developed in order to provide more freedom and precision for the 

manipulations of the magnetic beads. The latter was especially necessary for achieving 

the bead transfer between the two networks of channels prior to the enzymatic reaction 

phase. This paper establishes the proof-of-concept of the finalized prototype of the Dual 

Network platform.   
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7.1 Abstract 

Achieving efficient passivation of micro-channels against non-specific adsorption of 

biomolecules is a critical aspect of the development of microfluidic ELISA systems. 

Usual surface treatments such as pre-coating of the channels with serum albumin, 

exposure to oxygen plasma, poly-ethylene glycol grafting however exhibit a lack of long-

term stability, with procedures that can be time-consuming, complex or associated with 

costly materials and instruments. In this paper, we present a new fluidic design combined 

with an original strategy of manipulating magnetic beads in order to reduce assay noise in 

bead-based microfluidic ELISA without the need for prior channel pre-treatment. The 

novelty of the system relies on the physical separation of the immune complex formation 

phase and the enzymatic reaction phase into two independent networks of channels. 

These networks are linked by fluidic bridges, whose openings are controlled by pressure 

valves, and through which the beads are magnetically transferred. A standard curve for 

the quantification of a model antibody was obtained within 30 minutes. A detection limit 

of 100 pg.mL-1 (660 fM) and good linearity of the signal up to 4 ng.mL-1 were observed. 

 

http://dx.doi.org/10.1039/b516031f
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7.2 Introduction 

For more than a decade, microfluidics has been employed to adapt standard bench-work 

bioassays into time- and cost-effective devices. As a result, techniques such as 

immunoassays are being increasingly used in clinical diagnostics, food safety and 

environmental applications.74,92,99,165 In particular, various platforms for the realization of 

microfluidic Enzyme-Linked Immuno-Sorbent Assay (ELISA) have been proposed in an 

effort to reduce the use of large volumes of expensive reagents and hour-long incubation 

periods, whilst preserving the specificity and the sensitivity of the original assay.68  

 In conjunction with improvement in design and functionality, an important part of the 

development of microfluidic-based systems has focused on creating bio-functional 

surfaces and, alternatively, on finding means to efficiently passivate microchannels 

against non-specific adsorption (NSA) of biomolecules. The latter is especially critical in 

microfluidic ELISA systems, as the large surface-to-volume ratio greatly amplifies the 

undesired surface effects that generate noise and lower sensitivity. Many research groups 

have investigated chemical surface modifications of various polymeric materials to limit 

the effects of NSA.166-172 In particular, surface modifications of poly(dimethylsiloxane) 

(PDMS) have been extensively explored as it is currently the preferred polymer for 

biochip fabrication.79,108,119,121,124,173-176 Despite many advantages, PDMS is notorious for 

its high native hydrophobicity and its tendency to rapidly adsorb biological materials.177 

Usual surface treatments such as pre-coating of the channels with serum albumin, 

exposure to oxygen plasma and poly-ethylene glycol grafting lack long-term stability, 

and require procedures that are often time-consuming, complex or associated with costly 

materials and instruments. 

 In a previous publication, we proposed an innovative concept of stop-flow 

microfluidic ELISA in which functionalized magnetic beads were used both as a solid-

support to sustain the reactive immune complex formation and as a mean to increase 

mixing of the surrounding solution during incubation steps.133 In order to establish the 

fluidic design and protocol for the enzymatic amplification and fluorescent detection, the 

reactive immune complex was formed off-chip at the surface of the beads, before the 

reactive beads were injected inside the microfluidic system. With this method, the 

enzymatic reaction occurred in unused protein-free channels thus considerably limiting 



 

 56

the assay noise. The necessity to passivate the PDMS chip was then avoided, which 

represented a substantial reduction in both the time and the complexity of the assay. 

 In this paper, we describe the next generation of the system, which combines an 

original fluidic design and the manipulation of magnetic beads to reduce the noise in 

bead-based microfluidic immunoassays and realize microfluidic ELISA entirely on-chip, 

without prior channel passivation. This new approach relies on the physical separation of 

the immune complex formation phase and the enzymatic reaction phase. Two 

independent networks of channels are used (dual networks), linked by fluidic bridges 

through which the beads are magnetically transferred. Pressure valves embedded in bi-

layered PDMS59 have been engineered which seal the fluidic bridges when pressure is 

applied, thus ensuring the complete isolation of the networks and avoiding 

contamination. Using this new fluidic design and an adapted protocol, a standard curve 

for the quantification of a model antibody was obtained within 30 minutes. A detection 

limit of 100 pg.mL-1 (660 fM) and good linearity up to a concentration of 4 ng.mL-1 were 

observed. 

 

7.3 Material and methods 

7.3.1 Fabrication of the bi-layer PDMS microfluidic ELISA chip  

The master for the control layer was fabricated by standard SU-8 photo-lithography. SU-

8 1070 photo-resist (Microchem, Newton, MA) was spin-coated on a silicon wafer to 

achieve a homogenous layer of 40 μm. The patterns were exposed through a high-

definition transparent mask (Fineline Imaging, Colorado Springs, CO) with UV-light and 

developed, resulting in channels with rectangular cross-sections. The features on the 

control mask were designed at a 101.6% ratio of the desired dimensions to compensate 

for the shrinkage of PDMS before alignment. For the fabrication of the master 

corresponding to the fluidic level, a similar method was applied to construct the two 

networks of channels. The fluidic bridges were fabricated using AZ 50xt positive resist 

(AZ Electronic Materials, Branchburg, NJ) and aligned on an aligner EVG 6200 (EV 

Group, Schaerding, Austria). After development, the master was treated with 

Trichloro(1H,1H,2H,2H-perfluorooctyl)-silane (Sigma-Aldrich, St. Louis, MO) to obtain 
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a hydrophobic surface and facilitate the release of cured PDMS. The surface treatment 

was followed by reflow of the positive resist for 10 minutes at 120°C resulting in fluidic 

bridges with semi-circular cross-sections. 

 The two layers of PDMS Sylgard184 (Dow Corning, Midland, MI) were cured 

separately on their respective masters as established by Quake et al.59 For the control 

layer, PDMS 5:1 (elastomer base:curing agent) was mixed, degassed at room temperature 

and poured to obtain a thickness of about 4 mm. For the fluidic layer, PDMS 20:1 was 

prepared and spin-coated on the fluidic master at a thickness of about 70 μm, forming a 

10 μm thick membrane above the 60 μm high fluidic bridges. After a 30 minutes pre-

curing step in an oven at 80°C aimed at minimally hardening both layers of PDMS, the 

control layer was released from its master and the control inlet punched out. It was then 

aligned on top of the fluidic layer. The bi-layer assembly was further cured at 80°C for at 

least 2 hours to achieve permanent thermal bonding. Finally, the bi-layer PDMS device 

was pealed off the fluidic master and the inlets and outlets were punched out. The system 

was then reversibly sealed on a glass slide and ready for use. 

 

7.3.2 Microfluidic ELISA with dual networks of channels  

Trizma Base, Tween-20 and glycine were obtained from Sigma-Aldrich (St. Louis, MO) 

and magnesium chloride from ACP Chemicals (Slough, UK). The streptavidin-coated 

magnetic beads (Dynabeads® M-280 Streptavidin) were purchased from Invitrogen 

(Burlington, ON) and the rabbit anti-streptavidin IgG from Rockland Immunochemicals 

(Gilbertsville, PA). The secondary alkaline phosphatase (AP) anti-rabbit antibodies and 

the enzymatic substrate fluorescein diphosphate (FDP) were purchased from Anaspec 

(San Jose, CA). All protein dilutions and washing steps were performed in 0.1 M Tris, 

150 mM NaCl, 0.02% Tween-20, pH = 7.4 (TBS-T). FDP was diluted to a final 

concentration of 4 μM in the reaction buffer consisting of 0.1 M Tris, 10 mM MgCl2, 10 

mM Glycine, pH = 9.0.  

 Before mounting the PDMS chip on the mixing platform and securing the valve 

connection, both the fluidic and the control channels were filled with TBS-T using the 

Channel Outgas Technique (COT).178 Unless specified otherwise, the protocol for 

completion of the microfluidic ELISA was performed as reported in table 7.1. For each 
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step, a few microliters of solution (5-15 μL) were deposited in the inlets and flowed 

through the channels by connecting the appropriate outlet to a peristaltic pump in 

withdrawal mode. After each run, the residual solution trapped at the bottom of the inlets 

was aspirated to avoid cross-contamination of the sequentially injected solutions.  

 

7.3.3 Fluorescent signal detection  

An inverted microscope (TE2000-U, Nikon), a stereoscopic zoom microscope 

(SMZ1500, Nikon) and a digital camera (DXM1200F, Nikon) operated with the ACT-1 

software were used to acquire pictures of the channels. For fluorescence imaging, the 

microscope is equipped with a high-pressure mercury lamp (C-SHG1, Nikon) and with 

the appropriate set of filters for fluorescein (FITC) excitation and emission wavelengths. 

The intensity of fluorescence in each channel was measured with ImageJ (software for 

image processing and analysis in Java, http://rsb.info.nih.gov/ij/). All data were 

normalized by subtracting the fluorescence intensity obtained in the negative control. 

 

7.4 Results and discussion 

7.4.1 Design of microfluidic ELISA with dual networks of channels  

The concept of microfluidic ELISA with dual networks of channels relies on the physical 

separation of the immune complex formation phase and the enzymatic reaction phase 

(Fig. 7.1a). A first network of channels (complexation network) is used to achieve the 

formation of the immune complex, consisting of binding consecutive antibodies and 

antigens to the surface of the magnetic beads. During this phase, several complex 

solutions are successively pumped through the network, resulting in the non-specific 

adsorption of proteins on the channel walls, especially secondary antibodies that would 

normally cause an elevation in the assay noise. Instead, a second network of channels 

(reaction network), so far unused and thus free of non-specifically adsorbed proteins, is 

employed to carry on the enzymatic reaction at the surface of the beads that generates the 

fluorescent signal. Both networks are independent, linked only by fluidic bridges through 

which the reactive beads are magnetically transferred. 
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The complexation network is composed of eight inlets connected by 500 μm wide 

channels, acting as diffusion barrier, to the same number of complexation chambers. 

Each chamber forms a 480 nL volume in which the beads are magnetically trapped and 

displaced to prevent local depletion of proteins and homogenize the surrounding solution 

during incubation periods. Outlet channels connect the eight complexation chambers to a 

single outlet from which the successive solutions can be flowed using a peristaltic pump 

in withdrawal mode.  

 The reaction network is very similar to the complexation one. Inlets, diffusion 

barriers and chambers, referred to as reaction chambers, are laid out in an identical 

manner, parallel to those of the complexation network. The outlet section is however 

different as the eight independent channels converge to form the detection area. Upstream 

of the detection area, the outlet channels are adjusted to the same length in order to 

ensure identical flowing conditions. Downstream to the detection area, the outlet 

channels merged into a second outlet.  

 

 

Figure 7.1: Layout of the bi-layer PDMS 
microfluidic ELISA chip. (a) Fluidic level: 
the solutions are injected into the inlets (1), 
connected to the complexation/reaction 
chambers (3) through large channels acting 
as diffusion barriers (2). In the 
complexation network, outlet channels (4) 
of equal length link the complexation 
chambers to the upper outlet (5). In the 
reaction network, outlet channels (4’) 
adjusted to the same length come closer to 
form the detection area (6) and then gather 
into a larger channel connected to the lower 
outlet (5’). The two networks are linked by 
the fluidic bridges (7). (b) Control level: the 
control level is composed of a single closed 
channel (8) fanning into eight branches to 
form the pressure valves (9) on the top of 
the fluidic bridges. The fluidic level is 
represented in light grey to display the 
overlap of the control channel on the top of 
the fluidic channels.    
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7.4.2 Engineering of pressure valves  

In order to avoid contamination of the reaction chambers, pressure valves were 

engineered to close the fluidic bridges and completely isolate the two networks from one 

another. The valves are opened to allow the passage of the beads into the reaction 

network and then closed again to perform the final steps of the assay. 

 Due to the design of the fluidic network, the control line for the valves necessarily 

overlaps fluidic channels in order to reach the bridges (Fig. 7.1b). As fluidic bridges 

should be able to close when pressure is applied without disrupting the flow inside the 

outlet channels, the width of both the fluidic and control channels were tuned as 

established by Studer et al.60 They have demonstrated that as the widths of the 

overlapping channels increased, less pressure was required to close the valves. In our 

design, the overlap for operational valves features a 300 x 300 μm area. Non-functional 

crossings display a limited area of only 50 x 50 μm, thus enabling the selective closing of 

the bridges. 

 For the same reason, the fluidic bridges were given a semi-circular cross-section, as 

opposed to the outlet channels which display a rectangular cross-section.59 Yet, semi-

circular channels are difficult to obtain using a negative resist such as SU-8. They are 

preferably produced by reflow of a positive resist. Consequently, the fluidic master was 

fabricated in three consecutive steps (Fig. 7.2). First, all the fluidic features but the 

bridges were realized in SU-8 at a 40 μm thickness. Next, the fluidic bridges, realized in 

positive resist at a thickness of 50 μm, were aligned so to connect the pairs of chambers. 

A final baking step at elevated temperature allowed for the positive resist to reflow giving 

the bridges their final semi-circular shapes.  

  

 

 

 

 

Figure 7.2: Fabrication steps for the fluidic master. (a) The two independent networks 
of channels are fabricated in the negative resist SU-8. (b) The fluidic bridges are made 
using the positive resist AZ 50xt. (c) The master is post-baked, hardening the SU-8 and 
inducing the reflow of fluidic bridges. 
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Using the fabricated fluidic master, bi-layer PDMS microfluidic ELISA chips were 

produced in large quantities with high reproducibility of the valve functionality. The 

pressure necessary to close the valves is supplied by connecting the control channel to a 

screw syringe with a blunt-ended needle. To prevent leakage at the connection site, the 

modified needle is passed through a tight piece of rubber and strongly held down together 

with the PDMS device. A pressure of about 20 PSI in the control line was found to be 

appropriate to completely and reversibly close the eight valves without disrupting the 

flow in the outlet channels (Fig. 7.3). The pressure valves proved to be operational for at 

least several hours, without observable leakage, pressure drop or contamination between 

the pairs of chambers.  

 

 

 

 

 

 

 

 

Figure 7.3: Photograph of the PDMS microfluidic ELISA device showing the two 
independent networks of channels. The complexation network is filled with a blue dye 
solution; the detection network is filled with green. All eight pressure valves (1) are 
closed resulting in the complete isolation of the two networks. The insert provides a 
close-up view of an interrupted fluidic bridge (2) crossed by the control channel (3). 
 

 

7.4.3 Proof-of-concept: quantification of a model antibody 

The operational setup for the realization of the microfluidic ELISA is described in figure 

7.4. After priming the channels, the PDMS chip is inserted into its support and the 

connection for the control channel is secured. A blunt-ended needle, which tightly fits the 

outlets of the system, is adapted at the end of a tube linked to a peristaltic pump. The 

pump is then used to flow the diverse solutions through the channels at the required flow 

rate. The needle can be reversibly and easily switched from one outlet to the other 

depending on which network is to be operated. Round permanent magnets of 3 mm in 
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diameter are disposed directly under the PDMS-glass chip. Eight magnets, one for each 

of the complexation chamber, are precisely aligned and held together by a plastic piece in 

which holes the size of the magnets have been drilled. The plastic piece is attached to a 

mixing platform, which can be moved in all directions with micrometer precision in a 

pre-determined sequence via a Labview software developed in-house.  

 In order to demonstrate the concept of dual networks to reduce the noise in bead-

based microfluidic ELISA, a standard curve for the quantification of a model antibody 

was realized without prior channel passivation. For this purpose, commercially available 

magnetic beads coated with a layer of streptavidin, the model antigen, were used to detect 

anti-streptavidin antibodies, the model analyte (Fig. 7.5). The protocol for the realization 

of the microfluidic ELISA is presented in Table 7.1. The total assay time was about 30 

minutes, mostly due to many pipetting steps, and could be further reduced in a fully 

automated system. About 106 beads were injected and trapped in each of the eight 

complexation chambers. During the several incubation periods, the beads were 

continuously displaced from end to end of the chambers at a velocity of 400 μm.sec-1. 

The velocity and distance of the magnet to the beads were adjusted so they formed a 

loose bed that was dragged behind the magnet, thus facilitating the penetration and 

diffusion of solutions between the beads. After both incubation steps with the analyte 

antibody and the AP-coupled secondary antibody, the beads were washed twice with 

TBS-T and transferred to the reaction chambers via the fluidic bridges with transiently 

opened valves. No pre-treatment of the PDMS chip or glass was performed. As a control 

experiment, the whole assay was also performed in a single network with identical 

experimental conditions.  

 
Table 7.1: Protocol for the realization of the microfluidic ELISA with dual networks 
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Figure 7.4: Operational platform for microfluidic ELISA: the microfluidic chip is 
inserted into its support (1). The control channel (2) is connected to a manometer syringe 
(2’) and secured to avoid leakage. One of the fluidic outlets is connected to a peristaltic 
pump in withdrawal mode (3). Below the chip, the eight permanent magnets (4), mounted 
on the mixing device (5), are aligned with the complexation chambers.  
 
 
 
 

Figure 7.5: Schematic of the 
immune complex formation and 
detection procedure: (a) About 106 
streptavidin-coated magnetic beads 
are trapped inside the complexation 
chamber. The anti-streptavidin 
antibody (analyte) binds specifically 
to the streptavidin (antigen)-coated 
beads during a five minutes incubation 
period with mixing. Similarly, the AP-
coupled secondary antibody is added 
to form the reactive immune complex. 
(b) The valve is transiently opened 
and the reactive beads are 
magnetically transferred into the 
reaction chamber. (c) The enzyme 

processes the FDP substrate into the fluorescent molecule FITC. While the reaction takes 
place, the solution is homogenized by displacing the beads. (d) The reacted solution is 
then pushed into the detection area.   
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From the fluorescent microscopy images (Fig. 7.6a), it is striking that the level of noise 

caused by NSA on the channel walls is greatly reduced in the dual network system. Some 

residual noise is noticeable when comparing channels 1 and 2 in the dual network system 

(respectively corresponding to un-reacted FDP solution and the negative control, where 

only the analyte was omitted from the reaction), which might be due to very low NSA at 

the surface of the beads, however much less than for the same reactions in the single 

network system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6: Comparative results for microfluidic ELISA without pre-treatment 
against NSA using a single network and dual networks of channels. (a) Simultaneous 
fluorescent detection in all eight channels of the device. (b) Standard curves for the 
quantification of anti-streptavidin antibodies. Each point represents the average obtained 
on 4 separate experiments. 
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The reported data are the average of four independent experiments for each of the curves 

(Fig. 7.6b). To facilitate inter-assay comparison, all values have been normalized by 

subtracting the signal obtained for the negative control on the same chip. With the dual 

network protocol, a limit of detection (LOD) of 100 pg.mL-1, corresponding to a molarity 

of about 660 fM (MW = 150 kDa) and good linearity up to 4 ng.mL-1 were observed for 

the tested anti-streptavidin antibody. The LOD was taken as 3 times the standard 

deviation of 5 negative control replicas. For the two highest concentrations, the standard 

deviations are quite elevated due to the variation in the reaction kinetics from assay to 

assay performed on separate chips. This variation could surely be minimized in a 

platform with automated injection and a better control of external conditions such as 

temperature and ambient light.     

 When comparing the assays of the single network to the dual networks, both the 

sensitivity and linearity are significantly improved for the dual network system. While 

the absolute values are generally higher in the single network experiment, the 

normalization to the negative control highlights the weaker contrast in this setup between 

the lowest and the highest concentrations due to the elevated noise that quickly saturates 

the signal. The sudden increase between the negative control and the lowest 

concentration of 50 pg.mL-1 can be explained by the fact that several secondary 

antibodies can bind a non-specifically adsorbed analyte thereby amplifying the noise as 

compared to directly non-specifically adsorbed secondary antibodies.      

 The results achieved with the dual network system are close to those obtained in the 

first iteration of our system where the immune complex was formed off-chip. The 

decrease in sensitivity, from about 70 fM previously to 660 fM, can be explained by the 

lesser dispersion of the beads and shorter incubation periods of the on-chip procedure. 

However, the reduction of the sample size (by a factor of 5) and the shorter total assay 

time (from several hours to 30 minutes) represent a strong improvement to the global 

performance of the assay. Moreover, improving bead dispersion and compromising on 

the incubation times would increase the sensitivity of the assay significantly. 

Nevertheless, even with the current protocol, the dual network system is among the most 

sensitive microfluidic immunoassays reported to date,66,72,76,77,80,89,90,92,95,99,100,105,132,179 

without the use of costly, complex and time-consuming pre-treatments. 
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7.5 Conclusion 

In this paper, the novel concept of dual networks of channels was presented. This 

approach permits to reduce noise in bead-based microfluidic ELISA without the need for 

prior channel passivation. The original design features two independent networks linked 

by fluidic bridges, whose openings are controlled by pressure valves. Following the 

formation of the immune complex, the reactive beads are magnetically transferred 

through the bridges before performing the final steps of the assay in unused protein-free 

channels. A three-step lithography process was developed for the fabrication of the 

fluidic master, on which the bi-layer PDMS device was produced in large quantities with 

constant functionality. The pressure valves were tested and proved to be operational for at 

least several hours, without observable leakage, pressure drop or contamination between 

the dual chambers. A protocol was established, which has permitted to obtain standard 

curves for the quantification of a model antibody in about 30 minutes. A detection limit 

of 100 pg.mL-1 (660 fM) and good linearity up to 4 ng.mL-1 were observed. These data 

are comparable to the performance of the most sensitive microfluidic immunoassays 

reported to date without the need for channel pre-treatment.    
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Chapter 8 
8 Characterization of the Platform’s Performances for the 

Quantification of the Cytokine TNF-alpha 
 

This third and last paper, published in Analytical Chemistry, established the potential of 

the Dual Network microfluidic ELISA platform developed previously for its use in 

biomedical applications. In particular, the cytokine TNF-alpha was chosen as a model of 

protein biomarker for two reasons: (i) to facilitate the comparison with commercial 

ELISA and microfluidic immunoassays systems targeting the same analyte, and (ii) to 

evaluate the potential of the platform for challenging biomedical applications such as the 

diagnosis of sepsis.  

 In this paper, the Dual Network platform was characterized through the optimization 

of four critical parameters, namely the concentration of the detection antibody, the bead 

displacement velocity, the incubation times and the detection time. For each of these 

parameters, a standard curve for the quantification of TNF-alpha was carefully plotted 

with at least three repetitions of the same experiment. Each condition was discussed and 

the optimal parameters for this particular analyte were set.  

 The influence of the solution for the dilution of TNF-alpha was also investigated. The 

complexity of the surrounding solution was increased from the buffer solution used for 

the optimization step, to a cell culture medium to pure serum. As a result, a last standard 

curve for the quantification of TNF-alpha in serum was established, enabling the 

evaluation of the performance of the Dual Network platform in realistic conditions 

related to the diagnosis of sepsis. 
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8.1 Abstract 

For both research and diagnostic purposes, the ability to detect low levels of proteins in a 

cost- and time-effective manner is essential. In this study, the cytokine TNF-alpha, a 

widely used protein indicator of inflammatory response, was chosen to demonstrate the 

ability of the Dual Network microfluidic ELISA platform developed by the authors to 

quantify rapidly low concentrations of this biomarker in serum. Through the optimization 

of several experimental parameters, the system was shown to meet the requirements for 

fundamental and applied studies, while also relevant for challenging clinical applications 

such as the diagnosis of septic patients. A sensitivity of 45 pg/mL (2.6 pM) in both 

culture medium and serum, with inter- and intra-variations of less than 15% were attained 

for the quantification of human TNF-alpha to a concentration of up to 500 pg/mL. The 

overall time for completion of the assay in eight parallel reactions was less than an hour.   

 

8.2 Introduction 

Tumor Necrosis Factor-alpha (TNF-alpha) is a biomarker frequently assayed for diverse 

research and diagnostic purposes. It is a small circulating protein of the cytokine family 

(17.4 kDa), secreted primarily by monocytes and macrophages as a mediator in the early 

stage of the inflammatory and immune functions.180 Alone or in combination with other 

http://dx.doi.org/10.1021%2Fac800427z
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proteins, TNF-alpha is used as an indicator to follow cellular reactions to external stimuli 

or to detect certain pathological conditions. Among other applications, TNF-alpha 

secretion is commonly assessed in immunological studies,181 and its level measured to 

determine the biocompatibility of various types of materials and implants.182 In these 

studies, the accepted relevant concentrations of TNF-alpha range in the 100 pg/mL 

bracket. For diagnostic purposes, TNF-alpha is used as an early indicator of inflammatory 

reactions. When such a reaction occurs, the fine balance between pro- and anti-

inflammatory cytokines has to be monitored and maintained in the patient’s blood.3 The 

up-regulation of pro-inflammatory cytokines, in particular TNF-alpha, can lead to acute 

inflammatory reactions, tissue injuries or in the instance of a severe infection, to a 

dangerous state of septic shock. The concentration of TNF-alpha in septic patients 

typically ranges from 20 to 100 pg/mL, rendering the diagnosis of sepsis particularly 

challenging even for the most sensitive immunoassays currently in use. Elevated levels of 

TNF-alpha have also been associated with chronic inflammatory syndromes such as 

rheumatic arthritis or Crohn’s disease.183  

Conventional immunoassays are time- and resource-consuming, particularly when 

extensive automation is not economically beneficial or when portability becomes a 

predominant requirement. Consequently, there has been a sustained effort in the past 

decade to develop reliable diagnostic tools while reducing the complexity and associated 

costs of such assays. The miniaturization of immunoassays using microfluidics has been 

with no contest one of the most popular techniques, as it permits to significantly reduce 

reagent volumes and incubation times.28,68,74,82,88,96,132,184 However to date, few 

microfluidic systems have achieved fast, parallel and highly sensitive detection of 

biomedically relevant proteins using a single fully functional microfluidic chip.72,76,89 The 

Dual Network microfluidic ELISA platform developed in our laboratory has displayed 

promising characteristics as to achieve that goal.185 Its original concept relies on the 

physical separation of the immune complex formation phase and the enzymatic reaction 

phase into two independent networks of channels. These two networks are linked only by 

fluidic bridges whose openings are controlled by embedded pressure valves through 

which the reactive beads are magnetically transferred before the final immunodetection 

step is performed. As a result, the background noise originated from non-specific 
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adsorption of protein on the channel walls was eliminated, thereby removing the need for 

long, costly or unstable pre-treatments.  

In this paper, we demonstrate that the Dual Network microfluidic ELISA can be 

successfully tuned in order to quantify low levels of biomarkers in both cell culture 

medium and serum, through the adjustment of its most critical assay parameters. The 

variables regulated were the amount of detection antibody, the bead displacement 

velocity and the duration of the incubation and detection periods. By doing so, low 

picomolar concentrations of TNF-alpha were detected in eight parallel reactions with 

good reproducibility in less than an hour, thus confirming the potential use of this system 

for biomedical applications in research or for the diagnosis of septic patients in clinical 

conditions.    

 

8.3 Material and methods 

8.3.1 Proteins and reagents 

Trizma Base (Tris), Tween-20 and glycine were obtained from Sigma-Aldrich and 

magnesium chloride from ACP Chemicals. Tosylactivated paramagnetic microbeads 

(Dynabeads® M-280 Tosylactivated) were purchased from Invitrogen, as well as the pair 

of capture (AHC 3712) and biotin-labelled detection (AHC 3419) monoclonal antibodies 

against TNF-alpha. The human recombinant TNF-alpha was obtained from Preprotech 

and the alkaline phosphatase coupled streptavidin, alkaline phosphatase coupled anti-

rabbit and anti-mouse antibodies from Rockland Immunochemicals. The enzymatic 

substrate fluorescein diphosphate (FDP) was purchased from Anaspec. The washing 

buffer, also used for priming of the channels, was a Tris buffer saline (0.1 M Tris, 150 

mM NaCl, pH = 7.4) supplemented with 0.02% Tween-20 (TBS-T). All proteins were 

diluted in TBS-T 0.1% BSA as carrier protein, unless mentioned otherwise. The 

enzymatic substrate FDP was diluted to a final concentration of 4 μM in the reaction 

buffer consisting of 0.1 M Tris, 10 mM MgCl2, 10 mM Glycine, pH = 9.0.  
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8.3.2 Tosylactivated beads functionalization  

Dynabeads M-280 Tosylactivated were functionalized according to the manufacturer’s 

instructions. Briefly, 200 μL of beads (40.107 beads) were thoroughly washed in a 0.1 M 

borate buffer pH 9.5. The beads were then incubated overnight at 37°C with slow tilt 

rotation in a solution of the same borate buffer containing the mouse monoclonal capture 

antibody at a ratio of 3 μg of antibody / 107 beads. Subsequently, the beads were washed 

twice in PBS buffer, pH 7.4, 0.1% BSA at 4°C, once in 0.2 M Tris, pH 8.5, 0.1% BSA 

for 4 hours at 37°C for blocking the free tosyl-groups and a last time with the PBS buffer 

at 4°C. The beads were resuspended and stored in 200 μL of PBS, pH 7.4, 0.1% BSA 

supplemented with 0.02% sodium azide as preservative. Following the above procedure, 

the functionalized beads were tested to ensure the successful binding of the capture 

antibodies. On a Dual Network microfluidic ELISA chip featuring eight independent 

pairs of channels, two were used as negative controls in the presence of non-

functionalized beads, three for incubation of the functionalized beads with an alkaline 

phosphatase coupled anti-rabbit antibody, and the remaining three for incubation of the 

same beads with an alkaline phosphatase coupled anti-mouse antibody. The results of 

such a test are provided as supporting information (figure S-8.1).  

 

8.3.3 Protocol for Dual Network microfluidic ELISA with TNF-alpha  

Before mounting the chip on the mixing platform and securing the valve connection, both 

the fluidic and the control channels were filled with TBS-T using the Channel Outgas 

Technique (COT).178 The concept of Dual Network and protocol for the quantification of 

TNF-alpha are summarized in Figure 8.1. For each step, a few microliters of solution (5-

15 μL) were deposited in the inlets and flowed through the channels by connecting the 

appropriate outlet to a peristaltic pump in withdrawal mode. After each run, the residual 

solution trapped at the bottom of the inlets was aspirated to avoid cross-contamination of 

the sequentially injected solutions.  
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Figure 8.1: Protocol for Dual Network microfluidic ELISA with TNF-alpha. The 
table indicates the successive steps from top to bottom. The layout of the PDMS chip for 
8 parallel reactions is drawn in the top-right corner; the complexation network is colored 
in blue, the reaction network in green. The windows A, B and C represent close-ups on 
one pair of dual chambers at different steps of the assay. (A) Complexation phase; the 
closed valve is represented by the solid black line separating the chambers; the white 
arrow shows the bead displacement pattern. (B) Magnetic transfer phase. (C) Reaction 
and detection phases.   

 
 
8.3.4 Detection and data analysis  

An inverted microscope (TE2000-U, Nikon), a stereoscopic zoom microscope 

(SMZ1500, Nikon) and a digital camera (DXM1200F, Nikon) operated with the ACT-1 

software were used to acquire images of the channels along the detection area. For 

fluorescence imaging, the microscope is equipped with a high pressure mercury lamp (C-

SHG1, Nikon) and with the appropriate set of filters for fluorescein (FITC) excitation and 

emission wavelengths. The intensity of fluorescence in each channel was determined with 

ImageJ, a Java-based software for image processing and analysis. All data were 

normalized by subtracting the intensity obtained in the negative control of the same 

experiment. In order to calculate the sensitivity of the assay for the quantification of 

TNF-alpha, 3 independent experiments were carried out, each featuring 5 repetitions of 

the negative control. The standard deviations were then averaged for the 3 experiments. 
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The sensitivity was calculated by adding 3 times the average standard deviation applied 

to the equation of the final standard curve.  

 

8.3.5 Fabrication of the Dual Network microfluidic chip 

The Dual Network microfluidic chip is composed of two overlaid layers of PDMS 

(Sylgard184, Dow Corning), both fabricated by casting the pre-cured elastomer on a SU-

8 resist (SU-8 1070, Microchem) previously structured by standard photo-lithography. 

The fluidic bridges, linking the two networks, were fabricated using a positive resist (AZ 

50xt, AZ Electronic Materials) and aligned on an aligner EVG 6200 (EV Group, Austria). 

After development, the master was treated with Trichloro(1H,1H,2H,2H-perfluorooctyl)-

silane (Sigma-Aldrich) to obtain a hydrophobic surface and facilitate the release of the 

cured PDMS. The surface treatment was followed by reflow of the positive resist for 10 

minutes at 120°C resulting in fluidic bridges with rounded sections. The two layers of 

PDMS were cured separately on their respective masters as established by Quake’s 

group.59 After a pre-curing step of 30 minutes at 80°C, the 4 mm thick top layer was 

released from its master and aligned on the top of the thin fluidic layer. The bi-layer 

assembly was further cured at 80°C for at least 2 hours to achieve permanent thermal 

bonding. Finally, the bi-layer PDMS device was pealed off the fluidic master and the 

inlets and outlets were punched out. The system was then reversibly sealed on a glass 

slide and ready for use. 

 

8.4 Results and discussion 

8.4.1 Influence of the detection antibody concentration  

In immunoassays, an elevated background noise seriously impairs both sensitivity and 

linear range, and increases variation between tested samples. In our device, the noise 

generated by non-specific adsorption (NSA) of proteins on the channel walls is 

eliminated by magnetically transferring the reactive beads into a clean unused reaction 

chamber. However, some residual background can result from NSA of proteins on the 

beads themselves. To limit this effect, the functionalized tosylactivated beads are kept for 

long-term storage in a PBS buffer containing 0.1% BSA as a blocking agent. 
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Nevertheless, an important parameter to be optimized in this regard is the concentration 

of detection antibody used for the assay. Ideally, it is necessary to provide enough 

molecules to bind all previously captured antigens, without adding an excess as to cause 

an increase in non-specific adsorption and ultimately generate background noise. 

Figure 8.2 displays the standard curves obtained for concentrations of TNF-alpha 

ranging from 10 pg/mL to 1 ng/mL, with respect to increased concentrations of the 

detection antibody. The incubation and detection times were arbitrary set at 10 minutes, 

alkaline phosphatase coupled streptavidin was diluted 1:10000 and the bead displacement 

velocity was adjusted at 400 μm/s. Each curve represents the average of 3 independent 

experiments realized on separate chips, thus error bars represents the inter-assay 

variations rather than internal variations of the system. The fluorescent signals for each 

experiment were normalized to the signal obtained in the negative control of the same 

experiment (all identical steps with no TNF-alpha). In immunoassays, two of the most 

important parameters are the slope of the curve which reflects the sensitivity of the assay, 

and the correlation coefficient R2 which describes its linearity. Accordingly, the optimal 

concentration for the detection antibody was found to be 0.5 μg/mL. Data obtained with 

1.0 μg/mL displayed similar sensitivity values but exhibited lower linearity. With a 

concentration of 0.25 μg/mL however, the slope was significantly lowered with little 

improvement in linearity, indicating that not all the captured analytes had been bound by 

detection antibodies in the allotted time. Conversely, increasing the detection antibody 

concentration to 2 μg/mL generated considerable background signal, thus impairing both 

inter-assay reproducibility and linearity due to the rapid saturation of the fluorescent 

signal. Based on this series of experiments, following assays were realized with the 

optimal detection antibody concentration of  0.5 μg/mL. The standard curve obtained 

with this specific set of parameters is referred to as the default experiment to which later 

experiments are compared.   
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Figure 8.2: Influence of the concentration of detection antibody on the 
quantification of TNF-alpha by Dual Network microfluidic ELISA. Other parameters 
were set at their default conditions. All fluorescence intensity data were normalized by 
subtracting the value of the negative control of the same experiment. Each data point is 
the average of three independent experiments. Error bars represent the inter-assay 
variation for each condition.    

 
 
8.4.2 Influence of bead displacement velocity 

Unlike the majority of microfluidic devices, which operate in a continuous flow mode, 

this immunoassay was designed to work in stop-flow conditions.133 In this setup, the 

fluidic channels are filled with the appropriate solution before the flow is stopped for 

incubation and the next solution is flowed to replace it. This method reduces and 

improves the control of reagent volumes used, which are defined by the geometry of the 

channel rather than by the flow rate and manual pipetting. Also it avoids the dependency 

of the assay performance on the flow rate. In order to prevent local depletion of the 

analyte molecule at the vicinity of the capture zone,109 the functionalized beads were 
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magnetically moved from one end to the other end of the fluidic chamber during 

incubation periods. This manipulation allowed for the reaching of the analyte molecules 

in the entire volume of the chamber while creating disturbances in the surrounding 

solution, thus enhancing the analyte exploitation rate.  

Figure 8.3 illustrates the effect of the bead displacement velocity on the outcome of 

the assay for TNF-alpha. In the default experiment, the beads were displaced at the 

maximum velocity of 400 μm/sec during the three incubation periods, as well as during 

the enzymatic reaction phase (maximum velocity due to current hardware limitations). 

When the same experiment was conducted without displacing the beads during the 

incubation periods (the beads were moved only during the reaction phase), the 

fluorescent signal was drastically weakened, suggesting rapid local depletion and limited 

diffusion of the analyte molecules during the 10 minutes of flow stop. When the beads 

were moved at 200 μm/sec, the overall signal became stronger, coming close to the signal 

obtained in the default experiment. Surprisingly, the curve also displayed a marked 

saturation profile at higher concentrations of TNF-alpha. This difference in linearity can 

be explained by the behavior of the beads while being moved inside the fluidic chamber. 

During flow phase, the beads are held by a strong permanent magnet placed directly 

under the glass slide that forms the bottom of the chip (approximately 1 mm from the 

beads). At that distance, the magnetic field is still very strong, thus the beads aggregate in 

a tight bed with little space between them for the solution to circulate. During incubation 

phases however, the magnet is moved, followed by a smear of beads, which widens when 

the movement is faster. The formation of the smear increases bead dispersion which in 

turn increases the effective surface of capture sites at the functionalized surfaces. 

According to these results, the bead displacement velocity for further experiments was set 

at 400 μm/sec.      
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Figure 8.3 (left): Influence of the bead displacement velocity on the quantification of 
TNF-alpha by Dual Network microfluidic ELISA. Other parameters were set at their 
default conditions. All fluorescence intensity data were normalized by subtracting the 
value of the negative control of the same experiment. Each data point is the average of 
three independent experiments. Error bars represent the inter-assay variation for each 
condition. 

Figure 8.4 (right): Influence of the incubation times on the quantification of TNF-
alpha by Dual Network microfluidic ELISA. Other parameters were set at their default 
conditions. All fluorescence intensity data were normalized by subtracting the value of 
the negative control of the same experiment. Each data point is the average of three 
independent experiments. Error bars represent the inter-assay variation for each 
condition.    
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8.4.3 Influence of incubation times 

Another important parameter affecting the outcome of an immunoassay is the time given 

for the molecules to interact with each other and form a stable immuno-complex. The 

present protocol features three sequential incubation periods with respectively, TNF-

alpha, the biotinylated detection antibody and the alkaline-phosphatase coupled 

streptavidin. Variations of the incubation time affected both the slope and the linearity of 

the standard curve (Figure 8.4). In comparison to the default experiment, when the 

incubation time was reduced by half from 10 to 5 minutes, the slope decreased by about 

the same factor with only a slight increase in linearity. These data suggest that the 

saturation of the beads with the maximum loading of TNF-alpha occurs shortly before 10 

minutes of incubation, which also explains the slightly saturated profile of the default 

curve. Extending the incubation times to 15 minutes confirmed the bead saturation at 

higher concentrations, leading to an even less linear and slightly less sensitive curve than 

the one of the default experiment. 

 

8.4.4 Influence of detection time 

Following the three incubation periods and the magnetic transfer of the beads carrying 

the immune complex to the reaction chamber, the reaction network is filled with a 

solution of the enzymatic substrate for alkaline-phosphatase fluorescein di-phosphate 

(FDP). The enzymatic reaction converting FDP into green-fluorescent fluorescein then 

occurs in conditions similar to the previous incubation phase. The extent of the enzymatic 

amplification period is expected to display a drastic effect on the outcome of the 

immunoassay and the profile of the standard curve (Figure 8.5). In comparison to the 

default experiment, when the detection time was increased from 10 to 15 minutes, the 

independent signals obtained for the different concentrations of TNF-alpha were 

significantly increased. However, the curve can no longer be considered linear on the 

tested range with a correlation coefficient of only 0.92. The excessively saturated profile 

in this case stems from at least two major effects. First, the already slightly saturated 

profile observed in the default experiment is further amplified as the enzymatic reaction 

is extended. Second, the rate of conversion of FDP is likely to decelerate as the 

concentration of substrate decreases in the substrate solution. Saturation of the detection 
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device at high fluorescent intensities also enhances the latter effect. Although increasing 

detection time can significantly improve the overall sensitivity of the assay, it can also be 

detrimental on both the linearity and the dynamic range as it amplifies minor variations in 

the signal. For the following experiment, the detection time was maintained at 15 

minutes, but incubation periods were shortened from 10 to 5 minutes. Interestingly, the 

profile obtained was very similar to the one observed in the default experiment in terms 

of both the slope and linearity, with an overall assay time reduced from 40 to 30 minutes. 

Only a minor increase in the inter-assay variability was caused by the extension of the 

detection time, as the efficiency of the enzymatic reaction differs between each assay due 

to external conditions, such as temperature or ambient light, and contributes for the 

largest part to this type of variability. 

When setting up an immunoassay, it is important to consider the relevant range of 

concentrations in which a particular analyte has to be detected and quantified. For a 

biomarker such as TNF-alpha, although concentrations of several 100 pg/mL can be 

found in experimental samples, clinical values, for the diagnosis of septic patient for 

instance, stands typically around 100 pg/mL and below. Therefore, narrowing down the 

dynamic range to 500 pg/mL, in order to cancel the light saturation effect, might give a 

more accurate quantification of TNF-alpha around biomedically relevant levels. The 

doted lines in Figure 8.5 show the corrections made to the standard curves when 

removing the last data point at 1 ng/mL of TNF-alpha. In all three cases, both the 

linearity and slope of the curves were improved though to different extents. For the 

default experiment and the experiment with 5 minutes incubation periods, improvements 

of the slope is moderate (117% and 114% of the respective slopes taken on the full range) 

while both correlation coefficients approximated 0.99, indicating excellent linearity. The 

experiment with 10 minutes incubation periods and 15 minutes detection time undergo a 

more drastic change, with a slope increased by 132% and a linearity approaching 0.97. 

Nevertheless, because saturation of the signal is still observed in these conditions, this 

last standard curve can not be used accurately on the designated range of concentrations 

despite its stronger slope.    
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Figure 8.5: Influence of the detection time 
on the quantification of TNF-alpha by 
Dual Network microfluidic ELISA. Other 
parameters were set at their default 
conditions except for the bottom graph where 
incubation times were set to 5 minutes each. 
The solid curve represents the trendline for 
data points taken between 10 pg/mL and 1 
ng/mL; the dashed curve is the trendline for 
the same data points taken only up to 500 
pg/mL.  All fluorescence intensity data were 
normalized by subtracting the value of the 
negative control of the same experiment. 
Each data point is the average of three 
independent experiments. Error bars 
represent the inter-assay variation for each 
condition.   
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8.4.5 Quantification of TNF-alpha in serum  

For the adjustment of experimental parameters, all previous experiments were run with 

TNF-alpha diluted in a TBS buffer supplemented with 0.1% BSA as a protein carrier. In 

order to show the ability of the Dual Network microfluidic system to perform in 

conditions close to its final intended use, the previous measurements were repeated with 

TNF-alpha diluted in a more complex solution (Figure 8.6). First, the experiment was 

conducted with TNF-alpha diluted in a DMEM cell culture medium supplemented with 

10% FBS. The addition of interfering proteins decreased the slope of the standard curve 

when default parameters are used. Nevertheless, by extending the detection incubation 

period from 10 to 15 minute, the slope was increased to its original value with excellent 

linearity. Quasi-identical data were obtained with TNF-alpha diluted into pure serum 

(FBS). The excellent linearity, even with the addition of an extra data point at high 

concentration of TNF-alpha, demonstrated again the reliability of the standard curve 

within the tested range of concentrations, from 25 pg/mL to 500 pg/mL. Typically, 

similar results in cell culture medium and pure FBS are not expected because of the more 

complex composition of serum containing many uncharacterized proteins that interfere 

with the reaction. It is very interesting to observe that the Dual Network assay, by getting 

rid of the larger part of the background noise, manages to maintain the same efficacy in 

both medium. For clarity, a summary of slope and linearity data for all tested conditions 

is provided in Table 8.1.  

The assay sensitivity was calculated based on 3 independent experiments, each 

featuring 5 repetitions of the negative control. The value obtained for the quantification 

of TNF-alpha in a cell culture medium or pure serum was 45 pg/mL (2.56 pM). This 

sensitivity is considered adequate as it falls within range of concentrations relevant for 

research and diagnostic purposes. Moreover, concentrations of TNF-alpha as low as 25 

pg/mL were consistently detected and fitted very well on the linear standard curve. Error 

bars represent the variations in the signal obtained from 3 independent experiments 

performed in identical conditions. The inter-assay coefficient of variation was found to be 

in the order of 15% or less for concentrations of 50 pg/mL and above. Intra-assay 

variations were also calculated by running 5 repetitions of a given concentration of TNF-

alpha on a single chip along with the appropriate controls. At the exception of the 
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concentration of 50 pg/mL, for which the intra-assay variation coefficient was calculated 

at 24%, internal variations were all below 15% for concentrations of 100 pg/mL and 

above. The specificity of the reaction for TNF-alpha in serum was confirmed by 

substituting the specific mouse monoclonal capture antibody anti-TNF-alpha with a non-

specific mouse IgG control purified from a non-immunized animal (Figure S-8.2).  Given 

inherent variations such as small differences in the number of beads, magnets alignment 

and fluorescence inhomogeneity, which could be overcome in a more automated and 

integrated platform, these values are considered very promising at this stage of 

development.30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.6: Influence of the dilution medium on the quantification of TNF-alpha by 
Dual Network microfluidic ELISA. (A) The discontinuous curve on the left panel was 
obtained with default parameters and TNF-alpha diluted in TBST; the continuous curve 
was obtained in identical conditions with TNF-alpha diluted in a DMEM cell culture 
medium with 10% FBS. On the right panel, the detection time was extended from 10 to 
15 minutes. (B) On the right panel, the standard curve for the quantification of TNF-alpha 
in pure serum is displayed; all parameters were set to default expect for the 15 minute 
detection time. The left picture shows a typical fluorescent photograph of the detection 
area in these conditions.     
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Table 8.1: Summary of slope and linearity data for all tested conditions. The second 
set of parameters was arbitrarily chosen as the default conditions and referred to as 
default experiment throughout the text. For clarity, the most favorable conditions for the 
quantification of TNF-alpha using the Dual Network microfluidic ELISA platform are 
shaded in grey.  

 
 

With low-picomolar sensitivity in both cell culture medium and serum, good 

reproducibility and a total assay time of less than one hour, the Dual Network 

microfluidic system places itself among the most achieved microfluidic immunoassays 

described to date. For the quantification of TNF-alpha specifically, the sensitivity is very 

near the values obtained with traditional microwell ELISA as well as with the highly 

sensitive micromosaic assay developed by Cesaro-Tadic et al. at IBM Research.72 

Compared to the latter, the overall assay time is significantly reduced, as the combined 

use of magnetic microbeads and pressure valves removes the need for pre-coating the 

chip with the capture antibody or blocking the uncoated sites. Reaction volumes of 600 

nL, identical to those used in the micromosaic assay, are delimited by the fluidic 

chambers in which the beads are displaced. No complex design for solution 

transportation is required since working in stop-flow mode insures minimal influence of 

the flow rate. Besides, the Dual Network chip is entirely fabricated in PDMS, using only 

soft-lithography techniques, which makes it simple and inexpensive to produce.   
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The Dual Network system also compares very well to the most recent commercial 

products in the field of miniaturized immunoassay, such as the fully automated GyroLab 

Bioaffy CD platform76 or the electrochemical-based Gravi-Chip.99,100 Similar to these 

systems, the time needed for completion of parallel assays and the throughput of the Dual 

Network device could benefit greatly from a fully automated platform and a better 

controlled environment for the enzymatic reaction. Moreover, the sensitivity of the Dual 

Network assay could be further improved including by integrating the detection device on 

the platform and by enhancing bead dispersion inside the microfluidic chambers, for 

example by the use of ultrasonic vibrations or the addition of nanopillars inside the 

chambers. A better bead dispersion is expected to improve the assay sensitivity in both a 

direct an a indirect manner: directly by increasing the active capture area, which would 

also broaden the dynamic range and potentially decrease incubation times for complete 

analyte exploitation; indirectly by decreasing variability, especially at low concentrations 

of analyte and for the negative control and by increasing washing efficiency. 

 

8.5 Conclusion 

In this paper, we demonstrated the possibility for the rapid quantification of low 

concentrations of protein biomarkers in serum using the Dual Network microfluidic 

ELISA platform. By carefully assessing the assay performance as a function of the 

concentration of the detection antibody, the bead displacement velocity, the incubation 

and detection time, we have attained a good compromise in terms of sensitivity (2.56 

pM), dynamic range of detection (25 – 500 pg/mL), reproducibility (<15% variability) 

time-efficiency  (< 1 hour) and user friendliness. These results suggest that the platform 

is suitable for fundamental and applied research studies, as well as demonstrates its 

potential for use in medical applications for the early diagnostic of diseases and 

infections. These performances, combined to the inexpensive fabrication process and the 

concept of Dual Network, which removes the need for pretreatment of the chip, 

contribute to make of this system an extremely sharp, cost-effective and versatile device. 

The automation of flow injection, the integration of the detection device and the 

achievement of an enhanced bead dispersion during incubation times are the next 
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developments to be addressed. These investigations will help to further increase the 

sensitivity, reproducibility, detection range and throughput of the assay, thereby creating 

a very competitive platform for performing immunoassays in point-of-care or on-field 

analysis settings.   

 

8.6 Supporting information 

The supporting information contains 2 additional figures. The first demonstrates the 

successful functionalization of the tosyl-activated microbeads (Dynabeads® M-280 

Tosylactivated) with monoclonal mouse antibodies directed against human TNF-alpha 

(Invitrogen, AHC3712) according to the supplier’s instructions. The second confirms the 

specificity of the reaction for TNF-alpha.   

 

 

 

 

 

 

Figure S-8.1: Functionalization test after the coating procedure of the tosylactivated 

beads with the capture antibody. On a Dual Network microfluidic ELISA chip 

featuring eight independent pairs of channels, two were used as negative controls in the 

presence of non-functionalized beads, three for incubating the functionalized beads with 

an alkaline phosphatase coupled anti-rabbit antibody, and the remaining three for 

incubating the same beads with an alkaline phosphatase coupled anti-mouse antibody. 

The controls show very little fluorescence mainly caused by the PDMS bulk and the non-

reacted enzymatic substrate FDP. With the anti-rabbit antibody, the registered fluorescent 

signal is slightly higher, because of minor cross-reactivity of the anti-rabbit antibody with 

mouse IgG. After 5 minutes incubation of the functionalized beads with the anti-mouse 
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secondary antibody, a saturating fluorescent signal is observed, which indicates the 

presence of a high density of capture mouse antibodies at the surface of the 

functionalized beads.      

 

 

 

 

 

 

 

 

 

Figure S-8.2: Confirmation of the specificity of the reaction for TNF-alpha by the 

substitution of the capture mouse monoclonal antibody anti-TNF-alpha with a non-

specific mouse IgG control purified from a non-immunized animal. The eight parallel 

reaction of the Dual Network microfluidic ELISA chip were set up as follow: 1. FDP 

control: no beads or proteins were added in this channel. 2. Positive control for 

functionalization of the tosylactivated beads with the mouse IgG: no TNF-alpha or 

detection antibodies were added; the AP-coupled streptavidin was replaced by an AP-

coupled goat anti-mouse IgG. 3/4. Beads functionalized with mouse IgG were 

immobilized in these channels. The rest of the reaction was performed with 250 pg/mL of 

TNF-alpha in serum. 5/6. Beads functionalized with mouse IgG were immobilized in 

these channels. The rest of the reaction was performed with 500 pg/mL of TNF-alpha in 

serum. 7. Negative control for the TNF-alpha reaction: beads functionalized with mouse 

monoclonal anti-TNF-alpha antibodies were immobilized in this channel. The rest of the 

reaction was performed with no TNF-alpha in serum. 8. Positive control for the TNF-

alpha reaction: beads functionalized with mouse monoclonal anti-TNF-alpha antibodies 

were immobilized in this channel. The rest of the reaction was performed with 500 

pg/mL of TNF-alpha in serum.      

 Despite a slightly more elevated noise in channels 3-6 due to the non-specificity of 

Ms IgG, no positive reaction was observed with elevated concentrations of TNF-alpha 

Channel 8: positive control for TNF-alpha (500 pg/mL) 

Channel 7: negative control for TNF-alpha (0 pg/mL) 

Channel 6: Ms IgG with 500 pg/mL in pure serum 

Channel 5: Ms IgG with 500 pg/mL in pure serum 

Channel 4: Ms IgG with 250 pg/mL in pure serum 

Channel 3: Ms IgG with 250 pg/mL in pure serum 

Channel 2: positive control for Ms IgG  

Channel 1: FDP control



 

 87

when using the Ms IgG beads; no concentration-dependent variations were detected. The 

positive control with Ms IgG (channel 2) confirms the successful functionalization of the 

beads. Both the negative (channel 7) and positive (channel 8) controls for TNF-alpha in 

serum were as expected.  
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Chapter 9 
9 Conclusion and Perspectives 

 

In the first section of this chapter, the objectives established at the beginning of the thesis 

are reviewed, and a summary of the achievements relative to each of them is given. The 

second section presents some perspectives on possible future developments, in particular 

for improvements related to the automation and integration of the current platform. The 

last section provides a final conclusion to this thesis. 

 

9.1 Summary of achievements and meeting the objectives  

1.a. Design a microfluidic chip that is simple and economical to fabricate.  

Unlike the majority of devices displaying similar high sensitivities, the Dual Network 

chip is exclusively fabricated in PDMS. The current method is well adapted for the 

simple and economical fabrication of prototypes and the production of a reasonably high 

number of units. Additionally, the Dual Network system eliminates the need for physical 

or chemical pre-treatments, which further decreases the cost and complexity of 

fabrication. Other materials, in particular thermoplastic elastomers, could provide an 

excellent alternative for the inexpensive and rapid production of a large number of these 

chips, with fabrication procedures more adapted to industrial settings.  

 

1.b. Maintain the versatility and ease of use, and the potential for automation and 

integration. 

With the Dual Network system, no pre-treatment or surface functionalization steps are 

required prior to the start of the assay. The eight parallel assays on the chip are entirely 

independent such that the tested protein depends exclusively on the target of the capture 

entity on the magnetic bead surface. The independent channels can be utilized to test one 

sample for different biomarkers, or inversely several samples for a unique biomarker. As 

a result, the Dual Network chip remains extremely versatile. The magnetic microbeads 

can be functionalized in advance and stored for a long period without a significant loss of 

activity. The untreated PDMS chips can be kept at room temperature until they are used.  
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To date, the Dual Network platform is still operated manually. An ordinary peristaltic 

pump directly connected to one of the chip outlets generates the flow necessary to flush 

the channels with a new solution. This simple approach is made possible only because of 

the low influence of the flow rate when working in stop-flow mode. Similarly, simple 

external devices control the other elementary functions of the platform: a syringe to close 

the valves, permanent magnets mounted on a 3-axis micromotor to magnetically displace 

the beads and a standard inverted microscope to capture the parallel fluorescent signals. 

Despite the multiple steps of the assay protocol, no intervention on the chip itself is 

required. The PDMS chip is firmly secured onto the platform’s holder after the priming 

step until the final detection step. For these reasons, the implementation of an automated 

and integrated platform is realistically conceivable. This possibility will be discussed in 

more detail in the next section.  

 

1.c. Achieve low density parallelization adapted for point-of-care diagnosis while 

maintaining the possibility for further increasing the throughput. 

In the current iteration of the Dual Network chip, up to eight independent reactions can 

be performed simultaneously. This number has been sufficient to realize a standard curve 

for the quantification of a single biomarker and for characterization purposes. It could 

also be adequate for diagnostic applications based on qualitative results. However, this 

number is still limited when compared to the standard 96-well plate used for bench-top 

ELISA. In particular, it would be necessary to increase the number of parallel channels 

on the chip before a precise diagnosis based on quantitative results could be performed. 

For this type of applications, duplicates or triplicates of samples, standards and controls 

must be run simultaneously, requiring a larger number of independent reactions. While 

the current fluidic design does not present any theoretical barrier to increasing the final 

channel count, the main obstacle preventing the further miniaturization of the system 

remains the size of the permanent magnets. In a future iteration of the platform, the 

magnetic bead control device would have to be integrated through the fabrication of 

electromagnets. 
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1.d. Equal or surpass the performance of standard bench-top immunoassays while 

decreasing the time and cost of analysis. 

With a quantification range for TNF-alpha between 45 pg/mL and at least 500 pg/mL, the 

Dual Network platform operates at concentrations comparable to those of standard 

commercial ELISA kits for the same analyte (10 - 1000 pg/mL). The sensitivity value is 

also close to the data reported for the optimized micromosaic assay described in section 

4.3 (20 pg/mL). Both the inter- and intra-assay variations were below 15 %. The current 

reproducibility is considered satisfactory, given the lack of control of external conditions 

(in particular the temperature) and the manual operation of the platform. An automated 

and integrated platform could further improve the sensitivity, range and reproducibility of 

the assay, in particular by enhancing the bead dispersion during incubation phases and by 

better controlling external conditions.  

The assay time was decreased from the typically day-long laboratory protocol to 

about an hour. The volumes of costly reagent and samples were reduced from a minimum 

of 50 μL in a standard microwell ELISA to 10 μL in the microfluidic assay. This volume 

was utilized to facilitate manual pipetting, although in actuality, less than 1 μL of 

solution is required to entirely fill a channel and complete an assay in stop-flow mode. 

The absence of a blocking step in the Dual Network protocol also contributes to lower the 

time and cost of analysis. An automated and integrated platform would be expected to 

increase even further the time- and cost-efficiency of the assay. 

 

2. Demonstrate the potential of the developed platform to perform a rapid and sensitive 

test for a relevant biomedical application such as the quantification of the cytokine TNF-

alpha in the context of sepsis diagnosis.  

Following the proof-of-concept established with anti-streptavidin antibodies, the cytokine 

TNF-alpha was chosen as an example of a biomarker related to various applications. For 

instance, TNF-alpha is often tested to monitor the reaction of immune cells to stimuli 

such as chemicals or implantable materials. Also, the upregulation of this protein can 

reflect pathological conditions, such as the early progress of sepsis following a surgical 

intervention. After achieving the optimization of the critical assay parameters in a buffer 

solution, TNF-alpha was diluted in pure serum (or alternatively in a standard cell culture 
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medium) in order to assess the performance of the assay in more realistic conditions. The 

sensitivity and quantification range obtained (45 - 500 pg/mL) were within relevant 

concentration levels for in-vitro studies, generally found around several 100 pg/mL. In 

the context of the sepsis diagnosis, however, pathological values are more commonly 

situated below 100 pg/mL. Although the potential of the assay was confirmed for the 

latter application, the sensitivity for the quantification of TNF-alpha would have to be 

slightly improved to match concentration thresholds as low as 10 pg/mL. Moreover, 

multiplexed assays with several other biomarkers would have to be implemented and 

tested on real samples before the platform can be considered a suitable tool for the 

diagnosis of sepsis.   

 

9.2 Towards an automated and integrated platform 

In the previous section, the implementation of an automated and integrated platform was 

mentioned often as the next important developmental stage to be addressed. While the 

benefits in terms of costs, assay time and general user friendliness are straightforward, it 

is also expected to improve the performance of the assay. This section discusses the 

possibilities of integration for the three main elementary functions of the platform: the 

fluidic controls, the detection device, and the magnetic bead manipulation device.  

 

9.2.1 Automation and integration of the fluidic controls 

In stop-flow mode, the precision of the injected volumes is not critical as the volume used 

for the assay is defined by the size of the fluidic chamber rather than by the volume 

delivered in the inlet. As a result, the manual injection of the successive solutions does 

not contribute to the variability of the assay. Yet, the manual injection requires relatively 

large inlets to enable convenient loading. The implementation of a series of fluidic pins, 

which can deliver minute amounts of solution, would permit one to decrease the size of 

the inlets and increase parallelization. Similar to the injected volume, the precise control 

of the flow rate is a non-critical issue in stop-flow mode. With the appropriate 

connections at the two outlets, the generation of the fluidic flow could be controlled by a 

simple integrated pump delivering sufficient negative pressure to move the solution. The 
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same pump could be conveniently used to apply and release pressure inside the valves. 

Finally, the addition of a thermal element enabling work at constant temperature could 

reduce the incubation times, increase the binding specificity, and improve the 

reproducibility of the enzymatic reaction.    

 

9.2.2 Automation and integration of the detection device 

The miniaturization of several types of detection devices constitutes an important field of 

interest related to microfluidics. Numerous studies have described the integration of 

simple optical elements in microfluidic systems for fluorescent measurements.32,134-139 

The standard inverted microscope used in this work could be replaced by a system of 

diodes (LED) and optical fibers. Ideally, the individual fluorescent measurements should 

be performed in real-time and converted instantaneously into interpretable values. 

Moreover, while the current design of the chip was adapted for the enzymatic generation 

of the fluorescent signal, other detection methods could also benefit from the advantages 

of the Dual Network system.         

 

9.2.3 Automation and integration of the magnetic bead manipulation device  

The miniaturization of the magnetic bead manipulation device would be the most 

challenging, yet the most essential, aspect of the integrated platform. In the current 

system, permanent magnets of 3mm in diameter are utilized. Their rather large size 

constitutes the main obstacle impeding the further miniaturization of the platform. In the 

future, they could be replaced by a series of electromagnets generating a sufficient force 

and gradient to capture and move the beads inside the fluidic channels.40,154,186 The 

resulting size reduction would lead to the further parallelization of the assays.  

Furthermore, when designing the future manipulation device, special care should be 

given to improving the bead dispersion during the incubation phases, thus increasing the 

accessibility to binding sites. This feature is expected to enhance the sensitivity, 

reproducibility, detection range and speed of the assay in a significant manner. The 

incorporation of microposts inside the fluidic chambers and the use of sophisticated 

techniques such as diaelectrophoresis (DEP) or ultra-sound waves (USW) are possible 

approaches to be explored. 



 

 93

9.3 Final Conclusion 

The main objective of this thesis was to develop and characterize a microfluidic 

immunoassay platform adapted for point-of-care diagnosis applications. The assay was 

conceived to provide high scientific performance comparable to the standard bench-top 

ELISA, while remaining cost- and time-effective in its fabrication and utilization.     

An original design with an adapted detection method was developed to realize rapid 

parallel microfluidic immunoassays in stop-flow mode. The new concept of Dual 

Network was also introduced to considerably reduce the background noise due to NSA 

without costly and complex surface modifications. The last iteration of the Dual Network 

system combines the multi-purpose use of magnetic beads (as functionalized substrates, 

mixing elements and carriers for the transfer of the immune-complexes) with the precise 

control of embedded pressure valves. With these features, a versatile, user friendly and 

economical microfluidic immunoassay platform was developed.  

The characterization of the Dual Network assay was performed using the cytokine 

TNF-alpha as a model protein biomarker. Through the optimization of the critical assay 

parameters, a standard curve was established for the rapid quantification of TNF-alpha in 

serum within the low-picomolar concentration range. The assay performance, comparable 

to those of commercial ELISA, demonstrated the potential use of this platform for 

challenging applications such as the cytokine-based diagnosis of sepsis. 

The next stage of development should focus on the automation and integration of the 

platform, with special attention to increasing the number of parallel reactions and the 

dispersion of beads during the incubation phases. With these future improvements, the 

Dual Network microfluidic immunoassay platform can become a viable and successful 

tool for point-of-care diagnosis and other biomolecular analysis applications. 
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