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Abstract 

 

 

Fluidization is the process whereby a granular solid phase behaves like a fluid under the 

influence of an imposed upward fluid flow that counteracts gravitational forces. Fluidized 

bed reactors are nowadays routinely used in many chemical and biological engineering 

applications due to characteristics such as high surface to volume ratio, constant mixing, 

automation of operation and high heat transfer. We have developed a microfluidic 

magnetic fluidized bed system, in which gravity has been replaced with a magnetic field 

created by an external permanent magnet and the solid-phase by magnetic microbeads. 

These magnetic beads can be functionalized with different ligands in order to use the 

fluidized bed for biological target capture and preconcentration. The microfluidized bed 

system allows flow-through operations at low driving pressures with intimate liquid/solid 

contact and a continuous beads recirculation for enhanced target capture efficiencies. The 

physical system has been characterized, showing the importance of chamber angle of 

aperture and height confinement, as well as magnetic field distribution parameters, to 

obtain fluidization and further enhance mixing and maximize beads density. Moreover, 

the potential of the fluidized bed as a platform for analytical bioassays has been 

successfully explored with a series of biologically relevant applications: 

(1) the preconcentration of rare Alzheimer’s biomarkers together with their in situ 

fluorescence labeling for future enhanced detection with hyphenated detection techniques 

(2) the label-free sensitive detection of bacteria in liquid food samples through the 

specific immunocapture and on-chip culture of these microorganisms and the subsequent 

physical changes induced in the fluidized support, displaying a quantitative dynamic 

range of 100 to 10
7
 cfu/mL 

(3) the gene-specific extraction of DNA and its subsequent enzymatic amplification on 

the surface of the beads, coupled to a microarray detection system for a multiplexed 

detection of cancer-inducing mutations, showing a limit of detection of 10 pM. 

These results show that the applications of the magnetic fluidized bed go beyond its initial 

conception as a dynamical affinity-based concentrator, serving as an efficient platform for 

molecular biology protocols and even making use of its inherent auto-regulating 

properties as a detection mechanism. 
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Nomenclature 

 

Latin characters 

Variable Meaning 

A Cross-sectional area 

B Magnetic flux density 

D Channel diameter 

d Spherical diameter 

Fd Drag force 

Fg Magnetic force 

fp Friction factor 

H Magnetic field intensity 

k Intrinsic permeability of the medium 

K Kozeny constant 

kB Boltzmann constant 

M Magnetization 

m Magnetic moment 

P Pressure 

Pef Pressure of effective fluidization 

Pmf Pressure of minimum fluidization 

Sv Specific surface area 

Uf Superficial flow velocity 

Umf Velocity of minimum fluidization 

Up0 Terminal settling velocity 

Ut Maximum fluidization velocity 

 

 

Greek characters 

Variable Meaning 

µ Dynamic viscosity 

ε Porosity 

ρf Density of fluid 

ρs Density of solids 

τ Néel relaxation time 

 



Acronyms and abbreviations 

Shortcut Meaning 

AC Alternating current 

AD Alzheimer's disease 

APP Amyloid precursor molecule 

Aβ Beta amyloid 

BAM Bacteriological Analytical Manual 

BSA Bovine serum albumin 

C2CA Circle to circle amplification 

CE Capillary electrophoresis 

cfDNA Circulating free DNA 

CFU Colony forming unit 

COC Cyclic olefin copolymer 

CSF Cerebrospinal fluid 

CTC Circulating tumor cell 

ctDNA Circulating tumor DNA 

CZE Capillary zone electrophoresis 

DMP 2,2-Dimethoxypropane 

DNA Deoxyribonucleic acid 

dPCR Digital polymerase chain reaction 

dsDNA Double stranded DNA 

ELISA Enzyme-linked immunosorbent assay  

FBS Fetal bovine serum 

FCC Fluid catalytic cracking  

FDA Food and Drug Administration 

FITC Fluorescein isothiocyanate 

GDP Guanosine diphosphate 

GFP Green fluorescent protein 

GTP Guanosine triphosphate 

HDA Helicase-Dependent Amplification 

HRCA Hyper-branched rolling circle amplification 

ID Internal diameter 

IgG Immunoglobulin G 

ITO Indium tin oxide 

KRAS Kirsten rat sarcoma viral oncogene homolog 

LAMP Loop mediated AMPlification  

LB Lysogeny broth 

LFA Lateral flow assay 

LIF Laser-Induced Fluorescence Detection 

LOD Limit of detection 

MSFB Magnetically stabilized fluidized bed 

NASBA Nucleic-Acid Sequence-Based Amplification  



PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PDMA-

AGE Poly(dimethylacrylamide)-co)allyl glycidyl ether 

PDMS Polydimethylsiloxane  

PEEK Polyether ether ketone 

Phi29 DNA polymerase from the bacteriophage Φ29 

PIV Particle image velocimetry 

RCA Rolling circle amplification 

RCP Rolling circle product 

Re Reynolds number 

Re* Modified Reynolds number 

sAPPα Soluble amyloid precursor protein-α 

sAPPβ Soluble amyloid precursor protein-  

SPR Surface plasmon resonance 

ssDNA Single stranded DNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

 

Introduction 

 

The detection of analytes present in liquid samples at low concentrations is of outmost 

importance, in particular for biomedical diagnosis and public and environmental safety. 

This desirable detection represents however in many cases a technical challenge, resulting 

in too long and/or expensive analyses, with the resulting risk for patients and consumers. 

The field of microfluidics offers the possibility of automated and multiplexed analysis 

with low volumes of reagents, with the subsequent reduction in costs and enhanced 

portability. For enhanced sensitivity in order to detect rare analytes, the field has 

demonstrated the successful integration in microfluidic devices of many well-known 

preconcentration technologies such as electrokinetical separation or solid-phase 

extraction. In this latter case, membranes, porous monoliths and packed beds of beads 

have been shown to be efficient extractors of species. Nonetheless, their use has been 

limited by the need to use high pressures and their inherent proneness to clogging. 

Furthermore, an accurate fabrication control is still necessary to obtain the desired porous 

fraction and structural stability. 

The microfluidic magnetic fluidized bed system object of this thesis represents an 

innovative step forward in the field of microfluidic preconcentration systems, because of 

its flow-through functioning at low back-pressure and resistance to clogging. Further, its 

constant particle recirculation serves as an additional enhancer of an otherwise high 

surface to volume ratio. Because it allows the fluidization of magnetic beads commonly 

employed for biological separation steps, the system can be used for the automation of 

bioanalytical protocols that usually require tedious manual handling. Finally, the system 

is simple, only requiring some general geometrical features and an external magnet, and 

necessitates a low amount of magnetic beads. 

In this manuscript, besides the physical characterization of the system to reach a full 

comprehension of the requirements to obtain the fluidization of magnetic beads in 

microfluidic channels, the versatility of the system is demonstrated with a series of 

bioanalytical applications. While the use of the fluidized bed is demonstrated for very 

different targets (proteins, DNA, cells), the presented results show that the properties of 

the system can be used to go beyond simple preconcentrations. In particular, molecular 

enzymatic reactions and cell culture are shown to be possible in situ during the 

fluidization of the magnetic beads, this last case leading to physical expansion 

phenomena that can be used for the visual detection of bacteria. 

This manuscript is divided into five chapters, each one giving a special focus to a 

different aspect of this technology: 
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In Chapter 1, the capacity of the magnetic fluidized bed as a preconcentration system is 

put into perspective with a review on the existing literature in microfluidic concentration 

methods, be them electrochemical, membrane or surface affinity-based. A particular 

focus will be given to these latter ones, in which the fluidized bed integrates itself. The 

end of the chapter will be dedicated to alternative magnetic bead-based systems reported 

for preconcentration applications. 

In Chapter 2, the magnetic fluidized bed system will be presented after a first introduction 

on current fluidized bed technology and state of the art of fluidization integration in 

microfluidic systems. A full characterization of the physical properties of the system is 

then shown, with a special emphasis on critical parameters needed to obtain fluidization 

phenomena such as geometrical confinement and magnetic field distribution. 

The remaining three chapters are dedicated to different bioanalytical applications 

developed with the fluidized bed system. Chapter 3 is dedicated to the preconcentration of 

proteins, first with a characterization with a model biomarker molecule and subsequently 

for the immunocapture and elution of Alzheimer’s disease beta amyloids. This chapter is 

further completed with a scientific publication in appendix one, in which part of the 

presented results have been reported. 

Chapter 4 presents a thorough study on bacteria concentration and detection. In this case, 

the physical properties of the fluidized bed are used for the immunocapture, culture and 

detection of Salmonella. This detection system can compete in time with current standard 

methods of detection and is much simpler than most alternative methods. 

Finally, Chapter 5 presents the use of the fluidized bed system for the integration of long 

magnetic bead handling protocols for DNA amplification. This is the case of the circle to 

circle amplification (C2CA) composed of two amplification steps. While the fluidized 

bed will be used again as a preconcentration module, subsequent steps allow the in situ 

fluidized enzymatic amplification of the DNA target. The resulting product is then 

digested and sent to a downstream array for a second amplification and detection, 

everything integrated in a single microfluidic chamber. 

 

 

 



 

 

 

 

 

 

Chapter 1 

Preconcentration systems in microfluidics 

1.1 Trace analysis 

The analysis of molecules and cells at low and very low concentrations is growing in 

importance in fields as diverse as environmental protection, pharmaceutics, medical 

diagnosis or nanotechnology. The concentration at which a component can be considered 

to be present at trace levels can only be subjective and depends on the specific 

application, but an idea can be given by current definitions such as the one given by the 

IUPAC (International Union of Pure and Applied Chemistry) that considers the upper 

concentration limit for trace analysis to be 100 parts per million (ppm, Namieśnik 2002). 

However, as more and more methods are developed that are capable of performing 

analysis at these levels, the defined limit tends to be reduced. One can consider then than 

trace analysis is performed at the limit of current technologies, and hence is continually 

an area of active research. 

This trace level analysis is particulary present in several key areas of science and 

technology: 

- The production of high purity materials, where, as in the case of microelectronics, the 

concentration of impurities plays an essential role in device performance. 

- Biotechnology, and in particular the biomedical field, where the detection of trace 

species can improve diagnostics or be fundamental in the preparation of drugs. 

- Environmental protection and monitoring, for instance, the pollution of drinkable water 

being a particular source of concern in many areas of the globe. 
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Also, as can be inferred from this short but not exhaustive list, the trace components 

considered can come in a variety of forms, ranging from simple atoms, to more complex 

inorganic molecules, biomolecules such as proteins or DNA, all the way up to living 

organisms such as bacteria and eucariotic cells. 

In the present work we will focus in the analysis of biological and biochemical species, 

with a particular consideration for biotechnological applications in which these biological 

entities need to be detected at very low concentrations, as this will be the final objective 

of all the research presented in this dissertation.  

In particular, in this initial introductory chapter, an emphasis will be given to 

preconcentration methods that, as is the case of the fluidized bed system presented in the 

following chapters, are crucial steps to reach the limit of detection of common analytical 

detectors. 

1.2 Biomarkers 

Biomarkers are biological indicators that can be measured or assessed to confer 

information about some biological state or condition. They can be cellular, biochemical or 

molecular in nature and provide diagnostic, prognostic, or treatment-orienting 

information for patient care (Wagner et al. 2004). Further, to be considered as such, 

biomarkers need to be quantifiable with sensitivity enough detection system, be relatively 

easy to collect and provide valuable information for the benefit of the patient (Kohn et al. 

2007). 

Biomarker-containing samples can be both invasive, such as biopsies, or non invasive, 

such as body fluids (ex. urine, blood). Although the former ones may provide a more 

sensitive and specific information, they are limited to cases where such an intervention is 

necessary for lack of alternatives or part of an already planned surgery, as the procedure 

is complex and risk for the patient is involved. Body fluids on the other hand can be 

easily obtainable, making its use even possible for population screening, and in cases 

such as blood they may confer information of many processes, as they are exposed to 

different areas of the body. An overview of common clinical biomarkers, as well as their 

categorization and main sample sources, is illustrated in Fig. 1.1. 

Although the term biomarker is usually reserved for biomedical diagnosis more 

particularly in the case of liquid biopsies, an analogy can be made with the analysis of 

biological entities in food or environmental samples, where, especially the presence of 

certain chemical compounds or pathogenic microorganisms is of utmost concern for 

public safety. Therefore, also in this case a need exists for the routine detection of entities 

at very low concentrations.  

In spite of the high number of identified biomarkers, and the substantial economic 

investement employed for their development, so far only a limited amount of them are 

actually in use clinically. After discovery, the successful introduction of new biomarkers 
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requires proof of their consistent association with the disease of interest, verification of 

sufficient potential for investment, identification of most promising candidates due to the 

enormous associated costs, and finally validation with a sufficiently large pool of patients 

(Frangogiannis 2012). A bottleneck then exists that hinders biomarker development. 

Besides the development of biomarkers themselves, there has been considerable 

investement in the development of devices for biomarker detection. In this respect, point 

of care devices, defined as medical testing that can be performed on the bedside of the 

patient, are a choice when enhanced accessiblity and a reduced time for answer are a 

priority. Two examples of successful applications so far for this kind of devices are 

pregnancy tets and glucose monitoring biosensors. 

 

Figure 1.1. Overview of biomarkers (Nahavandi et al. 2014). 

Because of the often liquid nature of the analyzed samples, the field of microfluidics, that 

allows the automation of liquid handling with high accuracy and low volume needs, has 

experienced an exponential development for this kind of applications (Nahavandi et al. 

2014). One of its key features, the multiplexing of analysis, can offer a faster and multiple 

analysis both of candidate biomarkers in biomarker research and of a complete screening 

of panels of important biomarkers for patient or food samples. Further, the portability that 

it can offer should make this kind of analysis possible with point of care devices in low 

resource environments. A short overview of the field of microfluidics will be presented in 

the next section. 

1.3 Microfluidics 

Microfluidics is generally defined as the science and technology of manipulating and 

controlling fluids in the range of microliters to picoliters, with devices containing 

chambers and channels in the microscale. Having emerged in the 1990s, microfluidics is 

today a very multidisciplinary field, at the intersection of micro/nanotechnology, physics, 

chemistry, biology and material science. 
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A particularity of microfluidics is that the liquid phenomena that govern the behaviour of 

liquids at the macroscale is significantly different at the submilimiter length scale. For 

example, surface tension and capillary forces become more dominant at this scale, while 

the opposite occurs for gravitational forces. A characteristic difference between these two 

scales is given by flow regimes, as predicted by the Reynolds number: 

 

Where v represents the characteristic velocity, l a characteristic linear dimension, ρ the 

density of the fluid and µ the dynamic viscosity. High Reynolds numbers are 

characteristic of macroscopic pipes and channels, where the flow regime is turbulent, 

presenting chaotic velocity fluctuations. At low Reynolds numbers, typical of 

microfluidic systems where channel diameters are of the order of micrometers and flow 

velocities  of 1 cm/s or below, viscosity effects predominate. This is associated with 

laminar regimes presenting an ordered and regular streamline pattern. This is a 

characteristic of microfluidic systems that on the one hand helps in the simulation and 

accurate control of fluid behavior, but at the same time complicates certain operations 

such as fluid mixing, something almost trivial at the macroscale where fluids mix 

convectively.  

Nonetheless, the field of microfluidics has been very creative at adapting microscale 

phenomena for liquid handling. In this sense, many solutions have been presented for 

mixing, sorting, pumping and valve control, as illustrated in Fig. 1.2. 

 

Figure 1.2. Different systems for microfluidic operations : (a) a passive chaotic micromixer based on a 

herringbone structure (Stroock et al. 2002), (b) micropump constituted of three valves obtained by 

multilayer soft litography of elastomeric material (Unger et al. 2000) and (c) size separation of particles by 

deterministic lateral displacement in a array of microposts (Davis et al. 2006). 

By making use of these particular properties and modules, and combining them with a 

wide range of technologies, the field has attempted to address a myriad of problems in 

innovative ways, with a particular focus in chemical and biological applications. A simple 
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look at the most recent publications shows the dynamism and potential of this field, with 

reported applications as varied as cell pairing with droplet microfluidics (Hu et al. 2015), 

fabrication of collagen microparticles for 3D culture environments (Yamada et al. 2015) 

or the rapid detection of cell-free DNA in blood by integrated electrophoretic methods 

(Yang et al. 2015). 

Of particular importance has been the constant adaptation of well known macroscale 

techniques into microfluidic chips. The interest of doing this often lies in the reduced 

volumes handled and the increased precision and reproducibility of operations with 

enhanced automation and integration. A further advantage is the possibility of coupling 

these integrated systems among themselves, either in series for the integration of 

protocols, or in parallel for multiplexing. These multi-function systems are commonly 

termed lab-on-a-chip (LOC). A particularly active area of microfluidic development has 

been the integration of preconcentration methods usually needed for the detection of rare 

species. This is sometimes a simple adaptation of a same mechanisms into a smaller scale, 

but more often than not this integration leads to new possibilities only available at the 

microscale, if not to altogether new preconcentration technologies. 

1.4 Preconcentration methods based on microfluidics 

The ability to increase the concentration of the analyte in a given sample volume offers 

the potentiality of lowering the limit of detection of biosensing techniques. It is therefore 

a key step for rare marker diagnosis, that must come hand in hand with the development 

of techniques for increased detector sensitivity. 

These preconcentration steps can be done off-chif before sample analysis, but in this case 

contamination and loss of sample volume are common problems, besides these being 

often labor and time consuming procedures. This is especially true if the volumes handled 

are low. Microfluidics offers the advantage of integrating all necessary steps for 

preconcentration in a same module that can be directly coupled to the analysis or 

detection method, the manipulation of small volumes being particulary adapted. 

 
Figure 1.3. Presence of different molecules and ions in blood (Nguyen & Wereley 2002). 



Preconcentration systems in microfluidics 

 

8 

Besides the simple preconcentration of the desired species, an extraction of this one from 

a more complex matrix is usually desired to facilitate or even make possible the 

detection/analysis step. This is often a critical and complicating issue for biological 

samples, in which the sample matrix is often composed of a complex mix of species that 

can interfere with preconcentration by various mechanisms, such as non-specific 

adsorption on surfaces, clogging of extraction monoliths or channels, or reduction of 

binding capacity (Rogacs et al. 2014). This is further complicated by the rarity of the 

target. For example, the search for a protein biomarker must deal with the fact that more 

than 10000 proteins species are present in serum samples. Also, while most biomarker 

proteins are generally present at very low concentrations (<pg/mL), others such as 

albumin and immunoglobulins are present in very large amounts (>mg/mL, Fig. 2.3). As 

another example, for every circulating tumor cell originating in a primary tumor from the 

blood sample of a cancer patient, a few million white blood cells and a billion red blood 

cells are present. Low enough detection sensitivity and large enough dynamic range are 

thus needed for better sample preparation and sorting (Autebert et al. 2012). 

Of fundamental importance is the fact that these preconcentration steps must take into 

account their compatibility with the downstream analysis/detection methods. For 

instance, the lysis of cells is often a fundamental step for DNA extraction and 

preconcentration, but the debris from this lysis can potentially interfere with the 

bioenzymatic reactions needed for downstream DNA amplification methods such as 

polymerase chain reaction (PCR) (Tichopad et al. 2004). 

Finally, although useful for all kinds of rare biomarkers, preconcentration steps are of 

particular importance for the detection of proteins in low abundance as, in contrast to 

DNA amplificaton methods or culture methods for living cells, no equivalent exists for 

the amplification of a protein of interest. 

Preconcentration techniques have been reported making use of a range of available 

mechanisms. For the sake of simplicity, in the following sections these techniques will be 

divided into electrokinetic and non-electrokinetic methods, the latter further divided into 

two groups: preconcentration methods based on the use of nanopores or membranes, and 

methods that make use of affinity-based separations with a solid phase. Although the 

most common techniques will be covered by this classification, its is by no means an 

exhaustive review and inevitably some reported alternative preconcentration methods 

(e.g. acoustic waves (Ravula et al. 2008) or on-chip evaporation (Walker & Beebe 2002)) 

will be left out. 

1.5 Electrokinetic preconcentration 

The microfluidic integration of electrokinetic techniques presents, in general, the 

advantage of  not necessitating an external flow control as the preconcentration process is 

obtained through a generated electric field between two electrodes. For this reason, and 

because it was mostly based on well developed technologies, demonstrating the 
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integration of known macroscopic electrokinetic methods into microfluidic devices was 

particularly fruitful in the first years of microfluidic development. Electrokinetic 

techniques concentrate samples by bringing the transport of species to a local 

electrokinetic equilibrium state. Among all available techniques, isoelectric focusing, 

field amplified sample stacking and isotachophoresis are the most common for 

microfluidic integration, and hence they will be briefly explained and discussed next. 

1.5.1 Isoelectric focusing (IEF) 

Isoelectric focusing is an electrokinetic method that separates molecules as a function of 

their different isoelectric point (pI). Briefly, a channel is filled with a mixture of 

ampholytes and the analyte of interest, with one channel end immersed in acidic buffer 

and the other one in basic buffer. When an electric field is applied between the two ends, 

a gradient of pH is formed. Molecules present in a region of pH below their isoelectric 

point will be positively charged and hence attracted towards the cathode. This leads to a 

migration that results in progressively lower charge because of the linear increase in pH 

and a complete stop once the region reached contains a pH corresponding to the 

isoelectric point of the molecule (Fig. 1.4). The reverse is true for negatively charged 

molecules present in a too high pH region. Narrow zones of concentrated molecules 

according to their pI are then formed. IEF is usually used for the separation and 

preconcentration of proteins and peptides.  

 

Figure 1.4. Schematic of IEF. A gradient of pH leads to the separation of molecules in narrow bands 

according to their isoelectric point (Sommer & Hatch 2009). 

IEF was one of the first analytical techniques adapted for the microscale (Hofmann et al. 

1999). Besides the aforementioned advantage of coupling with other modules in a single 

microfluidic device, the integration of IEF on chip allows faster assays speeds with 

reduced sample volumes without loss of resolution (Sommer & Hatch 2009). 

One of the challenges of coupling this technique with other downstream analytical 

methods is the efficient separation of the obtained bands, as pressure-driven or 
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electroosmotic flow usually lead to dispersion and remixing. Some solutions to this 

problem have been reported in the litterature. (Zhao et al. 2014) showed the use of simple 

device containing a zig-zag channel formed by a sequence of wells distributed in the two 

halfs of a Slipchip (Fig. 1.5). After IEF separation sinde the channel, the wells are 

disconnected by chip slipping, leaving the analyte isolated in discrete compartments. 

These resulting droplets can then be pipetted for off-chip analysis or further mixed with 

the solution contained in other wells integrated in the same chip for in situ processing. 

Although small bands are difficult to separate with this method, a clear advantage is 

gained in terms of simplicity of operation and cost. 

 
Figure 1.5. (a-c)  Schematics of IEF separation and compartmentalisation using a zig-zag channels 

composed of wells that can be laterally slipped. (d) View of the PMMA chip (Zhao et al. 2014). 

Coupling IEF separation to size separation is particularly interesting for proteomic 

analysis, as a simple separation based on pI is usually not enough to discriminate the very 

rich mixtures of proteins often studied. With this idea, chips have been reported based on 

the working principle of two-dimensional gel electrophoresis, commonly containing a 

channel for a first IEF separation, and a series of perpendicular channels for mass 

separation (based on electrophoretic migration) of the IEF-obtained bands (Das et al. 

2007)(Lu et al. 2012). This allows a very accurate identification of species, but at the 

same time results in more complex protocols and an increase in fabrication costs. 
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Figure 2.6. (a) Plastic chip for 2D protein separation, with AB being the channel for IEF separation and CD 

for polyacrylamide gel electrophoresis (PAGE). (b) Procedure: the sample is first separated in the AB 

channel by an pH gradient and the resulting bands are made migrate in the CD channels for size separation. 

The arrows indicate flow direction. Adapted from (Das et al. 2007). 

Because of all the mention advantages IEF is a commonly used technique for microfluidic 

integration. It presents nontheless several disadvantages, in particular: (i) detection is 

usually done by a fluorescent tagging of sample proteins prior to their loading into the 

chip, meaning inconventient preparatory steps and possible shifts of the pI of molecules 

and (2) molecules with an accessible pI are needed, restricing the range of use of this 

technique to amphoteric compounds such as proteins (and even in this case many similar 

proteins share a same pI and cannot be resoluted). 

1.5.2 Field-amplified sample stacking (FASS) 

FASS is a relatively simple technique that makes use of a discontinous gradient in 

electrolyte conductivity to subject the ions of the sample to non-uniform local electric 

fields. More specifically, a sample containing the ionic species of interest is inserted 

between two regions with a higher conductivity (Fig. 1.7). When a voltage is applied 

between the two ends of the channel, the local electric field is highest in the low-

conductivity sample region and lower in the high-conductivity buffer, in accordance with 

Ohm’s law. As sample ions exit the high field region and enter the low velocity region, 

they undergo a sudden drop in electrophoretic velocity and hence locally accumulate in 

the interface and increase in concentration (stacking). The advantage of using 

microfluidics is that the resulting concentrated plug can then be transferred by fluid 

movement for further manipulation or detection.  
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Figure 1.7. (a) Scheme showing FASS of ionic species in the idealised of  a total absence of flow and (b) 

the more realistic case where the electric field resuls in an additional EOF generating a pressure gradient 

and lowering the efficiency of stacking. Adapted from (Bharadwaj & Santiago 2005) 

Although a simple technique, it must be taken into account that the gradient in electrolyte 

concentration needed for stacking also results in an electroosmotic flow (EOF) that tends 

to disperse the concentration fields and lower the efficiency of the process, making it 

difficult to control the exact location of the stacked material. Also, to prevent the 

generation of back-pressure due to a mismatch of electroosmotic flows in different 

regions, the length and hence the volume of the injected sample is limited. Surface 

coatings are usually needed to limit EOF. In this sense, many surface treatments applied 

to microfluidic devices have been adapted from the vast litterature reported for the field 

of capillary electrophoresis (CE). 

One of the challenges of integrating FASS in on-chip assays is creating the initial 

required boundaries of sample and buffer regions. (Jung et al. 2003) proposed a chip 

design containing a photoinitiated porous polymer structure that provides a high flow 

resistance in order to allow the pressure-injection of reagents but allows the internal 

electromigration of sample ions. The loading steps are described in Fig. 1.8. 

   

Figure 1.8. Loading steps of the porous plug FASS chip design: (a) high conductivity buffer is injected into 

all channels, (b) low conductivity buffer is introduced from the opposite inlet, the plug minimizing the 

mixing of the two buffers, (c) sample injection into the double-T and (d) stacking and detection of samples 

(Jung et al. 2003).  
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In more recent works, FASS separation processes are usually reported as complementary 

preconcentration step to enhance the limit of detection of integrated lab-on-chip assays. 

For example, (Giri & Dutta 2014) showed the increased sensitivity (60-fold smaller 

concentrations) of enzyme-linked immunosorbent assays (ELISA) performed on-chip 

when the enzyme reaction product obtained from the assay was preconcentrated before 

fluorescence measurement. In another example, (Shiddiky & Shim 2007) reported the 

integration of FASS and FASI (field-amplified sample injection) in the microfluidic 

channels of the chip as a first preconcentration step of double-stranded DNA (dsDNA) 

before sample separation by microchip gel electrophoresis and electrochemical detection. 

The authors report a ~5200-fold increase in preconcentration factors obtained with this 

system as compared with capillary electrophoresis analysis. 

As seen, FASS is typically used as a preconcentration step before the electrophoretic 

separation of analyte ions. However, besides the difficult setup of sample and reagents 

and the limited volume of analysis, one disadvantage of this technique is the difficulty in 

its applicability to physiological samples containing a high concentration of salts, 

requiring complex sample preparation protocols before analysis (Zhu et al. 2001).  

1.5.3 Isotachophoresis (ITP) 

Isotachophoresis is a preconcentration and separation technique in which analytes are 

focused between a leading electrode (LE) of high effective ionic mobility and a 

terminating electrode (TE) of low effective ionic mobility. When an electric field is 

applied between the electrodes, analytes in the sample are arranged at the interface of the 

electrodes, and the electric field self-adjusts to maintain a constant velocity for all zones 

(electrodes and sample). 

The ITP interface is self sharpening, meaning that if ions of the LE enter the TE zone, 

they will experience a restoring flux and will be returned to the leading zone, and vice 

versa. This makes the technique robust and insensitive to interferences such as pressure 

driven flows. 

 

Figure 1.9. Principle of isotachophoresis, (a) the sample is focused in a peak when its concentration is not 

high enough to influence the local electric field, while (b) bands of different ion mobility form for higher 

concentrations, adapted from (Garcia-Schwarz et al. 2012). 
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Isotachophoresis exists in two modes. In “peak mode”, the concentration of sample ions 

is always significantly lower than the ion concentration in LE or TE. In this case, multiple 

sample ions stack together between both electrodes in essentially overlapping peaks. In 

“plateau mode” the concentration of the sample ions is sufficiently high to influence the 

local electric field and in this case the different ions arrange in discrete bands in order of 

mobility (Fig. 1.9).  

Besides simple ionic molecules, isotachophoresis has been succesfully integrated on chip 

for the preconcentration of both DNA (Xu et al. 2009) and proteins (Cui et al. 2007). An 

example of microfluidics integration for increasing the sensitivity of signal obtained from 

DNA spots is presented in Fig. 1.10, where the focusing of DNA by ITP is then use to 

enhance the hybridization of DNA in downstream microarrays. The obtained narrow band 

of DNA in a 100 µm wide ITP zone, and its transport over the immobilized probes, 

speeds up the surface binding reaction, enabligh 30 fold shorter assay times, and increases 

the sensitivity by one order of magnitude (Han et al. 2014). 

 

Figure 1.10. (a) illustration of ITP focusing, diffusion and hybridization of target ssDNA and (b) 

experimental demonstration of ITP microarray with fluorescently labeled ssDNA (Han et al. 2014). 

All the electrokinetic techniques so far described present several important advantages 

such as short operation times and no need of fluid pumping or solid phase. 

Preconcentration factors in the order of 200-500 have been reported for ITP and 5.10
3
-

2.10
4
 for FASS or other FASS-based techniques integrated in microfluidic devices (Lin et 

al. 2011). However, an efficient selectivity of the separation process requires an accurate 

control and understanding of the charge, pI and mobility and the target molecules. Other 

shortcomings of these techniques have already been mentioned, such as a need for a very 

accurate control of salt content or pH, difficult to obtain with biological samples and 

requiring an off-line sample pretreatment. Further, sample injection is usually laborious, 

the surface treatment of channels is usually indispensable and highly affects results, and 

the coupling with detection methods can be complicated without loss of concentration 

(due to sample mixing when a flow is applied). Also, in most cases these techniques 

cannot be employed with larger entities (ex. cells), although alternatives exist such as 

dielectrophoresis, that will not be discussed in this work. 
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In the following sections, techniques based on the use of a solid phase for either the 

mechanical trapping of the species of interest, or their capture by a specific or non-

specific recognition, will be discussed. 

1.6 Membrane concentration 

Nowadays, membranes are used for a wide variety of applications in industry, including 

but not limited to waste water treatment, pervaporation, fuell cells and biomedical 

applications such as dialysis. Membranes are semi-permeable barriers, in which the 

transport of the species through the membrane can take place through the material, in 

which case single molecules permeate thanks to the solubility and diffusitity of the 

component, or through pores, in which case the morphology of the membrane (porosity, 

tortuosity and pore size distribution) governs transport and separation. Depending on the 

application, either the passing material (permeate) or the retained solution (retentate) can 

be the desired product (de Jong et al. 2006). The incorporation of membranes into 

microfluidic devices has been performed in the litterature by several means, which 

include the direct use of external often commercial membranes (Xiang et al. 1999), the 

preparation of the membranes as a part of the microfabrication of the chip (Metz et al. 

2003), or the in situ preparation inside the closed device (Suzuki et al. 2006). 

We will focus here in the case of porous membranes, in which case the separation can 

either be due to a simple size-filtering of the analytes, or to electrostatic effects. 

Size filtering is a very straight-forward method, particularly useful as a sorting technique 

for microparticles of different size ranges by steric exclusion. As an example, Wei et al. 

2011 fabricated PDMS porous membranes by simple molding of photoresist posts. The 

use of a series of membranes allows the capture of particles of different diameters, that 

can then be recovered with a side flow regulated by chip-integrated valves (Fig. 1.11a). 

The authors further demonstrate the possibility of controlling the pore size with the 

alignment of two overlapped membranes that can be sliped sideways (Fig. 1.11b). While 

the main application shown in this work was the separation of white and red blood cells, 

similar membrane-based devices have been shown effective for the preconcentration of 

more rare events, such as circulating tumor cells (CTC) (Fan et al. 2015). 
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  Fig. 1.11. (a) Double filtration of particles with porous membranes for particle sorting: clogging is avoided 

by frequent flushing and collection of filtered material. (b) An on-demand pore size can be obtained with 

overlapped PDMS membranes. Adapted from (Wei et al. 2011). 

Although filtration by steric exclusion is relatively straightforward and the fabrication of 

membranes can be obtained with simple approaches, the concentration of molecules with 

this approach necessitates the use of nanofilters that can greatly reduce analysis 

throughput. Some solutions have nonetheless been proposed, such as a high speed 

nanofluidic protein accumulator reported by Wu & Steckl 2009. In this work, a 

commercial 10 nm polycarbonate membrane filter of high mechanical strength was 

sandwiched between two PDMS parts containing straight channels. With the use of an 

electrokinetic fluid flow, proteins (fluorescent human serum albumine) accumulated 

locally in the channel cross point with preconcentration factors of 1000 times within 200 

s. 

 

Fig. 1.12. Protein accumulation as a function of time in the crossing point of two straight channels of a 

PDMS chip where a nanopore membrane filter is positioned (Wu & Steckl 2009). 

An alternative to these size exclusion methods is the filtration by exclusion-enrichment 

effects. In this case, the thickness of the electric double layer (EDL) is of the same order 

of magnitude as the pore diameter, leading to EDL overlap in the whole section of the 

pore. The result is that co-ions (having the same charge sign as the surface) are excluded 

from the pores, while counter-ions, are enriched to ensure overall electrical neutrality (Lin 
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et al. 2011). With the application of an electric field between both sides of the membrane, 

an ion depleted region is created on the anodic side while an ion enrichment region is 

created on the cathodic side. A very simplified but illustrative scheme of this 

phenomenon was reported by Pu et al. 2004 in the case of a negatively charged surface 

(Fig. 1.13). Very briefly, if the total current for a given section in the channel is carried by 

two cations and two anions, travelling to their respective electrodes (sectionx X1 and X2), 

because of the limited mobility of the anions in the nanogap, only one anion will 

contribute to the current in the pore, as compared to three cations (this ratio is naturally 

just an example, sections Y1 and Y2). On the anodic side the net change is a loss of one 

anion and one cation, thus leading to enrichment, while a net gain is experienced on the 

cathodic side. The situation is reversed if the surface charges are positive.   

 

Figure 1.13. Schematic illustration of the exclusion-enrichment effect (Pu et al. 2004). 

Most membranes reported for this kind of separation are made of nafion polymeric 

material, presenting ionomeric properties i.e. the polymer comprises repeat units of both 

electrically neutral and a low fraction of ionized units. In this way, and in a similar 

manner to the example shown before, Lee et al. 2008 assembled a nafion film between a 

glass substrate and a PDMS top for protein preconcentration (b-Phycoerythrin), obtaining 

factors of ~10
4
 in operation times of 5 min. 

Beyond porous membranes, the exclusion-enrichment effect can be used for other kinds 

of structures, such as nanochannels and nanogaps. Yu et al. 2008 reported the 

concentration of protein in nanofissures formed by the electric breakdown of the gap 

between two v-shaped channels (Fig. 1.14). In this way, besides a very low cost and 

simple fabrication (laser printing, voltage supply) preconcentration factors in the range of 

10
3
-10

5
 could be achieved in 10 min. 
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Figure 1.14. Protein concentrator by nanofissure: (a) design of printed chip, showing gap width between the 

two channels, (b) an image before and after nanofissure generation and (c) fluorescein concentration before 

and 1.5 min after voltage breakdown (Yu et al. 2008). 

 

1.7 Affinity based concentration 

An affinity-based concentration is a form of solid-phase extraction obtained by the 

specific or non-specific surface binding of the analyte of interest with either the walls of a 

microfluidic chamber, a monolith or the surface of beads. This binding can be both 

specific, such as those obtained with antibodes, lectins or aptamers, or non-specific, for 

example with hydrophobic or electrostatic interactions. Antibody-antigen interactions is a 

common choice for affinity extraction, with antibodies immobilized on the solid surface. 

In this case, in a typical preconcentration protocol the specific ligate is bound to the 

antibody during sample incubation, while the mobile phase is removed, thus separating 

the compound from the sample matrix. After a rinsing step, the bound analyte is finally 

eluted by either changing the pH or the ionic strength of the mobile phase. 

Since the bounding occurs on surfaces, the essential difference between the following 

methods is their geometry and possible dynamic mixing for capture enhancing. Due to the 

nature of the project presented in this work, a more detailed review will be given to 

preconcentration methods based on magnetic beads. 

1.7.1 Structured microchannel 

Generating a stationary phase for the interaction of the analyte with the solid support 

means that the surface to volume ratio must be maximized for increased captured 

efficiency. One straightforward idea for this is the etching of pillar-shaped structures, or 

other pattern geometries, in a microfluidic chamber. 

In this case, polymer embossing of microfabricated masters presents the advantage of 

reducing costs, allowing mass production and increasing the possibilities of its surface 

chemistry. As an example application, Witek et al. 2006 developed a microfluidic chip 
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with pillars obtained by the hot embossing of polycarbonate with a metal mold master 

(Fig. 1.15a). Prior to chip bonding the posts were exposed to UV radiation to induce a 

photo-oxidation reaction that creates surface-confined caboxylates. The result is an 

affinity bed that was used for the isolation of nucleic acids from bacterial (Escherichia 

coli) genomic DNA. 

The surface to volume ratio of this kind of structures can be further optimized with the 

nanostructuring of the polymeric surface. An example is shown in Fig. 1.15b, where 

(Tsougeni et al. 2015) plasma treated a poly(methil methacrylate) (PMMA) array of 

pillars for enhanced surface rugosity, and demonstrated capture efficiencies in the range 

of 50-100% (depending on the initial concentration) of injected Salmonella cells by 

precoating the chip with specific antibodies.  

 
Fig. 1.15. (a) Schematic diagram of the polycarbonate chip used for DNA isolation with a pillar array with a 

high magnification view of the microposts (Witek et al. 2006) and (b) plasma nanotextured PMMA array 

for bacteria capture (Tsougeni et al. 2015). 

Although the direct microstructuring of the microfluidic chamber presents the advantage 

of a highly controlled surface disposition, this is compensated at least for certain 

applications by disadvantages such limited surface area, relatively high fabrication costs, 

limited flow rate, especially for the efficient capture of smaller particles, and difficult 

grafting of specific ligands. The applicability of this technique has therefore remained 

relatively constrained. 

1.7.2 Porous polymer monoliths 

Monoliths are static structures presenting a very high surface to volume ratio for 

increased loading capacity, usually employed for chromatography separations. Most 

microfluidic monoliths are fabricated from polymeric materials by a very simple 

procedure, in which polymerization is photo-initiated inside a closed channel by exposing 

a mixture of monomers (cross-linker and initiator) and porogenic solvent to heat or UV 

light. The irradiation with UV light further presents the advantage of precisely controlling 

the size and location of the monolith by using a photolitography mask. After 

polymerisation, a solvent is flown into the microchannel to rinse the monolith. By varying 

the mixture composition and polymerisation conditions, properties such as pore size, 

surface charge and hydrophobicity can be accurately controlled. The result is a 

continuous unitary porous structure, as shown in Fig. 1.16. 
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Figure 1.16. SEM image of a typical cross section of a microfluidic polymer monolith (adapted from (Yu et 

al. 2001)) 

For enhanced resistance to high pressures (needed due to the high resistance inherent to 

this kind of system), monoliths are covalently attached to the wall of the channels to 

avoid displacement and formation of voids. For this purpose, pretreatments with TMSPM 

(3-(trimethoxyslyl)propyl methacrylate) in glass chips and UV-initiated photo-grafting 

mediated by benzophene in polymeric chips are commonly used options (Vázquez & 

Paull 2010). The resulting high mechanical strength and relatively low flow resistance 

with appropriate porosity, mean that relatively high flow rates can be used.  

Porous polymer monoliths have been used for the separation of species by ion exchange 

(Yu et al. 2001) or affinity chromatography (Kang et al. 2013). Although 

electrochromatography (Karenga & El Rassi 2010) has been the prefered method for 

microfluidic integration, micro-liquid chromatography (µLC) has been gaining popularity 

due to microfabrication improvements of chips for sustaining high back pressures 

(Vázquez & Paull 2010). With these porous polymer monoliths, enrichment factors of 

proteins of up to 1000 have been obtained (Yu et al. 2001), the main disadvantage of 

these systems being the high back pressures needed to attain significant flow rates, 

limited by the mechanical stability of the device. Monolith variation may also lead to 

difficulties in the reproducibility of operation (Kim & Herr 2013). 

1.7.3 Packed beads 

An alternative to these static monoliths can be found in the form of bead ensembles 

packed together, usually referred to as packed beds. This method presents the advantage 

of allowing the use of beads that are commercially available and which present well 

characterized properties, with surfaces that are often easily modifiable. Typically 

employed bead materials are silica and glass. 

However, to obtain a packed bed of beads it is necessary to immobilize the solid phase, in 

order to obtain the desired porosity and avoid its flushing away with the mobile phase. As 

illustrated in Fig. 1.16, for this purpose several strategies have been shown so far in the 

litterature, such as the creation  of frits (Thurmann et al. 2014), arrays of pillars fabricated 

in the chip (Andersson et al. 2000), dam structures (Sato et al. 2000) or by simple bead 

aggregation by geometry confinement (Ceriotti et al. 2002). 
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Figure 1.16. Examples of confinement strategies for packed beads: (a) frit obtained by laser 

photopolymerisation of a pre-polymeric solution of butyl acrylates (adapted from (Andersson et al. 2000)); 

(b) dam structure in a glass chip for trapping of polystyrene beads (adapted from (Sato et al. 2000)); (c) 

pillar structure defining a square reaction area and (d) fritless confinement by aggregation in a tapered 

column (adapted from (Ceriotti et al. 2002)). 

An interesting recent development in this field is the possibility of controlling the packing 

of the beads during operation for enhanced flexibility, going beyond a simple stationary 

solid phase. In this sense, Hwang et al. 2012 have shown the extraction of bacterial DNA  

by packing 30-50 µm glass beads with a flexible PDMS membrane (Fig. 1.17). By 

pneumatically controlling the membrane shape, the surface to volume ratio could be 

altered to obtain either close or loose packed beds for different protocol steps. This 

allowed an enhanced capture efficiency by packing maximization (95% non-specific cell 

capture from swab samples at 200 µL/min, requiring 50 kPa of sample injection 

backpressure and 150 kPa of upward membrane pressure) and an improved DNA elution 

and recovery by the asynchronous vibration of the membrane and resulting mixing of the 

beads. Preconcentration factors of ~100 fold were obtained by concentrating the sample 

in 10 µL of eluate from 1 mL initial sample volumes. 
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Figure 1.17. Extraction of DNA with preconcentration and elution steps enhanced by the use of a flexible 

PDMS membrane (yellow), that allows the rearrangement of beads in either a close or a loose pack, as well 

as mixing by vibration (adapted from (Hwang et al. 2012). 

Although flexible in size and surface chemistry, the main disadvantage of the use of 

beads for bed preconcentration is still the need for particle retention strategies, as 

previously seen, increasing fabrication costs and complexity, as well as a laborious 

introduction of the beads into these retaining structures that can lead to anisotropic 

distributions. These problems are further increased when the diameter of the beads is 

reduced, limiting the obtained surface to volume ratios of these packed bed structures. 

1.7.4 Magnetic bead-based concentrators 

In comparison with the previous non-magnetic beads strategies, the use of magnetic beads 

presents the advantage of an easier distance manipulation (by a magnetic field gradient), 

while the advantage of being able to have access to a broad gallery of commercial 

products and surface chemistries is still available. 

The structure of magnetic beads can be very varied, from a simple core of magnetic 

material, to a distribution of iron oxide particles in a polymer matrix, to a polymer sphere 

coated with the magnetic oxide. A commonly employed iron oxide is Fe3O4. In all cases, 

and as will be seen more in detail in the next chapter, the magnetic force acting on a 

magnetic moment m is written as (Boyer 1988): 

 

Where B is the applied magnetic field. A force is then exerted on the bead as long as a 

magnetic field gradient is present, and is proportinal to this gradient. This allows the 

control of beads with an external permanent or electromagnet, as typically done for buffer 

exchange steps by pipetting handling. Furthermore, in the presence of a magnetic field, 
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superparamagnetic particles form chains and clusters due to the magnetic dipole 

interaction between the magnetic moments induced in the particles. This property is 

employed by some preconcentration methods, as it will be shown later. 

The generation of magnetic fields for particle control can be obtained both with 

permanent magnets, that retain their magnetic properties after the removal of an external 

magnetising field (with materials such as iron, nickel or cobalt and especially rare earth 

metal alloys such as neodymium iron boron, NdFeB), or with electromagnetic fields 

generated around wires carrying a current. Both external and integrated magnets have 

been used depending on the application, the former presenting the advantage of lower 

fabrication costs and the latter allowing a closer proximity of the magnet to the 

microchannel and a more confined spatial control (Pamme 2006). 

Integrated micro-electromagnets present the freedom of being able to play with the 

intensity of the magnetic field by adjusting the intesity of the injected electric current. In 

this way, turning the magnetic field on and off becomes possible, facilitating reagent 

separation steps. Furthermore, by optimizing microcoil design (Fig1.18) it is possible to 

obtain accurate magnetic field distributions (usually in the order of microteslas) in order 

to generate high magnetic field gradients (maximizing magnetic bead trapping) that 

would otherwise not be accessible with external magnets (Ramadan et al. 2004). 

Nonetheless, this kind of system requires the deposition of metal microlayers and 

lithography patterning, highly increasing device cost, and the intensity of the generated 

magnetic field is limited by the Joule heating resulting from injected currents. 

 
Figure 1.18. Magnetic flux density lines for micro-electromegnets of complex geometries (section 10x2 

µm) (Ramadan et al. 2004). 

An illustrative example is the work of  Lien et al. 2007 (Fig. 1.19) where microcoil 

separators were integrated in the bottom of the chip chamber. After a first mixing of 

antibody-conjugated beads (Dynabeads) and target viruses inside a peristaltic rotary 

mixer, current was made pass through the coils for bead trapping, allowing a washing step 

with no bead loss. After enough rinsing, the magnetic field was switched back off, and 

magnetic beads pumped away for further detection steps. 
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. 

Figure 1.19. Operation principle of virus specific capturing and sample washing through integrated 

microcoils (Lien et al. 2007). 

On the other hand, magnetic fields generated by permanent magnets can only be 

controlled by their geometrical displacement, but, in contrast to electromagnets, they are 

completely autonomous, requiring no power source and leading to no Joule heating. They 

have both been down-scaled and integrated in the microfluidic system, or used as external 

sources of magnetic fields. This is the case of the work of Hoshino et al. 2011 (Fig. 1.20) 

in which a chip containing a single large and thin chamber was placed above arrayed 

magnets for the separation of cancer cells from blood. The arrayed magnets with alternate 

polarities led to sharp magnetic field gradients, very effective at capturing the cancer cells 

labelled by magnetic nanoparticles. As the magnet is not attached to the chip, the bottom 

of the chip constituted by a glass cover slip can be used for direct visual detection after 

sample concentration.  

 
Figure 1.20. Cancer cell capture by an array of external permanent magnets (a) view of the chip during 

blood injection and (b) schematic showing the principle of operation (Hoshino et al. 2011). 

Althouh convenient for the advantages just mentioned, obtaining high and localized 

magnetic gradients in a microfluidic device is difficult with external permanent magnets. 

A solution for this problem is found in the form of ferromagnetic lines and dots that can 

be included in the fabrication of the microfluidic device. When combinations of these 

elements are placed in the presence of magnetic fields, their induced magnetization  

results in the generation of local flux-density maxima. Further, the direction of 
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magnetization can be set with the position of the external magnet, enabling precise 

magnetic field distributions that can be modified during experimental time (Fig. 1.21a). 

By using magnetically soft materials the magnetic field can be turned off when the 

permanent magnet is removed, allowing particle release (Deng et al. 2002). Hard 

materials on the other hand retain their magnetization after the removal of the external 

magnetic field. (Dempsey et al. 2014) showed the imprinting of hard magnetic powder 

structures in PDMS using micro-patterned magnetic films as master structures, a simple 

and low-cost fabrication procedure, something especially important for lab-on-chip 

applications. More especifically, magnetic particles concentrated magnetophoretically at 

the interfaces between neighboring micromagnets, and a layer of liquid PDMS was then 

poured and let cure in order to obtain the composite by peeling it off the master surface 

(Fig. 1.21b). A biological application was shown in the same work in which fibroblast 

cells functionalized with superparamagnetic beads were trapped by these structures. 

 
Figure 1.21. (a) Ferromagnetic array of 2 µm dots in a PDMS chip and diagram of induced magnetizations 

in an array of ferromagnetic spots created by an external permanent magnet situated under the substrate 

(Tseng et al. 2009), and (b) schematic diagram of imprinting process of hard magnetic particles in PDMS 

by magnetophoretic concentration at the interface between micromagnets and liquid PDMS pouring: 

fibroblasts functionalized with magnetic particles were captured following the geometry of the patterns 

(Dempsey et al. 2014). 

A further option in order to obtain highly localized magnetic field gradients is the use of 

low coercivity magnets ending in a microtip that can be placed inside the device closed to 

the microfluidic channel, its core body placed inside an external electromagnet (Fig. 

1.22a). This soft magnet concentrates the magnetic field lines and leads to very high field 

gradients in the vicinity of the microtip, effective for fast bead capture. (Afshar et al. 

2011) showed the use of a pair of tips on each side of a microfluidic channel to attract 

beads in suspension resulting in the formation of a plug of beads (Fig. 1.22b). 

Demagnetization of the tips results in plug release and the formation of a narrow stream 

of beads moving downstream under a constant flow. Under the influence of a second pair 

of magnetic poles formed by a broad tip and a double tip on either side, magnetic 

gradients favorable for separation are generated, with particle trajectories that deviate 

more strongly with larger bead diameters or bead clusters (authors used 1.0 and 2.8 µm 
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superparamegnetic beads). This kind of device is particularly interesting for the on-chip 

intregration of magnetic agglutination assays. 

 

Figure 1.22. (a) Magnetic actuation system with soft magnet microtips integrated in a microfluidic chip and 

connected to a magnetic yoke and electromagnet. (b) magnetic plug formation with two opposite tips and 

(c) magnetic bead separation with a broad and a double tip (Afshar et al. 2011). 

So far, all the magnetic preconcentration applications shown have focused on the first 

labeling of the target with magnetic beads and their concentration in an area where the 

magnetic field was particularly strong. Although effective for certain applications, this 

requires a good mixing between beads and target, often performed off chip, and is less of 

a good option for molecular targets, where surface contact must be particularly high for 

efficient capture. Furthermore, if the mixing step is performed on-chip, it is usually 

performed in a limited space and hence in a limited volume, preventing the extraction of 

biomarkers from larger sample volumes than typical microfluidic chamber sizes. This is 

particularly a problem for rare biomarkers, as relatively large sample volumes must be 

processed to extract significant detectable quantities of analyte.   

A solution to this problem is the capture of the analyte of interest with magnetic beads 

inside the microfluidic chip. Ideally, the physical arrangement of magnetic beads should 

lead to a maximum surface to volume ratio, allowing a high capture rate at a constant 

fluid flow, in analogy with other solid-phase preconcentration systems previously 

described. For this purpose, several possibilities have been reported: 

Lacharme et al. 2008 made use of periodically enlarged cross sections of a microfluidic 

channel to retain  self-assembled magnetic bead chains (Fig. 1.23). A complete on-chip 

sandwich immunoassay (as described in chapter 3) was able to detect concentrations of 

up to 1 ng/mL of fluorescent monoclonal antibodies for small sample volumes (several 

nL). This method is conceptually very interesting, but requires the microfabrication of a 

relatively complex structure and is limited to very thin channels, reducing throughput. 
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Figure 1.23. (a) Microchannel with periodically varying channel width for retention of self-assembled 

magnetic particle columns and (b) optical image of the microchannel (Lacharme et al. 2008). 

Playing on a similar idea, Saliba et al. 2010 presented self-assembled magnetic columns 

formed by the application of a vertical magnetic field, their position determined  by a 

hexagonal array of magnetic ink, patterned at the bottom of a microfluidic chamber (Fig. 

1.24). This allows the use of much higher flow rates before columns destruction (as 

compared with the previous case) with a low backpressure, but the minimum separation 

of the columns is limited by their tendency to cluster together. Therefore, they were able 

to use this system for the highly efficient capture of circulating tumor cells, but the 

capture of smaller species would lead to low efficacies. This system is the equivalent of 

the structured microchannels described in section 1.7.1, with the advantage that the pillars 

can be disassembled by the removal of the magnetic field and rebuilt with new beads 

when switching on the magnetic field. This technique further avoids complex fabrication 

and chamber grafting protocols, and allows the reuse of chips. 

 
Figure 1.24. Formation of magnetic bead columns under the application of a vertical magnetic field. 

Columns are positioned on magnetic ink dots (Saliba et al. 2010). 

The regular patterning of magnetic particles is hence limiting for the preconcentration of 

biomolecules at high-throughput. An alternative to this is the random distribution of 

particles in an ensemble (magnetic plug) kept together by the presence of a magnetic field 

while the sample flow percolates through it. Bronzeau & Pamme 2008 showed the 

possibility of using a series of plugs of magnetic particles with different magnetic 

chemistries, for the capturing of several components simultaneously (Fig. 1.25). In this 

case, silica capillaries (ID 100 µm) were positioned in the gap between two NdFeB 

permanent magnets with opposite poles facing each other. As a result of the generated 



Preconcentration systems in microfluidics 

 

28 

magnetic field gradients, magnetic particles (2.8 µm Dynabeads) aggregated in the center 

of this gap when loaded in the capillary with a constant flow, with trapping efficiencies of 

100%.  By forming a series of particle plugs of different surface functionalization with 

the use magnet pairs along the capillary, the authors demonstrate the capture on each plug 

of a specific protein target. The chemical elution of target is also shown, although channel 

networks would probably be needed in this case for specific recovery. This study shows 

that the multiplexing of target preconcentration is possible with magnetic beads in a 

microfluidic device, although the authors do not provide information on capture and 

elution efficiencies. 

  
Figure 1.25. (a) prinicple of particle loading for the formation, sample capture, and release of magnetic 

plugs and (b) example of system formed by a series of plugs of different surface characteristis (Bronzeau & 

Pamme 2008). 

Easy in their principle, static magnetic plugs require high backpressures for inner flow 

percolation, and usually present suboptimal capture rates due to clustering and 

agglomeration. Furthermore, in very compact magnetic plugs a preferential flow path is 

usually formed, meaning that a majority of liquid will go through this lower resistance 

zone, reducing the contact surface with the liquid phase (Le Nel et al. 2008). A step 

towards a more efficient system is the development of dynamically actuated magnetic 

plugs. Moser et al. 2009 have shown that by using two magnetic microtips on each side of 

a microfluidic channel, the alternating displacement of magnetic particles from and to the 

opposite channel walls could be controlled by applying sinusoidal AC field frequencies to 

the electromagnet (Fig. 1.26). This dynamically actuated plug should present higher 

capture efficiencies than its static equivalent, as this latter one did not fill the entire 

section of the channel. However, since the plug oscillates in a nearly horizontal plane, the 

authors estimate a maximum achievable capture efficiency of 10%. A further detection 

step was performed by the generation of a static magnetic field, leading to the subsequent 

swelling of the plug when the field was switched off. Different swelling velocities as a 

function of the amount of capture analyte allowed the detection of protein captured by 

streptavidin/biotin interaction, with a limit of detection of 3 pM. 
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Figure 1.26. Dynamically actuated magnetic plug with a continuous motion of beads resulting in a 

relatively uniform plug distribution obtained with a sinusoidal field frequency between two magnetic 

microtips (Moser et al. 2009). 

In her thesis work, Sanae Tabnaoui (Tabnaoui 2012) presented a microfluidic fluidized 

bed based on the equilibrium of forces obtained by using magnetic beads (2.8 µm 

Dynabeads) attracted by an external permanent magnet in the presence of an opposing 

constant flow. In comparison with previous reported works on the development of capture 

systems based on the magnetic confinement of functionalized particles, the obtained bed 

was seen to present a rather homogeneous fluidization, stability in a relatively large range 

of flow rates and both packed and fluidization working modes. A perspective on previous 

attempts at creating a similar system showed the importance of a v-shaped chamber 

geometry and a relatively small chamber height. A protein capture protocol further 

showed the applicability of this system to biological extraction procedures. This 

promising initial proof of concept will be the starting point for the present thesis, in which 

the potentialities of the microfluidic fluidized bed will be explored for: (i) a series of 

biologically relevant applications and (ii) a more in depth physical characterization of the 

system. 

 
Figure 1.27. (a) Variation of the flow rate versus pressure for a fluidized bed formed by 50 µg of  2.8µm 

magnetic particles and (b) pictures of the fluidized bed at different flow rates (Tabnaoui 2012). 
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1.8. Conclusions 

As shown so far, the literature on analyte preconcentration methods integrated in 

microfluidic devices is particularly rich. The choice of a particular method over another 

depends on molecule/cell or sample matrix properties and on whether this 

preconcentration process allows the coupling with other possible downstream analytical 

steps. The integration of different preconcentration methods in a given device is also 

possible for enhanced sensitivity. An illustrative example is the work of (Mohamadi et al. 

2015), in which a single microfluidic chip integrates a plug of magnetic beads for protein 

immunocapture, a nano-porous membrane for further target preconcentration and an 

electrophoresis channel for protein discrimination and detection. However, the 

complexity of this kind of systems usually results in long protocols and high fabrication 

costs, with lower robustness of operation than simpler system designs. 

An added difficulty in the choice of the most suitable method for a given application lies 

in the fact that the reported limits of detection (or preconcentration factors) are usually 

difficult to compare between methods due to their important differences both in 

experimental conditions and the nature of the analytes evaluated. In the case of solid-

phase extraction methods it is nonetheless clear that the use of dynamic systems could 

offer enhanced performance in terms of target capture efficiency and elution, going 

beyond a simple diffusion-based process. Due to their ease of manipulation, magnetic 

beads are seen as an attractive support, as applications based on them have shown 

advantageous features such as multiplexing, flexibility, lower fabrication costs and 

dynamical control. Further, the surface functionalization of magnetic beads is versatile 

and relatively easily obtained, with many commercially existing particles available. 

In the next chapters, the micro-fluidized bed system, based on the constant recirculation 

of magnetic beads, will be presented. In chapter 2 a full physical characterization of the 

system will provide a better understanding of the physical properties needed to obtain 

fluidization of magnetic particles in a microfluidic device, and how this fluidization 

compares with conventional macro-fluidized bed systems. In the following chapters, the 

particular properties of this fluidized bed will be employed, not only as a preconcentration 

system, but for the further integration of biomolecular protocols or the specific culture of 

cells and subsequent detection. 
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Chapter 2 

Microfluidic magnetic fluidized bed 

2.1 Introduction 

Fluidization is a process whereby a granular solid material transitions into a dynamic 

fluid-like state when an upward-flowing fluid imposes a high enough drag force to 

overcome the downward gravitational forces. The resulting high stirring, surface to 

volume ratio, low backpressures and high heat transfer properties have resulted in 

fluidized bed reactors being widely used in the chemical industry. 

With the advent of microfluidic technology, existing macroscopic affinity solid-phase 

extraction systems such as membranes, chromatography columns or packed beds have 

been adapted into lab-on-chip devices for integrated preconcentration and separation 

steps. However, several reported attempts at the microfluidic integration of fluidization 

processes have so far been hampered by the reduced gravitational forces at the micro-

scale. Nonetheless, as seen in the previous chapter, an interest and need exists for more 

dynamic systems that go beyond simple static porous structures, in order to enhance 

capture efficiency, facilitate mixing and increase throughput. 

The microfluidic magnetic fluidized bed system developed in our lab (Tabnaoui 2012) 

has demonstrated the feasibility of obtaining fluidization with the use of magnetic beads 

and an external permanent magnet. This system presents the further advantage of being 

able to use commercial beads that are routinely used in laboratory environments for 

biological separation and biomolecular protocols. However, the physical mechanisms 

implicated in the obtained fluidization phenomena had not been studied and therefore the 

optimization of the device (magnetic field, microfluidic design, operational protocol…) 

was still pending. 
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In the present chapter, a deeper characterization of this magnetic fluidized bed is 

presented, and an attempt is made to offer a more complete understanding of the physical 

mechanisms and main parameters leading to this kind of fluidization. More specifically, a 

study is presented on the influence of chamber geometry, magnetic field distribution and 

particle loading, on fluidized parameters such as porosity and recirculation. This 

recirculation phenomenon is further characterized through particle tracking, and attempts 

at explaining its origin are discussed. 

For a better comprehension, the general physics, characteristics and most common types 

of conventional fluidized beds are presented first. The system is also put into context with 

the current state of the art in fluidized bed miniaturization. 

2.2. Fluidized bed reactors in industry 

The unique charateristics of fluidized beds provide certain features advantageous for 

certain industrial applications. Some examples are a rapid mixing, leading to almost 

isothermal conditions for the whole bed, very high heat transfer, easy solid phase 

handling and automation and suitability for large scale operations. Some characteristics 

that can result in low performance must however be taken into account when this kind of 

reactors are employed, namely bubbling effects in gas phase fluidized beds, the loss of 

solid phase if pulverization occurs or the abrasion of reaction walls. The overall 

advantage of fluidized beds has nonetheless lead to a wide range of applications in 

industry starting from the 1940s. A brief non-exhaustive summary of main applications 

ispresented in this section. 

First, due to their high heat transfer and isothermal properties, fluidized bed reactors are 

often used as heat exchangers between a gas and a solid phase. The use of fluidized bed 

driers is particularly common, allowing a high drying throughput available for any wet 

solid as long as its fluidization with gas is possible. A typical example is the drying of 

coal before coke oven feeding in the steel industry. Besides hot gas, heat can be supplied 

with heat exchange tubes, reducing the volume of fluidizing gas needed (Fig. 2.1a). A 

further application of these drying operations is the coating of particles or their growth 

from an initial seed with cycles of solid-phase wetting through liquid spraying and 

subsequent drying (Fig. 2.1b). 
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Figure 2.1. Examples of industrail fluidized bed reactors: (a) particle growth from initial seed, (b) drier,  (c) 

Kunii-Kunugi for thermal cracking and olefin production and (d) multistage reactor for the calcination of 

limestone. Adapted from (Kunii et al. 1991a). 

The adsorption of chemical components (typically solvants or air pollutants) from a gas 

stream is another application where fluidized beds can present higher throuhput than 

simple fixed beds, in particular when this operation is performed in multiple stages. 

Efficent protein purifications with this technology are achieved even from cell-rich 

feedstocks (Chase et al. 1992).  

Another application is the use of fluidized bed reactors for efficient synthetis of chemical 

products, the solid phase typically being used as a catalyzer of a gas-phase reaction. As 

compared with packed beds, fluidized bed reactors present the added advantage of 

presenting very homogeneous thermal distributions, with constant mixing reducing hot 

spots, necessary for accurate temperature control. This makes the technology suitable for 

very exothermal reactions, for which a loss of control can represent an important danger. 

Examples of chemical products obtained this way are polyethylene, polypropylene, 

acrylonitrile or hydrocarbons through the Fischer-Tropsch process (Kang et al. 2011). 

It is, however, the cracking of long chain hydrocarbon molecules into lighter 

hydrocarbons that has mostly propelled the development of fluidized bed reactors 

technology. In the most commonly used cracking process in petroleum refineries, the 

fluid catalytic cracking (FCC) process, a combination of two fluidization units is used 

(Fig. 2.1c). In a first vessel (reactor), vaporized petroleum is cracked in contact with hot 

catalyst particles.  This endothermic process results in carbon deposition on the surface of 

the particles. Therefore, after a certain resident time, these particles are sent to the second 

unit at higher temperature to reduce their carbon content by burning in air, and 

subsequently returned to the initial reactor. The heat produced by this burning step is used 

to feed the cracking reactor increase the overall energy efficiency of the system (Kunii et 

al. 1991a). As solids need to be constantly recirculated, particle fluidization is imperative, 

making fluidized bed reactors a key technology in most petroleum refineries today. 
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Due to the inherent mixing of gas and solid phases, the combustion of low-grade coal, 

(which cannot be efficiently burned in conventional furnaces) by fluidization processes 

has also raised interest, particularly in times of energy crisis. Further, as the burning of 

fuel takes places at lower temperatures than other conventional methods, pollutant 

emission (such as sulfur and nitrogen oxides) can be reduced (Johnsson 1994).  

Further common applications of fluidized bed reactors are calcination processes, such as 

the decomposition of carbonate materials (ex. limestone) to drive off carbon oxide (Fig. 

2.1d), or gasification of coal or solid waste to produce fuel gas (Belgiorno et al. 2003). 

A relatively more recent development are bioengineering applications such as the 

cultivation of microorganisms in these reactors due to fluidization characteristics such as 

large effective surface, efficient oxygen transfer, constant removal of waste products or 

accurate control of medium conditions. A particularly interesting application for 

wastewater treatment is the use of fluidized bed biofilm reactors (FBBR) in which 

microorganisms fixated on the surface of the fluidized particles consume the 

biodegradable waste contaminants of the fluidizing liquid. As a result of fluidization of 

the solid phase, the available area for microorganism growth is maximized, and higher 

flow rates and lower backpressures can be used as compared with fixed bed equivalent 

systems (Nicolella 2000). 

2.2 Theoretical background 

Fluidization is obtained by passing a fluid phase (gas or liquid) through a packed bed of 

particles at a sufficient velocity to compensate gravitational forces. While in a packed bed 

particles are in close contact, in a fluidized bed the interparticle distance increases 

resulting in an increase in porosity but also of the fluid/solid contact. These two regimes 

(packed bed and fluidized bed) are then complementary to each other and an 

understanding of their physical properties is necessary for a complete comprehension of 

the system. A description of their main characteristics and most commonly followed 

theoretical expressions is described next. 

2.2.1 Packed bed 

A typical packed bed is composed of a cylindrical column filled with a suitable packing 

material. Flow passes through the interstitial porosity of this material enabling a very high 

surface to volume contact. Many applications are then based on packed bed systems 

(some of them already described in the preceding chapter), the main drawback being their 

high resistance to flow, requiring high input pressures and significantly limiting 

throughput. 

The Hagen-Poiseuille equation defines the pressure drop accros an empty circular 

channel under laminar flow as: 
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 ( 1 ) 

 

With dU/dt being the flow velocity, µ the viscosity of the fluid and L and D the length 

and diameter of the channel. 

For the most general case of a porous medium of any distribution, the pressure drop of a 

Newtonian fluid passing trough the column can be obtained through Darcy’s law: 

 
 ( 2 ) 

 

With k being the intrinsic permeability of the medium and A the cross-sectional area. The 

law is only valid for laminar flow (see section 1.2). 

This expression was derived by Henri Darcy from experimental observations and 

published in 1856 (Darcy 1856). It has since then become an essential tool in the study of 

granular media and soils, and a basic relationship from which more sophisticated 

derivations have been devised. 

The permeability (k) of Darcy’s law is an empirical constant, that depends on the 

structure of the solid phase, being a function of parameters such as porosity, grain shape 

and pore interconnectivity. This is the most limiting term in Darcy’s law, as simulating 

flow through a porous medium requires the determination of this permeability. 

Kozeny proposed a solution to this problem by considering the medium as a bundle of 

parallel capillary channels with the same radius. By making use of Hagen-Poiseuille (Eq. 

1) and the concept of characteristic linear dimension (volume of void fraction divided by 

the surface area in contact with flow), Kozeny obtained an expression for permeability: 

 
 

 

( 3 ) 

 

Where Sv is the specific surface area (surface area by unit volume) and K is the Kozeny 

constant, that includes the concept of tortuosity (  ) defined as the ratio of the length of 

flow path through the porous medium to the length of flow path in the absence of solid 

medium. The value of this constant is 5 in many cases, although this is by no means a 

general rule. The Kozeny-Carman equation defines the pressure drop by making use of 

this permeability, and is a subset of Darcy’s law (Eq. 2): 

 
 

 

( 4 ) 

 

This expression is widely used and can be found in many alternative forms. In the case of 

a packed bed of spherical particles, the specific surface area can be calculated as the 

surface of a sphere divided by its volume, resulting in the following expression: 
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( 5 ) 

 

d being the spherical diameter. 

Ergun studied the friction forces that act on the solid particles due to the fluid flow, this 

forces being the primary cause of the observed pressure drop. This frictional force can be 

estimated for mono-sized spherical particles through the Ergun equation: 

 
 

 

( 6 ) 

 

With fp being the friction factor and Re* a modified Reynolds number that identifies the 

flow regime flowing through a packed bed. These two terms are themselves defined as 

     and  

 

( 7 ) 

 

With ρ being the density of the fluid, Us the superficial velocity (defined as the volumetric 

flow rate of the fluid divided by the cross sectional area of the bed) and d the equivalent 

spherical diameter of the particle, as previously described. 

From this equation, a rearrangement can be obtained to calculate the pressure drop of the 

bed: 

 
 ( 8 ) 

 

This resulting equation is a combination of a first component that dominates under 

laminar flow (Re*<10), reducing the equation to the Kozeny-Carman equation (Eq. 4), 

while for a turbulent flow (Re*>2000) the second component dominates, the pressure 

drop increasing with the square of the superficial velocity.  

2.2.2 Minimum fluidization velocity 

If the superficial velocity of the fluid through the packed bed increases sufficiently, the 

upward drag forces generated by this flow can end up equalizing the apparent weight of 

the particles. This is the velocity that determines the moment of incipient fluidization, 

which in general is referred to as velocity of minimum fluidization (Umf). Fluidization 

will then take place for any velocity value above this limit (U>Umf). 

From a general pressure-weight balance, taking buoyance into consideration, the 

pressure-drop of the solid phase of the bed can be written as: 
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( 9 ) 

 

This equation can be considered for the case of incipient fluidization (L = Lmf, and ε = εmf, 

although both terms are generally considered constant and equal to the packed bed state) 

and then be combined with Darcy’s law (Eq. 2) to calculate the velocity of incipient 

fluidization or minimum fluidization velocity: 

 
 

 

( 10 ) 

 

Another frequently employed possibility to determine Umf is combining the pressure-

weight balance just seen with the laminar component of Ergun’s equation (Eq. 8): 

 
 

 

( 11 ) 

 

The choice of neglecting the turbulent term is often employed for fine particles fluidized 

by a gas, which is the usual case for industrial reactors, and because of the microscale is 

inevitably the case in miniaturized fluidized beds (see Chapter 1).  

2.2.3 Fluidized bed 

Fig. 2.2 shows the pressure drop as a function of the superficial velocity for the situations 

described so far. For a packed bed the system behaves as a fluid resistance, with a linear 

relationship between pressure and fluid flow. Once fluidized, however, the pressure drop 

is constant for all imposed velocities due to the newly formed equilibrium of forces, this 

pressure drop being described by Equation 9. An increase in flow rate will nonetheless 

result in an increase in the porosity of the system and hence an expansion process will 

take place. 

Notice that a ∆P peak can occur close to the point of incipient fluidization for increasing 

flow rates, but this is generally absent for decreasing flow rates. This phenomenon is 

more common for gas fluidized beds, especially for small or low density particles for 

which interparticle cohesion forces due to surface rugosity might become significant. It is 

generally absent in liquid fluidized beds, with exceptions such as very heavy particles or 

tapered beds (Peng et al. 1997). 
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Figure 2.2. Fluidization/compaction cycle showing the resistant behavior of the packed bed and the constant 

pressure drop once fluidization is established. Hysteresis is a common phenomenon (Yates 1983). 

A liquid fluidized bed, where particles are kept in suspension by an upward flow of 

liquid, is essentially the same process as liquid suspensions where particles fall under the 

influence of gravity in a stationary liquid, only viewed from a different frame of 

reference. It is therefore possible to study the expansion of liquid-fluidized beds, except 

for very dense particles, with the Richardson-Zaki (RZ) empirical equation: 

  

 
( 12 ) 

 

Where Uf is the superficial fluid velocity (instead of the settling velocity of liquid 

suspensions), Ut is the terminal settling velocity of individual particles and n is the RZ 

exponent (that depends on the particle Reynolds number if wall effects are negligible). 

This exponent depends on Reynolds numbers when wall effects are negligible. 

If the fluid velocity is sufficiently increased, it can occur that the drag force acting on the 

particles will surpass their gravitational force. This situation arises when the velocity of 

the fluid exceeds the free fall velocity of the particles, Ut. Particles will then be entrained 

by the fluid and carried out of the bed. The velocity at which this occurs is called the 

maximum fluidization velocity. For very low Reynolds numbers (Re<0.4), (Kunii et al. 

1991b) give the following expression: 

 
 

 

( 13 ) 

 

Hence, the working superficial velocity to obtain fluidization is limited by Umf and Ut 

(Umf<U<Ut). 

2.3 Fluidization regimes 

The behavior of macroscopic fluidized beds is highly dependent upon fluidization 

parameters such as velocity, fluid and solid properties, and the dimensions of the cylinder. 

All of these lead to a variety of possible fluidization regimes. For example, in the case of 
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fluidization with a gas phase, a series of regimes exist depending on the imposed velocity 

of the gas: beyond the Umf, the packed bed (Fig. 2.3a) gives rise to a fluidization regime 

with a maximum of homogeneity (Fig. 2.3b). However, with increasing fluid velocities 

the formation of bubbles sets in, these bubbles increasing in size with an increase in flow 

velocity due to their coalescence (Fig. 2.3c). If these bubbles become large enough to 

have a diameter comparable to that of the fluidized bed, slugging will start taking place, 

with the bed continually disrupted by pulsed pockets of rising gas (Fig. 2.3d). Higher 

velocities will eventually result in a completely turbulent regime, exceeding the terminal 

velocity of the particles (Fig. 2.3e). 

 
Figure 2.3. Schematic representation of fluidized bed regimes. Adapted from [ref] and (Yates 1983). 

Other regimes are possible, more dependent on chamber geometry or axial motion. 

Channeling can occur as a result of poor fluid/solid phase mixing (Fig. 2.2f), especially in 

cases where the bed material does not present a uniform size or if interparticle or particle-

wall interactions are strong. A preferential path of lower particle concentration is formed 

and, because of its lower resistance, the fluid tends to flow preferentially in this region. 

Spouting occurs when the fluid is introduced in the chamber through a single nozzle at 

the entrance of a conical shape (Fig. 2.2g). This regime provides a good mixing and 

constant recirculation of particles. This allows the fluidization of particles coarser than 1 

mm, having found many industrial applications such as drying of granular material, 

coating of tables or granulation of fertilizers (Mathur et al. 1974). 

2.4 Magnetism and fluidized beds 

While a homogeneous fluidized bed is generally obtained close to the point of incipient 

fluidization, increased flow-rates generally result in bubbling and slugging phenomena. 

This means that the fluid passes through the bed bypassing the solid phase, and thus 

lowering surface contact efficiencies.  This problem led to the development of 

magnetically stabilized fluidized bed (MSFB) systems, where an additional magnetic 

field is employed for additional bed stability. In these systems, a magnetizable material 

(or a mix of magnetizable and non-magnetizable particles) is used as the solid phase, and 

an electromagnetic coil or permanent magnets are configured to create a homogeneous 

and steady magnetic field inside the cylinder of the bed. In most cases the magnetic field 
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is generated parallel to the direction of flow (Fig. 2.4a). This results is a bubble-free 

stable fluidization for a larger range of working fluid velocities than non-magnetic 

fluidized beds (Fig. 2.4b), and has even proven effective in the fluidization of small 

particles that are otherwise difficult to fluidize due to the formation of channeling (Zhu et 

al. 1996). The obtained stability is thought to be due to the formation of particle chains 

inside the bed due to interparticle magnetic attraction, these chains aligned with the 

magnetic streamlines. This stabilization due to chain formation seems to occur even when 

the magnetic field is oriented in a cross-flow configuration, although in this case the 

chains form an angle (~60°C) with respect to the applied field due to the perpendicular 

direction of flow (Valverde et al. 2010).  

  

Figure 2.4. Sketch of magnetically stabilized fluidization, with a field parallel to the direction of flow (a) 

and unfluidized-stable fluidized-unstable transition regimes as a function of flow velocity and strength of 

applied magnetic field for steel spheres (b). Adapted from (Rosensweig 1979). 

With this system, mixing is usually reduced due to the resulting interaction of the 

magnetized particles, and therefore heat transfer is considerably low as compared to 

conventional fluidized beds. However, for certain applications, a need exists for plug-like 

systems (no recirculation) that can overcome the limiting fluid resistance of packed beds 

preserving their characteristic low shear stress. MSFBs have thus been successfully used 

for chromatographic and adsorptive separation (Siegell et al. 1984), bioseparations 

(Putnam et al. 2003) or dry solid-solid separations (Rosensweig et al. 1987). 

In MSFBs, magnetic fields are used exclusevily for stability purposes and, as indicated, 

no net magnetic force is applied on the solid phase. Since generally no need to substitute 

gravitational forces exists, the literature on magnetic force-controlled beds is scarce. 

NASA has shown some interest in fluidized bed technology adapted for zero gravity or 

microgravity environments. In a reported study,  Helmholtz rings were used to create a 

magnetic field gradient inside a tappered 2D fluidization column (Sornchamni et al. 

2004). The experimental apparatus was installed on board in a NASA aircraft to conduct 

microgravity experiments in parabolic flights. (Fig. 2.5) This unique study proved the 

possibility of replacing gravitational forces with magnetic forces to obtain fluidization 

phenomena. To our knowledge, this is so far the only published study concerning this 

kind of system. 
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Figure 2.5. (a) Balance of forces in thre presence of a magnetic field gradient and absence of gravity for a 

fluidized bed containing ferromagnetic material and (b) experimental apparatus for microgravity 

fluidization experiments. Adapted from (Sornchamni et al. 2004) 

2.5 Attempts at creating a microfluidic fluidized bed 

The high mixing and resulting higher heat and mass transfer characteristic of fluidized 

bed systems are particularly interesting in the field of microfluidics, where laminar flows 

predominate and phase interactions are governed by slow molecular diffusion. 

Although the literature on the microfluidic integration of fluidized beds is scarce, some 

attempts previously reported will be described in this section. As it will be seen, however, 

while many of these attempts are successful in the miniaturization of fluidization under 

certain conditions, in most cases particle and chamber dimensions are not sufficiently 

small to be able to consider these works as truly microfluidic (particle diameters close to 

or greater than 100 µm being particularly limiting). 

The group of Andreas Manz reported a first example of integration of fluidized bed in 

microfluidic devices in 2005 (Vilkner et al. 2005). In their approach, the authors used a 

nitrogen flow to generate fluidization of a dry powder in a vertical cone of 4 mL (inner 

diameter 8.5 mm, mean particle size 113 ± 2.7 mm) whose base was connected to a 

microfluidic T-shaped channel (Fig. 2.6a). After a short cycle of fluidization, the gas flow 

was halted and part of the solid particles entered the main channel due to their downward 

movement when the bed collapsed (Fig. 2.6b). With a new gas injection, fluidization 

started again and the particles in the channel were forced to the outlet.  This paper showed 

for the first time the application of chip technology for dry powder handling as a way to 

automatize time-consuming weighting processes. Nevertheless, the application was 

limited to the injection and transport of small amounts of dry, non-cohesive powder and 

was thus restricted to the use of a gas phase as a fluid carrier. Further, although connected 

to a microfluidic device, fluidization takes place in an external macroscopic vessel. 
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Figure 2.6. (a) Schematic of experimental design for fluidized bed injection of a dry powder and (b) T-

junction of the microfluidic chip before and after fluidized bed collapse and subsequent particle flow 

towards the channel (Vilkner et al. 2005). 

(Potic et al. 2005) also published a miniaturized device for biomass gasification in hot 

compressed water. A cylindrical quartz reactor with an internal diameter of 1 mm was 

used, and as a distributor a quartz ball (diameter 0.9 mm) was placed just fitting the 

section of the capillary. As bed material, sand with 2450 Kg/m
3
 of density and four 

different particle sizes (60-70 µm, 80-90 µm, 100-150 µm and 150-250 µm) were used. 

Under these conditions, the authors observed the formation of homogeneous, slugging 

and turbulent regimes, with an expansion of the fluidized bed in the homogeneous regime 

similar to larger beds (Fig. 2.7). A discrete particle model proposed by the authors was 

able to simulate some behavior. This study demonstrates the possibility for the fluidized 

bed to be operated in rather harsh operating conditions (P> 200 bars, T >500°C, 

supercritical water), but the experiments also involve large sand particles in still too large 

reactors to be considered microfluidics. 

 
Figure 2.7. Photographs of (a) a homogeneous fluidization at different flow rates (300°C, 160 bar) and (b) 

slugging regime for the same rates (370°C, 160 bar). (c) linear relationship between velocity and porosity. 

Particle diameter was 80-90 µm (Potic et al. 2005),. 

Doroodchi et al. (Doroodchi et al. 2012) have shown the fluidization of large 225 µm 

glass particles (density 2492 Kg/m3)  inside capillaries with inner diameters of 0.8 mm 

and above. The fluidization medium was water. Fig. 2.8 shows the pressure drop of the 

bed as a function of the imposed fluid velocity for three different diameters of the 

capillary. For the larger diameter (17.1 mm) the behavior of the bed is typical of 

macroscopic fluid-solid fluidized bed, that is, before fluidization a linear relationship 

exists between pressure and fluid velocity and once the minimum fluidization velocity is 
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reached (Umf) fluidization occurs and the pressure drop stays constant for increasing 

velocities (section 2.2). For smaller diameters (1.2 and 0.8 mm) a hysteresis effect 

becomes visible, with a pressure drop overshoot before reaching fluidization for 

increasing flow rates. The authors argue that since a reduction in tube increases the 

particle diameter to surface wall ratio, this in turn results in more dominant frictional 

forces of the beads against the walls, having the drag force to compensate for both bed 

weight and these forces. They further show how Ergun’s equation, which does not take 

into account wall friction forces, differs from experimental results for smaller capillaries. 

Thus, this paper provides intriguing insights about the hydrodynamic behavior of 

fluidized beds at smaller scales.  It is, however, still restricted to the use of large particles. 

 
Figure 2.8. Pressure drop versus fluid superficial velocity for three different capillary diameters (a) 17.1 

mm, (b) 1.2 mm and (c) 0.8 mm (Doroodchi et al. 2012). 

A recent work was reported by Alwahabi et al. (Zivkovic et al. 2013) in what the authors 

consider to be the first truly microfluidic fluidized bed. The authors reported the liquid 

fluidization of 30 µm glass micro-particles in rectangular microfluidic channel (PDMS) 

with a cross-section of 400 um x 175 um. A distributor of 40 µm-wide pillars ensured 

particle retention at the base of the bed. This work has shown the failure to fluidize the 

glass micro-particles with water even in the presence of surfactants, due to the importance 

of adhesive forces. By using ethanol the authors obtained a fluidization process whose 

minimum fluidization velocity Umf and porosity during expansion could be closely 

predicted by the Ergun equation and the Richardson and Zaki correlation respectively 

(Fig. 2.9). Despite its integration in a microfluidic device, this approach was limited to the 

use of relatively large and dense particles, in combination with ethanol as a fluidizing 

medium to ensure the particle suspension stability and limit particle-surface interactions. 

  
Figure 2.9. (a) Optical micrographs of a fluidized bed of 30 µm glass particles with ethanol as fluidization 

medium and (b) fit to Richardson-Zaki model of experimental results on porosity-flow velocity. 
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The approaches described above typically consist in a scaling down of the concepts used 

in more conventional macroscopic fluidization devices, where the implementation and 

stability of fluidized bed relies on the balance between gravity forces on one side and the 

combination of buoyancy and hydrodynamic forces induced by the liquid flow on the 

other side.  

However, when scaling down the dimensions of a fluidized bed device below the 

millimeter length scale, and/or the dimensions of the particles down to a few 

micrometers, gravity is no longer sufficient to ensure bed stability. Indeed, the 

hydrodynamic drag force scales with the diameter d of particles whereas the gravity force 

scales with d
3
. This causes a significant dependence of gravity driven fluidized beds on 

particle volume. As a numerical illustration, the gravity force experienced by a 2.8 µm 

magnetic particle (e.g. Dynal©) is Fg = 9,7.10
-15

 N whereas the expected drag force 

obtained from the Stockes equation gives Fd = 4 ,24.10
-11

 N for a liquid flow of mean 

velocity of 1 mm/s. This clearly shows that gravity forces are not sufficient (three decades 

lower) to compensate for the fluid drag and that, for most inorganic particles, material 

density is too low to compensate the low particle volume. 

In order to compensate for these limitations, the use of magnetic forces has been proposed 

to mimic the influence of gravitational forces. The use of magnetic microparticles in 

combination with permanent magnets gives the opportunity to access higher handling 

forces, typically ~10
-11

 N (for Dynabeads and conventional Neodymium-Iron-Boron 

permanent magnets) that are sufficient to ensure particles confinement in a microfluidic 

device and to mimic the role of gravity forces involved in macroscopic devices. 

 

Figure 2.10. Schematic of microchip consisting of microvalves for pump actuation, bifurcated channel and 

an external permanent magnet on top. Zoom image shows plugs of beads in the parallel channels. 

Besides the microfluidic magnetic fluidized bed that is the object of this work, to our 

knowledge the only other work that claims to make use of magnetic forces for microscale 

fluidization has been reported by (Beyor et al. 2008). In this work, bifurcated channels are 

used to obtain plugs in channel branches containing the same amount of magnetic beads 

(2.8 µm, Dynabeads©), these plugs retained by an external permanent magnet situated on 

top of the chip (Fig. 2.10). A series of valves are then used to pulsate the injected fluid, 

resulting in the immediate downstream flow of beads. After each pulse, flow stops and 

the beads flow back attracted by the magnet, reestablishing the plug. The authors studied 

the capture of bacteria (Escherichia coli K12) with surface grafted antibodies, and 
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observed that capture efficiency increased with the number of bifurcations and with 

smaller sections. This is indeed an interesting study to show the possibility of automation 

of entity capture with magnetic beads in a microfluidic device. However, although the 

authors refer to this system as a fluidized bed, we believe that this is an inappropriate 

terminology, as no stationary fluidized behavior is obtained. 

In the following section, a brief description of the magnetic forces acting on these 

microbeads precedes the presentation and characterization of the magnetic fluidized bed 

for its better comprehension. 

2.6 Magnetic forces acting on superparamagnetic particles 

Superparamagnetism is a form of magnetism that appears in small enough ferromagnetic 

or ferrimagnetic nanoparticles that present a single magnetic domain. Induced by thermal 

energy, the direction of this magnetization randomly flips, at an average time given by the 

Néel relaxation time: 

 
 

 

( 14 ) 

 

Where τ0 is a length of time characteristic of the material, ∆E the energy barrier, kB the 

Boltzmann constant and T the temperature. 

Without an external magnetic field, the magnetic moments of the different 

superparamagnetic particles are randomly oriented and the global net magnetization is 

zero. However, the presence of a magnetic field leads to an alignment of these moments, 

giving rise to a net magnetization. A representation of this magnetization (M) as a 

function of the applied field (H) results in a sigmoidal shape without any hysteresis cycles 

(in contrast to ferromagnetic materials) (Fig. 2.11). 

 
Figure 2.11. (a) Schematic of superparamagnetic particle and alignment of magnetic moments in the 

presence of a magnetic field (Colombo et al. 2012) and (b) superparamagnetic net magnetization as a 

function of applied magnetic field. 

This magnetization can follow two different equations depending on temperature: 
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If   TB < T < ∆E/(10kB):  ( 15 ) 

 
 

If   ∆E /(kB) > T:  ( 16 ) 

 

Where n is the density of nanoparticles, m is the magnetic moment of the particle, µ0 the 

magnetic permeability in vacuum, L the Langevin function (  ) and TB 

is the blocking temperature that defines the minimum temperature for the 

superparamagnetic state to occur. Importantly, in the absence of magnetic fields 

superparamagnetic particles present no remanent magnetization, an advantage for 

protocols requiring their redispersion in solution. 

Homogeneous magnetic fields result in a torque that tends to align this net magnetization 

with the magnetic field lines. Further, as a result of dipole-dipole interactions 

superparamagnetic beads tend to form columns, which align in parallel to these field 

lines. However, these homogeneous fields do not result in translational forces. For this to 

occur a magnetic gradient is required. The magnetic force acting on a point-like magnetic 

dipole moment m is given by (Pankhurst et al. 2003): 

  ( 17 ) 

 

Since the nanoparticles will be used in some water-based fluid, it is reasonable to follow 

some simplifications: 

m = VmM    (Vm, volume of the particle, M volumetric magnetization) 

M = ∆χH    (∆χ effective susceptibility of particle relative to water) 

B = µ0H    (valid for vacuum and water-based media) 

∇ x B = 0    (Maxwell equation if magnetic field is stationary) 

Resulting in the following expressions: 

   or   ( 18 ) 

 

Showing a relationship between magnetic forces and the differential of the magnetostatic 

field energy density, . 

As seen from Fig. 2.11b, the curve representing the magnetization of superparamagnetic 

particles as a function of the magnetic field is composed of a linear region for low values 

of the field, a nonlinear variation for higher values and a saturation region presenting a 

constant value of M for the upper range. For the present work, all experiments were 

performed with 2.8 µm Dynabeads®: commercial magnetic beads fabricated by 

incorporation of iron oxides in porous polymer beads, further coated with a polymer 
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layer. The magnetization curve for these particles saturates at magnetic field values of 

~150 mT (Fonnum et al. 2005), which is superior to the field present in the microfluidic 

chamber of our device for most bed expansion lengths, as will be seen later (see Fig. 

2.19). 

2.7 The microfluidic magnetic fluidized bed 

The magnetic fluidized bed system is shown in Fig. 2.12 and a more detailed description 

of chip and setup can be found in the materials and methods section at the end of this 

chapter. As shown, a v-shaped microfluidic chamber contains the ensemble of magnetic 

beads, retained by an external permanent magnet positioned in alignment with the central 

axis of the chamber. The main dimensions of the chamber were an angle of 13° and a 

height of 50 µm. A bent 100 µm wide input channel avoids the return of beads towards 

the inlet when flow is stopped: the combination of magnetic force and geometric 

confinement induces a compaction effect that turns the beads ensemble into a closely 

packed arrangement associated with a low bead mobility.  

 

Figure 2.12. Diagram of experimental setup.  

Two working regimes exist depending on the input pressure. If the pressure is low, more 

exactly if it is insufficient to compensate for the magnetic forces applied on the beads due 

to the magnetic field gradient, a static packed bed regime exists (Fig. 2.13a) with a very 

low flow-rate percolating through the bed. When the input pressure increases beyond a 

certain minimum fluidization pressure, compensation forces are possible and fluidization 

occurs, with a constant recirculation of particles moving downstream in the chamber axis 

region and coming back following the walls of the chamber (Fig. 2.13b). Bed size and 

hence porosity also increases with increasing imposed flow-rates. These first results show 

that the behavior of the magnetically stabilized fluidized bed is quite similar to those of 

more conventional gravity driven devices.  
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This system was optimized for the fluidization of superparamagnetic particles in the range 

of 1 to 5 µm. We investigated the influence of channel geometry, magnet position and 

pressure/flow-rate conditions in order to i) optimize the bed capacity and stability over a  

large range of flow rates ii) ensure a uniform sample flow across the device and iii) favor 

the recirculation and mobility of the particles in the device to maximize sample/particle 

interaction. Characterization results will be shown next. 

 

Figure 2.13. (a) Schematic illustrations of the microfluidic fluidized bed for two working regimes: packed 

bed when  the imposed pressure is not sufficient for fluidization, and fluidized bed where an equilibrium 

between drag and magnetic forces is reached. (b) Images of the fluidized bed in the packed regime and 

fluidized for a series of flow rates (scale bar = 1 cm). 

2.7.1 Chamber geometry 

It is interesting to notice that conical micro-fluid beds are considered to suppress slugging 

and to favor particle mixing in regards to simple cylindrical beds. This geometry is 

interesting in particular when the particle tend to interact and agglomerate (Potic et al. 

2005). Previous work performed by our team suggested some limitations arising from the 

channel geometry and magnetic field distribution on the particle mixing and recirculation 

(Le Nel et al. 2008). Channeling mechanisms were indeed observed in straight 

microchannels with magnets placed on both sides of the device. One of the main 

objectives was to generate a homogeneous magnetic field distribution in the device. As 

we suggested before, a single magnet aligned along the main channel axis provides an 

efficient solution to generate a uniform magnetic field parallel to the channel midline axis 

thus avoiding the drawbacks that were encountered with two magnets. We believe that 

both the homogeneity of the magnetic field orientation and the v- shape of the channel are 

essential to enhance the fluidization regime and favor particle recirculation through a 

spouting-like mechanism (Holdich 2003).   

The vertical confinement imposed by the channel geometry (50 µm high) is also 

important as it favors favor the homogeneity of the fluid flow distribution across the 
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channel (perpendicular to the channel axis). Whereas Poiseuille flow may arise in a 

square channel geometry, hydrodynamic simulations clearly show a rather uniform flow 

distribution across the v-shaped chamber along the y axis (Fig. 2.14). This means that the 

balance between magnetic and drag forces is homogeneous across the channel and is 

mostly affected by the distance to the magnet. We believe that this feature is essential to 

maintain the homogeneity of the fluidization. Also importantly, the downstream reduction 

of flow velocity due to the channel v-shape is expected to compensate for the downstream 

reduction of the magnetic force. 

 

Fig. 2.14. Typical flow intensity distribution inside the microfluidic v-shaped chamber for a 3 µL/min flow 

rate. The profile of velocities is relatively flat across the width of the channel. Velocities decrease towards 

the output (right side) from 2 mm/s on left to 1 mm/s right. 

In line with our experience, simple constant-width channels loaded with magnetic beads 

resulted in the formation of preferential ways (channeling) that only managed to disturb 

the cohesion of a narrow central region (Fig. 2.15a). On the other hand, V-shaped 

chamber were succesfully used to obtain fluidization, the results on fluidization 

distribution of a series of chamber angles shown in Fig 2.15a. Although fluidization is 

seen to be possible even with large angles, the expansion capacity of the bed is in this 

case severely limited as magnetic beads tend to flow preferentially in the central region, 

losing mobility on either side. A chamber angle of 13° was on the other hand seen to 

show a more homogeneous particle distribution and more efficient expansions, almost 

linear as a function of imposed flow-rate (Fig. 2.15b). This particular angle was initally 

chosen because of its similarity to the natural angle formed by preferential fluidization 

paths in confined channels (such as seen for 0° in Fig. 2.15a). Due to its response to 

imposed flow rate (in line with gravity-based beds), highest porosity homogeneity and 

fraction of fluidized beads, this was the selected option for further studies. 
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Figure 2.15. (a) Influence of chamber angle on fluidization behavior and (b) expansion as a function of 

imposed flow-rate. A chamber angle of 13° was seen to be optimal for the fluidization of a maximum of 

solid phase fraction (scale bar = 1 cm). 

2.7.2 Influence of magnetic field distribution 

An optimal distribution of the magnetic field was also seen to be necessary in order to 

make fluidization possible and further adjust the geometry of the solid phase. 

Superparamagnetic beads are known to self-assemble in the form of chains and clusters in 

the presence of magnetic fields due to the magnetic pole interaction between the magnetic 

moments induced on the particles (Hayes et al. 2001). The resulting clusters tend to align 

parallel to the streamlines of the magnetic field. This behavior was reproduced in our 

system, where bead clusters formed and further aligned with the magnetic field 

independently of fluid flow (Fig. 2.16). 
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Figure 2.16. Measured angle for an independent and straight 13-beads column inside the microfluidic 

chamber. Angle measurements were obtained by focusing on each terminal bead of the column. The angle 

of the column is compared with the angle of the magnetic field streamlines obtained from finite elements 

simulation, showing a strong correlation. 

Fig. 2.17 shows the effect on bead distribution in the fluidized bed as a function of the 

position of the magnet in the z axis (perpendicular to the plane of the chamber). All the 

results seen in the previous section were obtained with a chamber z position at the level of 

the bottom face of the magnet, a position considered the reference in the figure. 

The results show that a chamber closer to the axis of magnetization of the external 

permanent magnet leads to more compact and hence less porous bed. This is partly due to 

the resulting increase in magnetic forces in the x direction, but also importantly due to the 

formation of longer clusters allowed by reduced inclination angles (the length of the 

cluster being limited in the z dimension by the height of the chamber). For a chamber z 

position close to the axis, the clusters become long enough to increase particle cohesion 

to the point of impeding recirculation even at high flowrates (Fig. 2.17a). In these 

conditions, a preferential channeling tends to appear in an otherwise compact bed (Fig. 

2.17b). A minimum cluster angle is hence essential for fluidization. 

On the other hand, an increased z distance between magnet and chamber axes results in 

more vertical magnetic streamlines, the resulting tilted clusters being shorter (Fig. 2.17a). 

This is accompanied by an increase in bed length and thus porosity (Fig. 2.17b). The 

reference position previously described (resulting in cluster angles of ~35-45° and thus 

~70-85 µm in length) was found to be a good compromise between low void fraction and 

even porosity distribution for the purposes of the present work, although other 
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configurations could be more suitable depending on the application. Fluidization was also 

seen to be possible with an increased chamber thickness (data not shown), although in 

this case the larger clusters present a reduced surface to volume surface, less interesting 

for bioanalytical applications. Other changes in magnet position only lead to an increased 

void fraction (if magnet-chamber distance increased following the x axis), or uneven 

distribution and side compaction (y axis). 

 

Figure 2.17. Effect of magnetic streamline angle and field gradients in the fluidization of the magnetic 

beads. Higher angles lead to smaller clusters and higher porosity. Small angles result in channeling effects 

and no fluidization (1 µL/min flow rate for all images). 

2.7.3 Hydrodynamic regimes 

With the resulting angle and magnetic field parameters, investigations were devoted to 

the hydrodynamic behavior of the fluidized bed and the operating conditions giving rise 

to a change in the bed regime. The inlet pressure in the device was imposed in the system 

and the corresponding flow rate was measured downstream. The black curve in Fig. 2.18a 

shows the evolution of the flow rate in an empty device i.e. where no particles were 

introduced. As expected, a linear dependence of the flow with pressure is observed thus 

showing that the device behaves as a simple fluidic resistance. The other three curves 
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were obtained after introducing three different quantities of microparticles in the system 

(25, 50 and 75 µg). The pressure vs. flow dependence of the corresponding bed was 

monitored in the 0-70 mbar range. 

 
Figure 2.18. (a) Hydrodynamic pressure-flow-rate behavior of microfluidic magnetic fluidized bed for three 

different amounts of beads and for an empty chip. (b) Hysteresis observed for the effective fluidization 

pressure after different packing times.  

Starting from a packed bed at 0 pressure, the pressure was increased at a constant semi-

stationary rate of 1 mBar/min. During this phase the flow-rate value remains below the 

sensitivity of the sensor (<10 nL/min) meaning that the packed bed exhibits a very high 

hydrodynamic resistance. As shown by optical observations, the bed is in a packed state 

all along the pressure increase meaning that in this regime, the drag force induced by the 

liquid flowing in the bed is not sufficient to compensate for magnetic forces and to 

destabilize the particle assembly. 

When reaching a certain pressure (15, 23 and 28 mBar for the mass of beads given 

before), the bed suddenly expands causing an abrupt increase of the flow rate. We will 

refer to this point as the pressure of effective fluidization (Pef). At this point, the 
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hydrodynamic drag force overcomes the magnetic force plus interparticle interactions, 

preventing compaction of the particles. 

As the pressure further increases, the bed expands and the flow rate in the fluidized bed 

follows a linear increase, with a slope comparable to the one obtained in the empty device 

(fig. 18a). This intriguing result suggests that the particle bed, in its fluidized regime 

induces an almost constant pressure drop which varies slightly with flow rate.  This 

observation is consistent with the hypothesis that this pressure drop is directly related to 

the total magnetic force applied on the particle ensemble that maintains the bed stability 

and compensates for viscous forces. In the case of gravity based beds, this force can be 

considered as constant, and also gives rise to a constant pressure drop across the bed 

independently of flowrate (Fig. 2.2). In our case, however, the magnetic field gradient is 

not constant all over the device. In particular, it decreases in the x direction (Fig. 2.19), 

meaning that the total force applied on the bed is slightly reduced with the expansion of 

the bed, with an accompanying small reduction in its resistance. As another confirmation, 

the pressure drop increases with the amount of particles introduced in the bed i.e. with the 

total magnetic force exerted on the bed (Fig 2.18a). As a consequence, taking into 

account the whole microfluidic system, the hydrodynamic behavior of the device can be 

described as the sum of i) the contributions of the empty microfluidics channels and ii) 

the pressure drop induced by the magnetic force exerted on the whole bed.  

 

 

Figure 2.19. x component of the magnetic field along the main axis of the chamber, and the magnetic force 

applied on the magnetic beads as a result of the gradient of this field. 

According to this, a very simple expression can be written for the pressure drop across the 

bed, if we further make the simplification that the porosity is constant for the whole 

volume of the bed : 

 =
 – 

 (19 ) 
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Where ε represents the porosity of the bed (considered homogeneous), Vp is the volume 

of a magnetic particle, and Fmag/part is the magnetic force applied on each particle (force 

considered constant for each transversal section of the bed but varying in x). The x-

component of the magnetic force on the particles was obtained from the magnetic field 

gradient in the chamber (finite elements simulations of the magnetic field distribution 

(COMSOL), Fig 2.19) and magnetization curves of Dynal particles (Fonnum et al. 2005), 

through the expression   (Eq. 17).  By applying this force in Equation 19, as 

well as the information of bed length and porosity extracted from experimental data, ∆P-

flow curves were obtained (Fig. 2.20). In this case, experimental and calculated values 

agree for low flow-rate values, when the homogeneity of the bed is maximal. For higher 

flow-rates the assumption of constant porosity for the entire section and length of the bed 

becomes less true, resulting in slight deviations. In any case, the overall good agreement 

between experimental and calculated results confirms the hypothesis that the bed 

properties are mainly driven by the balance between hydrodynamic and magnetic forces. 

 
Figure 2.20. Experimentally measured pressured drop and values obtained with expression 20 as a function 

of the imposed flow-rate for three different loadings of beads. 

Further, for zero flow-rate we can consider that this pressure drop is equivalent to the 

pressure of minimum fluidization Pmf in analogy to gravitational systems. The small 

values of Pmf also indicate the easy implementation of this fluidization, with a large range 

of accessible working pressures.  

In order to validate the applicability of the fluidized bed in microfluidic devices, and 

better characterize the operating parameter for its further integration, more detailed 

investigations of the fluidization mechanism were performed through repeated 
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fluidization and compaction steps (Fig. 2.18b). Hysteresis is indeed an important feature 

in the characterization of fluidized bed devices, in particular in the case of interacting 

particles. Aggregation processes may cause variation in the incipient fluidization 

parameters and hinder bed efficiency (Potic et al. 2005). The experimental pressures 

observed for the actual fluidization can hence be higher than the calculated values of Pmf 

and will from now on be referred to as pressure of effective fluidization Pef. The figure 

shows the evolution of the hydrodynamic characteristics of a fluidized bed during 

opening and closing cycles that were performed for a 50 µg bed by increasing the 

pressure from 0 up to 100 mBar at a 1 mBar/min rate and decreasing down to 0 at the 

same rate.  Delayed times varying from 0 to 600 s were added before each new cycle.  

The experimental analysis suggests a clear dependence of the incipient fluidization 

parameters on the packing process. The longer the bed remains in the packed state the 

higher the pressure has to be exerted in order to reach the incipient fluidization. Variation 

of the Pef value from 21 up to 26 mBars were observed in our experiments (for a 50 µg 

bed). As previously stated, when switching from an already established fluidized regime 

to a packed one, the pressure threshold giving rise to the transition from fluidized to 

packed regime is constant (Pmf = 14 mBar for 50 µg of beads) and independent from bed 

history.  A simple hypothesis to explain these results can be given on the base of the 

establishment of particle-particle interactions in the packed state. While the bed is 

maintained in the packed state, both rearrangement of the particle assembly and the 

establishment of interparticle cohesive and magnetic forces increase the bed compaction 

and stability. When switching to the fluidized regime, the force applied to the bed has to 

compensate for the magnetic pulling forces and these additional interparticle forces, thus 

giving rise to an increase of the effective fluidization pressure value. When integrating the 

fluidized bed in an analytical workflow, this behavior has to be taken into account in 

order to provide a robust and repeatable set of parameters to initiate fluidization. Once 

open, the behavior of the bed is, however, independent of its history. 

2.7.4 Bed porosity 

Fig. 2.21a shows measurements of the 2D area of the chamber filled by the fluidized 

particles at different flow rates for three loading amounts of magnetic beads. Although 

apparently trivial, the fact that the length of the fluidized bed proportionally increases 

with the amount of beads indicates that the total length of the fluidized bed cannot be 

predicted from an equilibrium of forces that would take place at the single particle. The 

total volume of the bed was then used to calculate its total porosity (ε), the total amount 

of particles and their individual volume being known (Fig. 2.21b). The void fraction of 

the packed bed was found to be around 40 %. When switching to the fluidized bed regime 

the mean porosity immediately increases to a minimum of 60% and further increases 

according to a non-linear curve up to 85% for 2µL/min. For the three bead loadings 

studied, remarkably similar and almost overlapping ε-flowrate curves were found. This 

seems to suggest that, even if a slight deviation can be observed at high velocities, the 

porosity is relatively independent of the bead loading, and of its total length. The 
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compensating effect that the v-shape of the chamber has in the equilibrium of forces 

along the x axis might be the reason behind this feature. 

 

Figure 2.21. (a) Total area filled by the fluidized bed for three different amounts of beads as a function of 

flow-rate and (b) calculated void fraction of the fluidized bed as a function of flow rate for the three 

different amounts of beads. 

2.7.5 Particle recirculation inside the bed 

Previous calculations were made with the assumption that porosity was homogeneously 

distributed within the bed. This is an approximation at best, as the constant recirculation 

of particles leads to a complex particle distribution that also depends on flowrate. In order 

to characterize the motion of particles, image sequences of the particle bed were acquired 

in the fluidized regime and used for particle tracking followed by correlation analysis 

(Figure 2.22a). Both the flow distribution and particle motion in the fluidized bed were 

investigated for a fluidized bed containing 50 µg of 2.8 µm magnetic particles for a given 

flow rate of 1.5 µL/min. 

The results revealed a particle trajectory pattern that is comparable to the spouting 

regimes sometimes employed in macroscopic fluidized beds (Holdich, 2003, see section 

2.3). A flow of particles takes place in the center of the channel bringing the particles 

downstream. In this central region the particle velocity ranges from 8 µm/s close to the 

channel entrance down to 0 when reaching the terminal part of the fluidized bed. In this 

latter region, the particles are dragged away from the channel center towards the channel 

walls, according to an axisymmetric pattern (approximate velocity 1 µm/s). A backward 

flow following the walls moves then the particles back towards the entrance of the 

chamber (approximate velocity 3-7 µm/s). At the interface between the central and 

sidewall regions dead zones are observed: in these regions, the particle velocity along the 

chamber axis is almost null (Fig. 2.22b).  
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Figure 2.22. (a) Particle tracking cartography of the fluidized bed for a flow rate of 1.5 µL/min; (b) detail of 

the sideward recirculation in the downstream limit of the bed, and of the opposite flow regions near the 

entrance; (c) flow velocity distribution in the longitudinal and transversal axis of the system and (d) scheme 

of equilibrium of forces for the three main steps in bead recirculation. 

The origin of this intriguing recirculation phenomenon can be explained, at least 

qualitatively, as illustrated in Fig. 2.22c and d. We hypothesize that in the central part, 

drag forces are dominant over magnetic forces.  Particles are then dragged downstream.  

However, when reaching the limit front of the fluidized bed a sudden drop in flow 

velocity, due to the end of the solid fraction, leads to the equilibrium of forces in the x 

direction. The lateral displacement of particles could then be explained partly as the 

combined consequences of the particle inflow, that maintains the mass transfer balance, 

and partly the result of the no slip boundary condition near the walls: in this region, the 

fluid velocity decreases significantly (Fig. 2.14) such that the upstream magnetic forces 

become dominant. As a result, a flow of particles is formed back to the channel entrance. 

Moreover, simulations suggest a sideward increase in angle difference between flow and 

magnetic streamlines, which results in an increasing lateral force close to the walls (Fig. 

2.22d).  



Microfluidic magnetic fluidized bed 

 

64 

This mechanism ensures a mass transport balance and is thus essential to provide a stable 

and continuous recirculation of particles within the fluidized bed. It is particularly 

interesting in the context of biomarker capture and extraction as it provides a continuous 

and homogeneous recirculation of particles and enhances their interaction with the fluid. 

We have shown that investigation of the magnetic field distribution in the device could be 

advantageously used to predict the minimum fluidization pressure Pmf. Coupling these 

results to hydrodynamic simulations would also provide an interesting approach to predict 

the fluidization parameters, in particular, the bed porosity (void fraction ε) and expansion 

length.  Nevertheless, investigating the balance between magnetic force and 

hydrodynamic drag turned out to be difficult for several reasons. Detailed observations of 

the particle distribution in the fluidized regime first revealed a rather non-homogenous 

particle spatial density and subsequently a relatively non-uniform porosity in the bed, 

particularly so for flow rates over 1 µL/min. Areas of maximum density are found close 

to the vicinity of the chamber sidewalls, where the particles are dragged back towards the 

channel entrance. On the contrary, the porosity increases in the regions of high flow 

velocity, in particular in the center of the device, where the hydrodynamic drag forces and 

flow velocity are maximal. This first observation is consistent with the principle of mass 

conservation:  as the velocity of particles increases in the center, the porosity decreases in 

order to maintain the mass transport balance. As a result of this non-uniformity, it is 

rather difficult to estimate the hydrodynamic flow field distribution in the device and 

consequently to estimate the spatial distribution of drag forces acting on the particles.  

Moreover, experimental observations also revealed a fluidization regime far from the 

idealistic image of a fluidized bed with mobile particles independent from each other.  

Because of their magnetization, particles interact with each other and tend to form 

aggregates. These aggregates behave themselves as dynamic structures that interact with 

other aggregates, dissociate close to the chamber inlet because of shear stress and 

eventually rearrange while they are dragged along the fluidized bed. This mechanism 

makes the understanding and quantitative investigation of the fluidized bed parameters 

even more complex.  

2.8. Conclusion 

Fluidized bed reactors present interesting features such as constant mixing and high 

surface to volume ratio, that make them particularly suitable when intimate liquid-solid 

interaction is needed. This has resulted in the development of a myriad of industrial 

applications in the 20
th

 century making fluidized bed technology indispensable in 

chemical engineering, and particularly so in petroleum refineries. 

The use of solid supports in the form of magnetic beads is also essential in many 

biological applications, but so far an easy and automatable method for easy bead handling 

is still missing. The microfluidic fluidized bed system shows clear advantages in terms of 

high porosity, constant mixing and relatively large range of working flow-rates. With a 

straightforward chip design, its implementation is particularly convenient, as the 
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movement is obtained simply by a time steady magnetic field obtained by an external 

permanent magnet, coupled to an imposed fluid flow in a microfluidic chamber that only 

needs to respond to certain characteristics in terms of height and tapered angle. The 

magnetic forces needed for its operation are also compatible with the use of commercial 

magnetic beads of a size typically employed in biological applications. Porosity and 

cluster size can be further adjusted on demand. 

As is the case with its macroscopic counterparts, the microfluidic fluidized bed presents 

features interesting for many applications, particularly in the field of biology. This 

potential was investigated for three very different applications based on three different 

types of initial target (proteins, DNA or cells), the results presented in the following 

chapters. 

2.9. Materials and methods 

Fabrication of microfluidic device  

Devices were fabricated by pouring polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) 

on PCB/copper molds containing positive-relief channels patterned in dry film resist (SY355, 

Microchem). The masters were prepared according to the process described in our previous work 

(Miserere et al. 2012). Briefly, a 55um thick photoresist dry film resist was laminated on a 50mm 

copper PCB wafer. The chip patterns were then exposed through a mask (SELBA) to UV light by 

conventional photolithography and finally developed. The masters were directly used for the 

replication of structures by PDMS casting. The resulting 3 mm thick PDMS replica was then 

bonded to a 100um thick PDMS layer that was previously spin coated on a 180um thick glass 

slide. The bonding was performed by activation of both sample surfaces through oxygen-plasma 

treatment. 

A surface treatment with PDMA-AGE 0.5% (Chiari et al. 2000) was finally performed by 

incubating the polymer solution inside the chip for one hour followed by water rinsing and drying. 

The design of the chip, as illustrated in Fig. 2.12, consisted of three inlets composed of two 200 

µm wide channels joining a larger middle channel of 1000 µm at 45ºC. This main channel then 

narrows to connect the main chamber of the chip to a curved channel (100 µm wide) that will 

serve as the constraint for the retention of magnetic beads. The main chamber presents a linearly 

varying width from the starting 100 µm at the entrance to a maximum of 1.8 mm and a total 

length of 9.5 mm. This chamber finally leads to the output of the chip by an 11.5 mm long and 

100 µm thick channel that will serve as an internal resistance of the chip. 

Microfluidic setup 

As shown in Fig. 1 SI the three inlets are connected to independent reservoirs, all of them 

controlled by a solenoid valve (Burkert 6604) used in a switch-on/switch-off configuration. The 

fluid flow coming from the starting reservoirs is pressure-regulated with the use of a pressure 

controller with three independent pressure exits (MFCS
TM

, Fluigent) and further feedback-

regulated with the flow rate measurements taken at the exit of the chip by a flow rate sensor 

(Flowell
TM

, Fluigent). The material chosen for all tubings was PEEK. A 80 mm long and 50 µm 
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in internal diameter PEEK tube was placed at the end of the system to impose the desired global 

resistance. 

Analysis workflow 

Prior to the injection of magnetic beads in the chip the whole system was filled with buffer (PBS 

+ 1% BSA) and 50 µg of magnetic beads (Dynabeads© M-270 Carboxylic Acid) were washed 

three times in batch with the same buffer. The injection of beads was then performed by 

disconnecting the PEEK tube of one of the entrances. A pipette cone was then inserted in the 

flexible PDMS chip entrance half-filled with buffer. The magnetic beads were then loaded inside 

the cone by pipetting them in a volume of around 30 µL. A small placed below the chip was used 

to bring the beads inside the chip and into the main chamber. Finally, a NdFeB12 permanent 

magnet (N50, Chen yang Technologies) was placed close to the channel. Permanent magnets are 

advantageous as they offer high magnetic field intensity value (around 1.47 Tesla). The 

dimensions of the magnet (30x20x20 mm) were chosen to provide a magnetic field mainly 

oriented along the channel axis and to minimize the lateral component of the magnetic forces is 

minimized. A separation of 2 mm was left between the outermost limit of the curved channel of 

the chip and the border of the magnet. Once both beads and magnet were in place a fluid flow 

could be set to pass through the system. 

Particle tracking 

A bed with 1% of the total number of magnetic particles Cy5-labelled was used for fluorescence 

imaging with a flowrate of 1.5 µL/min. Fluorescence images were taken with an interval of 100 

ms and analyzed with the software PIVLab. 
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Chapter 3 

Protein extraction and detection applied to beta 

amyloids 

3.1 Introduction 

The global prevalence of dementia has been estimated at 6% of the population of those 

aged 60 and more (Prince et al. 2013). This means that an estimated 35.6 million people 

worlwide live with dementia, and this figure is expected to double every 20 years due to a 

global aging population. Alzheimer’s disease (AD) is the most common form of dementia 

(60 to 80% of cases (Fargo & Bleiler 2014)), causing problems with memory, thinking 

and behavior. Its risk increases with age and symptoms usually develop slowly, getting 

worse overtime, eventually becoming severe enough to interfere with daily tasks. 

Currently, no treatment exists for the treatment of AD. Although several FDA-approved 

drugs exist in the market (Acetylholinesterase inhibitors, Memantine)  they can only help 

with a modest cognitive function improvement in moderate to severe patients (Winblad et 

al. 2007)(Howard et al. 2007), without any effect on disease progression. Research efforts 

are thus intense, and while so far clear slowing of disease symptoms has only been 

confirmed by cognitive stimulation (Woods et al. 2012), breakthroughs might be starting 

to appear in drug development (solanezumab). This is important, as an early diagnosis 

could potentially offer the patient the opportunity to live with the disease for as long as 

possible with a better quality of life. Current diagnosis relies mainly on symptoms on 

mental decline, a moment when severe brain damage has already taken place. A definite 

diagnosis can, however, only be established postmortem through the histological 

examination of brain tissue. Recently though, both neuroimaging (Varghese et al. 2013) 

and molecular biomarker detection (in the form of proteins, hormones (Doecke et al. 

2012) or lipids (Mapstone et al. 2014)) are areas of research that have shown potential as 

indicators of early stages of AD. Among a range of studied biomarkers, levels of tau and 
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beta-amyloid proteins, found in the cerebrospinal fluid (CSF), have shown a strong 

correlation with AD (Frankfort et al. 2008). However, since no individual biomarker has 

been shown to fully discriminate AD from other neurodegenerative illnesses, current 

research on AD diagnosis is particularly focused on the finding of biomarker signatures 

ie. sets of relevant biomarkers with a maximum predictive potential. 

Beta-amyloid peptides (Aβ) are mainly produced in the CSF by the proteolysis of a larger 

protein known as amyloid precursor protein (APP). This protein is a transmembrane 

protein consisting of 695-770 amino acids expressed in many tissues and particularly 

concentrated in the synapses of neurons. Evidence suggests that APP is involved in cell 

growth and proliferation, with possible tissue-repair functions in the brain (Dawkins & 

Small 2014). APP proteolysis can happen following two pathways (Fig. 3.1). In the 

predominant one (non-amyloidogenic), the enzyme -secretase cleavages APP resulting 

in the release of two fragments (sAAP  and C83). Since this cleavage takes place in the 

Aβ domain of the APP, this pathway completely hinders the generation of Aβ peptides. 

The non-cleaved APP in this preferential pathway becomes a substrate for the β-secretase 

enzyme in the amyloidogenic pathway, releasing sAPPβ. The remaining peptide is cut by 

the -secretase complex in a variable sequence position, resulting in the release of Aβ 

peptides with a size range of 37 to 43 amino acids. Most resulting peptides are Aβ 1-40, 

with a proportion of 10:1 over Aβ 1-42 (LaFerla et al. 2007).  

 

Figure 3.1. APP proteolysis pathways (LaFerla et al. 2007). 

The function of Aβ peptides in the organism is to this day not completely understood, 

although it is known that its absence does not lead to apparent physiological changes in 

mice (Luo et al. 2003). Aβ overproduction is on the other hand known to lead to 

neurotoxicity, the formation of neural tangles, synapse damage and eventually neuron 

loss (Shankar & Walsh 2009). They accumulate as densely packed fibrils forming 

extracellular structures known as amyloid plaques. Although these plaques were for a 

long time thought to be the main cause of cognitive decline, research has more recently 
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shown that soluble Aβ oligomers are the central source of neurotoxicity (Mucke & Selkoe 

2012). 

Tau protein on the other hand has a clear role in the assembly and stability of neuronal 

microtubules. In AD patients, tau is hyperphosphorylated, leading to its dissociation from 

microtubules and self-polymerization. The resulting neurofibrillary tangles (NFTs) are 

thought to lead to neuron death through intracellular space occupancy. 

The mechanism of this disease is to this day not completely understood, with opposing 

major hypothesis suggesting that either tau or Aβ are the main causative factor for AD. 

Independently of the primary AD cause, both tau and Aβ have been extensively studied as 

possible indicators of the illness (Frankfort et al. 2008). In particular, signature baseline 

levels of T-tau, P-tau, Aβ 1-42 and Aβ 1-42 to Aβ 1-40 ratio have been correlated in 

longitudinal studies with decrease cognitive function and AD (Humpel 2011). 

 We will focus here on Aβ research, as this will be the object of the present chapter. Aβ 1-

42 levels have been shown to be lower in the CSF of AD patients (<500 pg/mL) than in 

the normal population (about 800 pg/mL) as a result of their clearance from the brain to 

CSF and/or blood, and their aggregation in the form of senile plaques (Humpel 2011). 

However, these lower levels have also been correlated with other neurodegenerative 

diseases such as Lewy body (Schade & Mollenhauer 2014), Parkinson’s disease (Parnetti 

et al. 2013) or Creutzfeld-Jacob disease (Wiltfang et al. 2003). Discrimination is thus 

needed with a panel of biomarkers, including other beta amyloids such as Aβ 1-40, Aβ 1-

38 or Aβ 2-42 (Bibl et al. 2006).  

Diagnosis through CSF analysis presents a series of drawbacks, requiring for their 

extraction a lumbar puncture, an invasive procedure that carries non-negligible risk of 

nerve damage. This further hinders the possibility of using CSF for the screening of AD 

in the population at risk. It is for this reason that blood has been proposed as a convenient 

alternative to CSF. The detection of Aβ peptides in blood is however a particular 

challenge, as their concentration is much lower (10 to 100 times lower than CSF) due to 

the presence of the blood-brain barrier, their dilution in the large plasma volume and their 

possible degradation. While many studies have tried to find a correlation between Aβ 1-

42 and Aβ 1-40 levels in blood and incipient AD, so far this possibility has not been well 

established, with studies showing even contradictory results (van Oijen et al. 

2006)(Mayeux et al. 2003)(Gabelle et al. 2013). One reason for the difficulty in 

establishing strong correlations is the difficulty in accurately quantifying Aβ at trace 

concentrations.   

While several analytical approaches based on immunoassays (Xia et al. 2010), mass 

spectrometry (Grasso 2011) and western blot (Wiltfang et al. 2002) have been reported 

for Aβ analysis, the Enzyme-linked Immunosorbent Assay (ELISA) is by far the most 

established technique (Schmidt et al. 2005) with a quantification performance for 1-42 

peptides of 125 pg/mL (Kang et al. 2013). 
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Aβ are usually detected through a sandwich ELISA (Fig. 3.2). In this case the initial 

surface attaching is obtained through a specific antibody capture (Fig. 3.2.1) making 

unnecessary any previous sample purification. This initial capture is usually specific for 

the N-terminus of the peptide common to all Aβ isoforms. A primary antibody is then 

used to capture the C-terminus specific of each isoform (Fig. 3.2.2). Having a secondary 

enzyme-linked antibody attach to the primary one (Fig. 3.2.3) avoids the expensive 

preparation of enzyme-linked primary antibodies for each target of interest. Detection by 

substrate reaction is then obtained either by colorimetry or fluorescence detection (Fig. 

3.2.4). 

 

Figure 3.2. Sandwich ELISA. 

These techniques, particularly ELISA, are today considered as very promissing, but they 

still present some limitations regarding Aβ analysis in blood. In particular, this detection 

is particularly difficult because of the trace concentrations of these biomarkers and 

detection variabilities induced by the different assessment platforms and methods of 

analysis, with varying degrees in terms of precision and analytical accuracy (Snyder et al. 

2014). However, while research on ELISA development focuses on reducing 

shortcomings such as relatively large sample volumes and processing times (Oh et al. 

2010), a global standarization of immuno assays is still needed for reliable comparison of 

reported studies (Carrillo et al. 2013). Further, the analytical workflow of ELISA 

techniques also presents disadvantages such as being labor intensive, with operator 

manipulation affecting the reproducibility of results. 

On the other hand, the development of microfluidic chips, where the different operation 

units can be integrated, presents the potential of requiring less sample and reagent 

volumes, allowing automation and eventually lower cost per test. Microfluidic systems 

for neurodegenerative biomarker analysis have been reported for CSF (Mohamadi et al. 

2010), blood and urine (Devadhasan et al. 2011). Due to the low concentrations of Aβ 

peptides in these sample media, preconcentration solutions have been proposed based on 

either electrokinetic or solid surface separation. In the first case,  electrophoretic 

separations have been shown to lead to good separation of different Aβ peptides but too 

low sensitivity (200 nM, (Mesbah et al. 2014)), while methods based on isoelectric 

focusing are unable to separate c-truncated peptides presenting the same isoelectric point 

(Haußmann et al. 2013),as is the case for common Aβ peptides such as 1-39, 1-40 and 1-
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42. A first preconcentratoin/enrichment step based on bead immunocapture has been 

proposed as a solution to increase the sensitivity of the electrokinetic techniques 

(Verpillot et al. 2011). As discussed previously, the use of magnetic particles offers the 

advantage of easier off-chip antibody grafting and on-chip bead manipulation with 

magnetic fields. Following on this idea, our group has already reported protein 

immunocapture strategies based on the percolation of samples through a self-assembled 

magnetic plug (Slovakova et al. 2005)(Le Nel et al. 2008).  This plug made of 

micrometric superparamagnetic particles was obtained thanks to a magnetic field 

distribution generated by two external permanent magnets placed on either side of a 

microfluidic channel at an angle of 20° (Fig. 3.3a). With the use of enzyme-grafted beads, 

and due to the thin diffusion layers inside the plug, reaction kinetics could be accelerated 

a hundred-fold as compared with conventional batch reactions. With the use of antibody-

grafted beads this system allowed high capture efficiencies. Plug stability was also shown 

until relatively high flow rates (~4 µL/min), although fracture phenomena were possibly 

already present at lower flow rates. Further, the system has also been used as a 

preconcentrator with the use of antibody-grafted beads, with its integration in a more 

complex lab-on-chip including 

(Mohamadi et al. 2015). Nonetheless, the low permeability (and hence low 

surface/volume ratio) of the plug meant that the use of complementary concentration 

strategies such as porous membranes made of hydrogel, was necessary (and even in this 

case was not able to reach the sensitivities required for Aβ detection in CSF, LOD = 25 

ng). 

 

Figure 3.3. (a) Magnetic plug obtained by the injection of magnetic beads in a channel with two neodynium 

magnets placed on either side. (b) Integration of this system in a lab-on-chip platform for Aβ 

preconcentration and electrophoretic separation. 

The magnetic fluidized bed described in the previous chapter seems to present interesting 

features such as high internal porosity and constant particle recirculation, that could lead 

to better performance in terms of sample extraction and preconcentration. Indeed, the 

development of this fluidized bed was initially an effort to obtain more efficient magnetic 

bead plugs as part of the EU FP7 Nadine project. For this ambitious 5-year project (2010-

2015) focused on early AD detection, a preconcentration module was needed that could 
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benefit from the partner’s expertise in antibody and bead/nanoparticle development. The 

objective being to couple this preconcentration module to one of the several highly 

sensitive detection strategies (microarray, electrophoresis, mass spectroscopy) developed 

by the NADINE partners. 

In the following section, we will investigate the potential of our microfluidic fluidized to 

extract and preconcentrate AD biomarkers This characterization will be done first with a 

model protein, and with beta amyloids in a later time.  

3.2 Preconcentration of model biomolecule 

Preliminary results on the use of the fluidized to extract and preconcentrate a model 

biomarker were first reported in the thesis of Sanae Tabnaoui (Tabnaoui 2012). Briefly, 

commercial antibody-grafted magnetic beads (anti-rabbit M-270 Dynabeads©) were used 

to form fluidized beds to perform the  immunocapture of a  model fluorescent 

biomolecule (Rabbit Anti-Sheep IgG Alexa© fluor 488). The protocol has been optimized 

so that the capture and washing steps are performed in the fluidized bed regime,  to take 

benefit of the fluidized bed properties previously reported. The elution is then performed 

by the introduction of an eluent solution (citric acid 0.05%, pH = 2). This resulted in 

target release by disrupting the antibody-antigen interactions, and the flow of this 

fluorescent target through a downstream channel was optically detected (Fig 3.4a). At the 

time, it was observed that performing the elution in a continuous fluidized bed regime led 

to dispersion resulting in a large eluting peak with low signal to noise ratio. Sanae 

Tabnaoui thus showed that stopping the flow of eluting buffer by closing the fluidized 

bed and letting it incubate for a given time (stop-flow mode) resulted in enhanced 

fluorescent peaks (Fig. 3.4b). In preliminary results she was able to reach limits of 

detection of 10 ng/mL (70 pM) by analysing 20 µL IgG samples in PBS medium, with 

this stop-flow configuration. 

    

Fig. 3.4. Initial proof-of-concept of immunocapture and elution with the fluidized bed in constant flow (a) 

and stop-flow (b) elution modes. 
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These were very encouraging results, although the existence of improvement potential is 

already observable in Fig. 3.4b. Indeed a series of stop-flow elutions led to peaks of 

comparable height, a clear sign of low elution performance. Furthermore, during the 

elution step, the eluent is flown trough the bed till fluorescent signal was detected. This 

means that a fraction of target had already been eluted before incubation, resulting in 

lower and sometimes double peaks. Based on these observations, I have first optimized 

protocol parameters for both capture and elution steps to increase the system reliability 

and to achieve lower detection limits. Therefore, all the work presented from this point 

onwards are new results obtained for this aim. 

The system was first characterized in regards to its capture efficiency starting with a 

fluorescent model protein (ALexa IgG). To evaluate this capture efficiency, the 

fluorescence was recorded before and after the sample flow through the fluidized bed 

(Fig. 3.5a). The difference between the two signals was considered to be the captured 

fraction, and the capture rate was evaluated with the expression(I0-IC)/I0, where I0 is the 

initial fluorescent intensity of the non-treated sample and IC the fluorescence intensity 

after capture. As described in Chapter 2, the magnetic field created by the external 

magnet has a direct influence in the size and distribution of the magnetic bead bundles 

forming the fluidized bed. On the other hand, the imposed flow rate directly determines 

the expansion and hence the porosity of the fluidized bed. Porosity and flow rate are 

parameters that are expected to directly affect the residence time of analytes in the bed 

and hence influence their capture efficiency. The capture rate was therefore tested for a 

range of flow rates between 0.2 and 2 µL/min with the position of the magnet in two 

different positions (two separate distances of the main chamber, 2 or 5 mm in the x axis) 

to evaluate the influence of these parameters and determine the optimal compromise 

between analysis time and performance.  

The results (Fig. 3.5b) show a maximum capture rate plateau of ~87% for both magnet 

positions and up to 0.5 µL/min. The rate then drops for higher flow rates, the decrease 

being particularly important for the 5 mm magnet configuration (in the order of 77% for 2 

mm and 60% for 5 mm at 2 µL/min). This decrease in efficiency was expected, a result of 

the reduced residence times between analyte and immunosorbents for high fluid 

velocities. Furthermore, as seen in the preceding chapter, higher flow rates result in 

higher void fractions of the bed, increasing diffusion times and thus further reducing 

capture efficiency. This is especially the case for the 5 mm configuration, with lower 

magnetic forces acting on the particles to balance drag forces (for 2 µg/mL magnet 

positions at 2 and 5 mm result in porosity values of 0.83 and 0.9 respectively). As both 

high capture efficiencies and flow rates are important for the performance of the system, a 

compromise of 1 µL/min and 2 mm magnet distance was chosen for further testing. 
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Figure 3.5. Evaluation of capture efficiency by measuring the intensity of our biomarker before and after 

fluidized bed and comparing fluorescent intensity (a). Results for different flow-rates and magnet distance 

(b). 

As compared with the negatively charged (carboxylic acid functionalized particles) 

magnetic particles of the previous chapter, antibody-grafted beads present more 

interparticle interaction. This has some consequences, nominally an increased fluidization 

hysteresis (increased effective pressure of minimum fluidization, Peff) and reduced 

particle recirculation. The former is particularly unhelpful when the bed needs to be 

fluidized at low flow rates (such as for elution step) since higher Peff values mean an 

aperture of the bed at higher flow rates. This problem was nonetheless easy to solve with 

a higher global resistance of the system obtained by adding an additional tubing to the 

chip outlet (PEEK tube, 50 µm ID, 40 cm in length).  On the other hand, the reduction in 

particle recirculation is largely dependent on surface grafting, but was not seen to 

significantly affect the capture or elution efficiencies. 

Fig. 3.6 shows the capture/elution protocol as optimized for the results presented in this 

chapter. In particular, the elution step was optimized for a “stop and go” configuration 

that maximized the height and sharpness of eluent fluorescent peak signals. This was 

obtained with an accurate control of injected eluent volumes and closing/opening flow 

rates for homogeneous fluidization during eluent incubation steps. Surface treatment and 

bead insertion were performed as previously described (Chapter 2). A PDMS chip with 

three entrances contains the v-shaped chamber already described in chapter 2 and this 

chamber is followed by a narrow (110 µm) channel for fluorescence acquisition. 

Entrances are opened/closed with magnetically actuated valves (Burkert© 2/2 solenoid 

valve 6604, approx internal volume 45 µL), the permanent magnet (NdFeB12 N50, 2x2x3 

cm, Chen yang Technologies) is positioned at a distance of 2 mm and pressure control is 

performed as described for other applications. For the protocol of IgG fluorescent 

detection the reservoirs of the three inlets are loaded in this order: entrance 1 will be used 

for sample, entrance 2 for washinig buffer and entrance 3 for eluent. The protocol is as 

follows: a given volume of sample (either 20 or 200 µL) is passed through the fluidized 

bed from entrance 1 at a flow rate of 1 µL/min. After this stage, entrance 1 is closed and 

entrance 2 is opened, and 20 µL of buffer (PBS + 0.1% BSA) are used to remove any 
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non-captured target at 1.5 µL/min. The bed is then let to close and compact for one 

minute. After this time, both entrance 1 and 3 are opened and citric acid 0.1% is flown 

from 3 to 1  at a sufficiently small pressure (around 20 mBar) to allow flow without 

leading to fluidization. This has the objective of placing the eluent in direct contact with 

the entrance of the fluidized bed at the right concentration and without limited dilution 

due to front diffusion. Measurements taken from the collected liquid from inlet 1 show 

that two minutes are usally enough to ensure the right pH inside the chip. At this time, 

entrance 1 is closed forcing fluidization, ideally at 0.1 µL/min. 

 

Figure 3.6. Protocol for extraction and detection of fluorescent rabbit IgG captured with anti-rabbit 

dynabeads©. 

Opening the bed at low flowrates results in a more homogeneous initial fluidization 

(avoiding the formation of temporary channeling effects) and therefore allows a better 

percolation of small injected volumes. As previoulsy explained, the flow is thus stopped 

after 1 µL of injected eluent volume to limit the band dispersion while leting time for the 

reaction to take place. Ten minutes of incubation have been seen to be sufficient for an 

almost complete elution under this protocol. After this time, pressure is again increased 

for fluidization (0.1 µL/min), with the subsequent target release, detected in the 

downstream channel by fluorescence microscopy (inverted Nikon Ti-E microscope, FITC 

filter, 40x magnification). After 4 minutes of elution the flow is again stopped to repeat 

the incubation/detection cycle. The height of the resulting second elution peak is an 

indication of the efficiency of the initial elution. Fig. 3.7 shows the results obtained for 

typical experiment (200 µL IgG PBS sample at 10 ng/mL). The preconcentration factor 

was determined as previoulsy described: the fluorescence of the initial sample is 

measured before the beads injection  (Fig. 3.7a) and this fluorescence signal is then 

compared to the height of the elution peak (Fig. 3.7b). For the stated conditions, the 

concentration factor obtained was 485x. By following the described protocol, the height 

of the second elution peak (Fig. 3.7c) was invariably below 10% of the first one, 
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indicating high elution efficiency. This shows a marked improvement as compared with 

results from the proof-of-concept phase (Fig. 3.4), when subsequent elutions still led up to 

50% of the initial peak height. 

 

Figure 3.7. Fluorescent signal obtained for our initial sample before the introduction of the beads in the chip 

(a) and after the first (b) and second elution (c). 

To evaluate the dynamic range, a calibration curve was obtained for concentrations of 

IgG in PBS (20 µL sample volumes) ranging from 1 to 110 ng/mL (Fig. 3.8a). As shown, 

the fluorescent signal obtained linearly follows the concentration of the biomarker flown 

through the chip. No saturation was observed, meaning that the immunocapture capacity 

of our support was not reached, and the data could be well correlated with a linear fit 

(ρ=0.98). The limit of detection found for these conditions (three times the noise) was 0.2 

ng/mL (0.7 pM), 50 times smaller than the preliminary LOD found in the proof of 

concept phase. Since the initial sample volume analyzed in the immunocapture step 

determines the total amount of extracted analyte, higher volumes result in lower LODs. 

For 200 µL of sample this LOD would then be 10 times lower, that is 20 pg/mL. This is 

reflected by the mean concentration factors obtained for the two sample volumes (Fig. 

3.8b):  39x for 20 µL and 485x for 200 µL. The error bar of the latter is more important 

simply because 10 times lower concentrations were analyzed, resulting in weaker 

calibration signals. 
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Figure 3.8. Calibration curve obtained after extraction and detection of model biomarker for analyzed 

sample volumes of 20 µL (a) and concentration factors obtained for two sample volumes (b). 

The robustness of the system was then tested with a more complex matrix than PBS. For 

this purpose, fetal bovine serum (FBS) was chosen as a test medium, since the extraction 

of biomarkers from blood would probably require an initial separation step into either 

serum or plasma. Furthermore, serum is an interesting matrix because of its rich content 

in a variety of complex proteins (with normal serum protein levels of 6-8 g/dl (Lichstein. 

1990), mostly albumin and globulin) and other lower molecular weight components 

(carbohydrates, nucleotides, lipids…), with possible detrimental effects on the efficiency 

of our immunocapture step. Rabbit IgG was thus spiked either in diluted FBS (1:10 

PBS:FBS) or pure FBS, and analyzed following the same protocol previously described. 

The results were encouraging: as shown in Fig. 3.9 the fluorescent intensity obtained for 

these two conditions was equivalent, and similar to what would be expected with a PBS 

sample (note however that a change in the mercury lamp led to a 3x increase in intensity 

units as compared with Fig. 3.8). This indicates that the efficiency of our immunocapture 

is relatively independent of the protein content of our sample, and shows the potential of 

our system for analyte extraction in complex media. 

 
Figure 3.9. Elution peaks obtained for analyzed samples of model biomarker spiked in 10% (a) and 100% 

(b) fetal bovin serum. Peak height is equivalent to the expected result for PBS. 
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3.3 Capture of labeled Beta-Amyloid 

Having validated the extraction and fluorescent quantification capacity of our system with 

a model biomarker, we have thus investigated the potential of our device regarding Aβ 

peptide analysis. 

As previously mentioned, the magnetic fluidized bed system is seen as a good candidate 

for analyte preconcentration steps that can be coupled to a second detection system for 

sensitivity enhancement. In the context of the Nadine project, the fluidized bed was 

envisioned as a module that would be couple to one of our partner’s microarray 

technology to achieve the limits of detection necessary for Aβ detection in blood. Indeed, 

the group of Marcella Chiari in the Istituto di Chimica del Riconoscimento Molecolare 

(ICRM, Milan, Italy) showed that by enhancing the fluorescence intensity of 

immunoassays with constructive interface in a Si/SiO2 substrate, they could reach 

sensitivities as low as 73 pg/mL for Aβ 1-42, sufficient for CSF analysis. The levels of 

this beta amyloid have been seen to vary in blood in a range between 5-100 pg/mL 

depending on whether free or cell bound amyloids are considered and whether a patient 

cognitive impairment is present or not (Pesini et al. 2012). Therefore, an initial 

preconcentration step of at least 20 times would be needed for reliable blood analysis with 

the indicated technology. Since the sample transfer between the microfluidic modules 

might induce a risk of sample dispersion due to channel migration or its dilution in the 

larger chamber volumes of the microarray, even higher preconcentration factors would be 

desirable. 

Commercially labeled Aβs (HiLyte
TM

 Beta-Amyloid, fluorescent at 488 nM) were first 

tested. As opposed to the previous tests, no commercial beads are available presenting 

specific antibodies for the immunocapture of Aβs. Therefore, a grafting protocol was 

proposed with an antibody known for its robustness and specificity:  6E10 Monoclonal 

antibody (mouse IgG1, Covance®). This antibody is reactive to amino acid residues 1-16 

of Aβ and hence to their N-terminal region, common to all beta-amyloid types. Further, to 

increase the density of this antibody on the beads surface, M-280 sheep anti-mouse IgG 

Dynabeads, (same size and magnetization as those used in the previous section) were 

selected. The antibodies already present on the beads have the capacity to capture one or 

more mouse 6E10 antibodies by their heavy chain, forming a double layer of antibodies 

that is denser than the one that could be obtained by directly grafting the 6E10 Ab on the 

beads surface (Fig. 3.10a). The protocol used was provided by our partners in the Clinic 

for Psychiatry and Psychotherapy of the Universitätsklinikum Essen (UKES) in Germany, 

described in detail in the materials and methods section (section 3.7). Very briefly, the 

6E10 antibodies are incubated in the presence of magnetic beads for their immunocapture 

and this interaction is then fixated by a reaction with 2,2-Dimethoxypropane (DMP), an 

imidoester that covalently binds to primary amines in the antibodies. This ensures the 

storage stability of the immunosorbents and makes it more resistant to changes in pH and 

temperature. 
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For elution purposes, solutions of citric (0.05%, pH = 2) and formic acid (0.5%, pH = 2) 

were tested in order to reduce the antigen-antibody equilibrium constant through low pH 

values. Citric acid was tested due to its verified eluent efficiency for the model biomarker 

previously described. On the other hand, formic acid has already been reported as an 

efficient eluent of beta amyloids after magnetic immunocapture (Portelius et al. 

2006)(Portelius et al. 2007). This acid is also widely used for the dissolution of Aβ from 

brain homogenates, as these peptides are otherwise highly insoluble (Klunk & Pettegrew 

1990), and could therefore not only lead to its elution but also to its efficient dissolution 

in the eluent solution, necessary for subsequent analysis performance. 

 
Figure 3.10. (a) Diagram of the resulting double layer of antibodies obtained with our grafting protocol and 

(b) preconcentration factors obtained for hilyte beta amyloid 1-40 with the same beads for two different 

grafting protocols and different eluents. 

Fig.3.10b shows preconcentration results obtained for 200 µL sample volumes containing 

5 ng/mL of 1-40 HiLyte beta-amyloids. Citric acid resulted in higher preconcentration 

factors when no covalent antibody fixation was used. The reproducibility of these results 

were low (617 420, n=3), however, when the 6E10 antibodies were not covalently 

fixated. This most probably indicates that non-covalently bonded beads are not stable 

enough either in stock or during the experiment, leading to varying results. Also, the fact 

that citric acid is a good eluent without Ab fixation is probably due to a break of Ab-Ab 

interactions rather than Ab-Aβ. This explains the low preconcentration factors when 

fixated antibodies are used. These results prove in any case that similar preconcentration 

factors (if not better) can be obtained with Aβ 1-40 as compared to our model IgG. 

Formic acid, appears as the best eluting buffer candidate as results were very similar for 

both fixation and no fixation cases with formic acid, with preconcentration factors of 

787±190 (n=3, covalent bonding). A covalent Ab-grafting protocol coupled with formic 

acid elution seems to offer the best results in terms of elution efficiency and 

reproducibility for Aβ 1-40 extraction and preconcentration. 

The eluent obtained from formic acid elution steps was collected at the outlet of the chip 

in 10 µL collecting tubes (Tygon® ID = 500 µm) for further analysis by capillary-zone 
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electrophoresis/laser-induced fluorescence detection (CZE/LIF). The results (Fig. 3.11) 

revealed that the non-covalent bonding of the antibodies resulted in several 

electrophoretic peaks, probably due to the presence of eluted antibodies together with the 

fluorescent amyloids (Fig. 3.11a). A peak due to Aβ 1-40 was nonetheless positively 

identified. However, the use of DMP bonded 6E10 antibodies gave rise to single peak 

electropherograms, a peak that we believe was due to Aβ 1-40 and that would indicate a 

high purity of our eluent product. This was confirmed with negative controls in which 

beads grafted with a non-specific antibody (anti-CD44 mouse antibody), following the 

same covalent functionalization protocol, were used to capture the same concentration of 

Aβ 1-40. In this case no peak signals were observed with capillary electrophoresis 

analysis, indicating a high specificity of our immunoassay. 

 
Figure 3.11. Electropherograms obtained for the recovered eluent after Aβ 1-40 immunoconcentration on-

chip for (a) non-covalently bonded 6E10 antibody, (b) covalently bonded 6E10 and (c) covalently bonded 

anti-CD44 antibodies. Peak signals identified as Aβ 1-40 are indicated. RFU = relative fluorescence units. 

As Aβ 1-42 is known to be more clinically relevant than Aβ 1-41 (Shaw et al. 2009), and 

to evaluate the potential of our approach to be used for biomarkers signature, the same 

study was performed for this peptide with these optimized conditions. As the fluorescence 

for the labeled Aβ 1-42 was lower (around 5 times lower) than for its 1-40 counterpart, 

higher initial concentrations were used, as indicated in Fig. 3.12. In this figure the elution 

profiles obtained for Aβ 1-40 and 1-42 peptides are compared. The results indicate that 

the elution step is less efficient in the latter case: preconcentration factors are seen to be 

~1/4 of those obtained for 1-40 and, more importantly, the second elution peak is only 

half the height of the first one, an indication of an incomplete first elution. The difference 

in elution efficiency between the two peptides might be due to their structural differences, 

1-42 beta amyloids presenting conformational states that confer it with a strong tendency 

to aggregate and form AD plaques. Bundles of aggregated Aβ on the immunosorbents 

could be more resistant to elution conditions. Although this same phenomenon could also 

result in different immunoaffinities, the total area of all elution peaks seems to be similar 

for the two peptides, suggesting that our initial capture rates are comparable.  
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Figure 3.12. (a) First and second elution peaks obtained after extraction from 200 µL of sample and elution 

with formic acid of 1-40 and 1-42 fluorescent abetas. (b) Same procedure performed for 1-40 abetas in FBS 

matrix and (c) negative control with 1-40 abetas but non-specific capturing antibodies. 

As previously, the experiments were reproduced with Aβ 1-40 in an FBS medium (Fig. 

3.12b). This resulted in efficient elution peaks (with Aβ 1-40). In this case though, it was 

not possible to determine the preconcentration factors, as the initial FBS solution is 

intrinsically fluorescent at 488 nm even in the absence of Aβ. For this quantitative 

evaluation, the same procedure should be repeated with Aβ labelled by a different 

fluorophore. 

Finally, to evaluate the selectivity for our approach, negative controls were performed by 

replacing the 6E10 antibody with a different mouse antibody (anti-CD44) following the 

same grafting protocol. Repeating the same protocol of capture/elution with Aβ HiLytes 

1-40 concentration factors more than 100 times lower (~6x) were obtained. This not only 

indicated that our positive results are due to a highly specific immunocapture, but also 

that the peak signal obtained does not present a significant contribution of free 

fluorophores from the HiLyte
TM

 solution, that could be adsorbed on the surface of the 

beads and released during elution. 

3.4 In situ fluorescent labeling of beta amyloids 

The results from the previous section show the potentiality of our system as an extraction 

and preconcentration module for Aβ peptides, the final goal being to combine this module 

with a detection module for protein identification developed by our Nadine partners.  
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For the detection/analysis of real patient samples, however, the derivatization of the 

peptides is a necessary step to allow their downstream detection with most methods 

developed in the EU project, particularly so for capillary electrophoresis, a promising 

candidate for chip integration. 

While previous systems based on an on-chip immunocapture of Aβ peptides with 

magnetic beads relied on an off-line derivatization of the peptides prior to on-chip 

operation (Mohamadi et al. 2010)(Mohamadi et al. 2015), this labeling-capture-elution 

sequence is hardly adaptable for complete chip integration. This is the case due to two 

main limitations: (i) it would be necessary to add a microfluidic chamber containing no 

beads for fluorescent labeling before immunocapture and (ii) it would be particularly 

inconvenient to mix the sample and fluorophore solutions due to the prevailing laminar 

flows in microchannels. Initiated by our partners in the Faculty of Pharmacy (University 

of Paris-Sud), we have proposed a capture-labeling-elution sequence that would allow a 

full integration, with all the steps taking place on the surface of the beads under 

fluidization conditions. The labeling protocols were first developed off-chip by our 

colleagues in order to, in a second step, perform an on-chip Aβ labeling after the 

immunocapture step of untagged peptides, followed by elution.  

The conditions for the capture of Aβ peptides were kept identical to the previous section 

i.e. magnetic beads functionalized with the 6E10 antibody following the covalent grafting 

procedure described in section 3.3 and in the materials and methods, were employed. For 

this part, since the labeling step is not specific for the different peptides isomorphs, three 

different Aβ peptides (1-38, 1-40 and 1-42) have been used for the capture-labeling-

elution in order to compare the performance of the protocol with a capillary 

electrophoresis analysis after on-chip procedure. 

FP488 was the fluorescent dye of choice for the labeling of the immunocaptured proteins. 

This fluorophore binds covalently to the amino groups of the peptides, each Aβ 

presenting three conjugable amino groups: one primary amine in the N terminus and 

lysines 16 and 28. Borate buffer (pH = 10.5) was employed as the medium for FP488 

fluorophore. A basic medium is known to lead to the formation of ditagged labeling that 

then result in higher intensities and better resolution than monotagged species when 

analyzed by CE-LIF. However, due to the immunocapture of the N terminus with the 

6E10 antibody, there is a risk of less availability of the primary amine for fluorescent 

labeling. Also, the basic medium employed might accelerate the hydrolysis of FP488 

resulting in a reduced labeling efficiency. Therefore, the concentration of FP488 was 

increased (0.6 mg/mL) as compared with previous reported work (0.2 mg/mL) ((Mesbah 

et al. 2014)(Verpillot et al. 2011) and batch labeling steps were performed for longer 

times (30 min instead of 5 min) to compensate for the loss of fluorophore and ensure 

stable conjugate formation. 

Preliminary batch results indicated that chemical elution at room temperature with formic 

acid (0.5%), citric acid 100 mM or ammonium hydroxide 1% led to no beta amyloid 
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signal in subsequent capillary electrophoresis analysis. This was in contradiction with 

reported successful elutions of bead-immunocaptured Aβs using these chemicals 

(Verpillot et al. 2011)(Portelius et al. 2006)(Svobodova et al. 2012). In these cases, 

however, a labeling-capture-elution approach was employed, meaning that our on bead 

labeling process may result in more difficult Aβ peptide elutions due to the hindrance of 

FP488 dyes non-specifically adsorbed on the surface of the beads. An alternative reported 

elution method is the use of high temperatures to break the interaction between antibodies 

and Aβ peptides (Haußmann et al. 2013). This possibility was successfully tested in batch 

for a range of temperatures and, while 95°C was seen to be optimal, temperatures as low 

as 60°C resulted in significant CE signals, offering encouragement for on-chip thermal 

elution integration. Further, borate buffer (pH 10.5) was used successfully as the medium 

for these elutions, simplifying the protocol by using the same buffer for labeling, washing 

and elution steps and being this medium highly compatible with subsequent CE analysis. 

 
Figure 3.13. (a) Diagram of the protocol used for off-chip immunocapture followed by on chip labeling and 

elution. (b) Elution results obtained with either a formic acid elution at ambient temperature or a thermal 

elution at 65 °C in the presence of basic pH. 

After this preliminary off-chip study, the protocol was adapted to the characteristics of the 

magnetic fluidized bed. For simplicity reasons, in a first time the immunocapture step was 

performed off chip and the beads (50 µg) inserted in the chip once Aβ capture was 

established (Fig. 3.13a). This immunocapture was performed with overnight incubations 

at 4°C with a highly concentrated solution of 1-39, 1-40 and 1-42 Aβ peptides in equal 

proportion, the presence of several peptides allowing the comparison of their 

capture/elution efficiency in the final eluent by capillary electrophoresis analysis. By 

doing this overnight and high concentration off-chip capture, it is ensured that the amount 

of captured Aβ is maximum, also maximizing the possible signal and eluted peptides for a 

first proof of concept. 



Protein extraction and detection 

 

86 

The on-chip labeling was then performed by passing borate buffer (pH 10.5, 15 µL) 

containing Fluoprobe-488 NHS (0.6 mg/mL) through the fluidized bed at a flow rate of 

0.5 µL/min. After this labeling step, the extra and unreacted fluorophore was washed 

away by flowing borate buffer (2 µL/min for 20 min). In a first time, the possibility of a 

chemical elution was tested following the same procedure with formic acid that had been 

successfully applied to the elution of Hylite Aβ peptides. However, as was the case in 

preliminary batch experiments, this resulted in no elution peak, as shown in Fig. 3.13b.  

Alternative thermal elution steps were thus considered, following the encouraging results 

from batch tests. This presents the added advantage of simplifying the protocol, as no 

extra eluent is needed and hence also no precise prefilling of the fluidized bed for 

incubation. However, high heating in a microfluidic chip, and more precisely in a PDMS 

chip, can lead to the formation of air bubbles in the channels due to PDMS gas 

permeability. On-chip thermal elution tests were therefore performed with borate buffer at 

high pH (pH = 10.5) and a temperature of 65°C. These conditions resulted in fluorescent 

elution peaks, as shown in Fig. 3.13b.  

To characterize the contribution of this fluorescent peak from either the tagged beta 

amyloids or free flowing fluorophores, the eluted solution was pushed and collected into a 

PEEK tubing (length of 30 cm, internal diameter of 250 µm) connected at the output of 

the microfluidic chip. The solution was subsequently analyzed by capillary 

electrophoresis coupled to Laser Induced Fluorescence (CE-LIF). Unfortunately, these 

conditions did not lead to the appearance of peaks due to beta amyloids, the 

electropherogram only showing peaks identified as free fluorophore. This suggests that 

our peak in Fig. 3.12c is essentially due to the elution of fluorophore non-specifically 

adsorbed to the surface of the beads or microfluidic channels and later eluted by the 

temperature increase. A reason for the absence of peptide related signals might be the 

insufficient elution temperature, but the fact that the eluted product is diluted in the outlet 

collecting tube could also contribute to a loss of peptide signal. 

To maximize the efficiency of the thermal elution and verify its validity after an on-chip 

labeling step, similar tests were performed following the capture-labeling-elution 

sequence but with the elution performed off-chip at 95°C. This time however, the capture 

step was implemented inside the chip, extracting 1-38, 1-40 and 1-42 at 60 nM (248, 260 

and 271 ng/mL respectively) from a sample of 100 µL at 1 µL/min (Fig. 3.14a). A 

fluidized bed with 100 µg of beads instead of 50 was used to maximize the amount of 

captured peptides. After the washing step with borate buffer, a labeling step was 

performed (same protocol as previous case). Another washing step followed, after which 

the magnetic beads were extracted from the chip by removing the magnet and collecting 

the output solution in an external tube. The tube containing the beads was then heated at 

95 °C and the resulting supernatant analyzed by CE-LIF. In this case, the resulting 

electropherograms (Fig. 3.14b) showed observable peaks attributed to the three beta 

amyloids and, even if the intensity of the peaks was relatively small, the peptides were 

well separated by the electrophoresis technique and easily identifiable. 
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These results show that the unlabeled Aβ peptides can be extracted and preconcentrated 

thanks to the fluidized bed and that a subsequent on chip labeling can be directly 

implemented on chip. To our knowledge, this is the first time that bead immunocaptured 

beta amyloids are directly labeled on-chip. The operation times were also considerably 

shortened, from 15 hours in batch mode to around 3 hours with the fluidized bed. 

Furthermore, while an undesirable preferential capture of 1-42 over other peptides was 

reported for bead immunocaptured beta amyloids after an off-chip labeling (Svobodova et 

al. 2012), this was not observed in our case. These are therefore very encouraging results, 

as they show the feasibility and advantages of the integrated capture-labeling-elution 

approach. To overcome the limitations in terms applicable temperature, that hinder the 

efficiency of our on-chip elution step, further tests are still needed. In particular, chips 

fabricated with thermostable materials, such as cyclic olefin copolymer (COC), should 

allow the increase of on-chip elution temperatures while avoiding the appearance of gas 

bubbles. Finally, a future coupling of the electrophoretic separation together with the 

fluidized bed in a single microfluidic device should lead to much improved limits of 

detection, due to the elimination of volume loss, resulting in much enhanced enrichment 

gains and reduced variability. 

 

Figure 3.14. (a) Diagram of the procedure followed for maximizing the elution temperature, 

including on chip capture and labeling steps, and off-chip heating at 95 °C. (b) Electropherogram 

obtained by CE-LIF showing the presence of the three beta amyloids. 

3.5 Perspectives for on chip detection 

Efforts so far were focused on the non-specific labeling of Aβ peptides. This is certainly 

interesting in the case of integration of electrophoresis or other peptide discriminating 

methods in a lab-on-chip system. However, if the elution step is to be used for an in situ 

fluorescent detection without downstream separation, this labeling can at most indicate 
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the presence of Aβ peptides (although in this case non-specific fluorophores need to be 

effectively removed to avoid their masking effect). 

Based on the promising results of ELISA techniques for Aβ detection reported in the 

literature, its integration in our system was envisioned. Indeed, ELISA is a surface 

binding technique, and thus adaptable to magnetic bead separation methods. We would 

like to take benefit of the solid supports use in the fluidized bed, as well as to the ability 

of our device to work through two regimes: packed or fluidized regimes to perform the 

enzymatic amplification step of an on chip ELISA. As our magnetic beads coupled with 

6E10 antibody do not discriminate between Aβ isomorphs, this could be used to capture a 

variety Aβ peptides from a given sample and then add a solution containing an enzyme-

grafted primary antibody specific for the C-terminus of one of the peptides (Fig. 3.15a). A 

substrate would then be added inside the microfluidic chamber and, if the primary 

antibody was specifically bound to any beta amyloid, a constant detection signal would 

appear at the chamber output in a constant flow-through configuration (Fig. 3.15b), or a 

signal peak if incubation steps were used.  

 

Figure 3.15. (a) Concept of on-chip ELISA test consisting of a first capture of the peptide with our magnetic 

beads, followed by the binding of a second antibody on the C-terminus of the molecule, associated to an 

enzyme. A substrate would then lead to a signal produced by the enzyme. (b) Expected constant signal at 

the output of the chip during substrate flow through the fluidized bed. 

The antibody chosen for the C-terminus was 12F4 (Covance©) known for its reliability 

and specificity to 1-42 Aβ peptides, and used successfully in pair with 6E10 in reported 

microfluidic assays (Gagni et al. 2013). An ELISA kit was employed (QuantaRed
TM

, 

LifeTechnologies) making use of the Horseradish Peroxidase (HRP) enzyme, the 

enzymatic product presenting excitation/emission maxima of ~570/585 nm. The enzyme 

was coupled to the referred primary antibody via a biotin-streptavidin interaction.  

Preliminary results were, however, not as encouraging as expected. Indeed, very high 

signals were obtained even for negative controls (no beta amyloid introduced). Issues 
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related with the non-specific adsorption of the enzyme-antibody couple led to a complete 

masking of the contribution of the specifically captured Aβs. Many protocol changes 

were tested to reduce this non-specific signal (different primary antibody, stronger and 

longer washing steps, different 6E10 grafting procedures, alternative enzyme…) without 

results that could lead to a low enough non-specific signal to allow the detection of Aβ 

peptides at any relevant concentration. Further work is thus needed in order to establish 

the conditions that minimize non-specific signal and maximize peptide-specific substrate 

reactions. A more systematic in-batch study, with a battery of different immunosorbent 

and washing conditions, should a priori offer light in terms of the most feasible 

parameters for efficient on-chip ELISA integration. 

In spite of these initial problems, an integrated ELISA protocol presents many 

advantages, not only in terms of possible detection multiplexing with the use of Aβ 

specific secondary antibodies in a single fluidized bed device, but also in terms of its 

relative simplicity of integration, as incubation steps should in principle be unnecessary.  

3.6 Conclusions 

The potential of the magnetic fluidized bed for the integration of a bioanalytical 

application for the capture of proteins was shown in this chapter. Characterization efforts 

indicate that particle distribution and hydrodynamic parameters are to be taken into 

account for optimal immunocapture efficiencies. Furthermore, fluidization was achieved 

even with antibody-grafted particles, and the stability of the bed was confirmed in both 

acidic and basic media. The two working regimes (packed/fluidized) of the bed further 

increase its versatility, with the packed state verified as an efficient incubator. 

The robustness of the system for immunocapture/elution protocols was proved with a 

model protein. This protocol was subsequently applied to a real biomarker (Aβ peptides) 

with successful preconcentration proved with commercially-labeled peptides. A peptide 

labeling was also obtained on-chip, and an innovative capture-labeling-elution approach 

was used successfully, showing promising potential in terms of microintegration with 

downstream separation systems. These results were part of a journal publication (Mai et 

al. 2015) (see appendix A) 

Further tests are required for the optimization of labeling protocols. In the case of direct 

on-chip detection, although so far the use of the fluidized bed as a specific detection 

system for proteins (beyond its preconcentration capabilities) has been elusive, there is no 

strong reason to think that this should not be feasible.   

3.7 Additional materials and methods 

Magnetic bead coating: 10 mg of Dynabeads Sheep-Anti Mouse IgG were washed with 

PBS and let incubate with 40 µg of 6E10 antibody (Covance) in 1 mL of PBS with 0.1% 

BSA overnight at 4°C. This was followed by a washinig of the beads with 0.2 M TEA 
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(3% v/v, pH 10.8) and 1 mL of 0.2 M TEA solution containing 5 mg of DMP were added 

and let incubate for 1 h under shaking. The reaction was stopped by adding Tris-HCl pH 

7.5 up to 50 mL and shaked for 5 min, followed by washing and storing in PBS 0.1% 

BSA. 

Peptide preparation and storage: amyloid peptides were dissolved in ammonium 

hydroxide 1% and immediately diluted in PBS at a concentration of 1 mg/mL, for further 

aliquoting and storage at -20°C until use. 

CE-LIF conditions: details can be found in (Verpillot et al. 2011). The peak of non-

specifically adsorbed FP-488 was employed as a reference for profile correlation.  

On-chip ELISA protocol: the fluidized bed was formed with 50 µg of the same 6E10-

grafted beads so far used, followed by a solution of 1-42 beta amyloids (50 µL in PBS 

medium, 1µL/min). A short washing with buffer (PBS + 1% BSA) ensued, with the 

subsequent  introduction of the conjugated 12F4-HRP (20 µL 1µL/min), thorough 

washing with PBS (1.5 µL/min 40 µL), and a final injection of substrate at 1 µL/min. 
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Chapter 4 

Bacteria Analysis 

4.1 Introduction 

The detection of pathogenic microorganisms is crucial in various fields such as food 

industry, environmental and water monitoring and clinical diagnosis. In the first case, 

detection methods are essential to protect the public from disease-causing threats, while 

in the latter case pathogen identification is essential for the effective treatment of infected 

patients. Current detection methods rely on microorganism culture and/or 

immunological/genetical testing. Although highly accurate and specific, these are long 

and labor-intensive procedures. A need then exists for faster more automated analysis 

and/ord detection methods that can significantly lower detection times without loss of 

identification specificity. 

In this chapter, we show how the microfluidic fluidized we developed presents specific 

features that could be of interest regarding bacteria extraction and detection. To put this 

work in the context of the current state of the art, a brief overview of current standard 

identification methods will be first presented, followed by a short review on the many 

reported microfluidic alternatives. A particular focus will be given to foodborne pathogen 

detection, as this will be the object of the presented work. The results obtained with the 

fluidized bed will then be shown in a publication format, as submitted for peer review. 

4.2 Conventional identification methods 

The culture and quantification of bacteria on medium-rich plates is nowadays the gold 

standard to ensure accurate bacteria identifications. Conventional procedures for the 

detection of foodborne bacterial pathogens are based on a complete or partial series of the 

following steps: pre-enrichment, selective enrichment, plating on selective agar medium 

and biochemical/serological identification. For the identification of specific 

microorganisms, standard protocols are enforced by standardization or public safety 
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agencies. As an illustrative example, Fig. 4.1 shows a scheme of a standard protocol for 

Salmonella identification from the Bacteriological Analytical Manual (BAM) of the Food 

and Drug Administration (FDA). In a typical protocol, a first pre-enrichment step 

recovers injured or stressed bacterial cells with the use of non-selective nutritious 

medium. This 24hours enrichment step also serves to reduce false-negative tests. An 

enrichment phase follows, in which the pre-enrichment medium is inoculated in selective 

media containing inhibitors of other propagating bacteria. When a concentration of 10
4
 

cells/mL is reached, the enrichment medium is spread on agar plates. Plating procedures 

assume that from every single microorganism (colony forming unit, CFU), a single 

separate colony will form. Since too many colonies in a single plate can lead to colony 

overlap, typical ranges of valid CFU per plate are 25-30 CFU to 250-300 CFU (Goldman 

et al. 2015). Agar containing coliforms are often used, allowing the distinction by color of 

colonies of different serotypes. However, some serotypes are not distinctive or even 

colored by this method, needing additional supplements in the plating medium. Colonies 

presumed to be salmonella are then isolated for further screening with specific agar 

preparations. Positive cultures are finally submitted to biochemical or serological 

identification tests. 

 

Figure 4.1. Standard Salmonella identification protocol from the FDA. RV: Rappaport-Vassiliadis; BS: 

bismuth sulfite; HE: Hektoen enteric; XLD: xylose lysine desoxycholate; TT: tetrathionate; TSI: triple 

sugar iron; LIA: lysine iron agar (Lee et al. 2015). 
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These methods are highly specific and sensitive, reliable, relatively inexpensive and easy 

to use. They are therefore widely used in public health laboratories and food industry. 

However, the procedure is laborious, difficult to implement for high-throughput screening 

and a full identification can take more than 5 days, with the subsequent delayed illness 

diagnosis or the risk for the consumer in case of contamination of marketed food. 

In this context, many molecular biology-based technologies have emerged, some of 

which have been validated and can already be found on the market. These methods can be 

essentially categorized into two groups: immunology-based assays and nucleic-acid based 

assays. 

4.3 Molecular-based methods 

The most commonly employed immunology assay is the Enzyme-linked 

immunoabsorbent assay (ELISA). ELISA kits can be found commercially for a series of 

bacterial strains, with specificity and sensitivity similar to conventional plating methods 

(10
4
-10

5
 CFU/mL (Lee et al. 2015)) but in most cases providing no real gain in time. 

Another example of immunology-based assays are agglutination assays, in which latex 

beads grafted with specific antibodies are mixed with a bacterial sample. The capture of 

bacteria from more than one bead leads to the formation of bead aggregates that are 

readily visible with the naked eye. This procedure is uncomplicated, rapid and specific, 

although high bacteria concentrations are needed for detection.  

On the other hand, nucleic-acid assays are DNA sequence specific, leading to the best 

results in terms of strain recognition. Polymerase chain reaction (PCR) is by far the 

preferred technique, with an exponential amplification of specific sequences resulting in 

very good sensitivities (ideally able to detect a single DNA strand) (Fig. 4.2). Very 

briefly, PCR amplification is obtained with a first denaturation of the double stranded 

DNA into single strands at high temperature (94-96°C), followed by the annealing 

(hybridization) of primers at a lower temperature (50-65°C). A replication enzyme 

(typically Taq polymerase) then completes the sequence (extension) with nucleotides 

present in the surrounding medium to obtain double stranded products (at 75-80°C for 

Taq polymerase). After each 3-step cycle the number of DNA strands, specific of the 

primer-defined sequence, is doubled. An exponential amplification is then obtained with a 

sequence of cycles, the only limitation being the available nucleotides in the medium and 

the life of the polymerase. The resulting PCR products are often analyzed through an 

electrophoresis separation in agarose gel. Due to the success of the technique, many 

variants have been developed along the years. For example, quantitative PCR (qPCR) 

allows the quantification (in real time) of the exponential amplification products through 

fluorescence dyes or fluorophore-labeled DNA probes. This has the advantage of 

avoiding any post-PCR step, reducing turn-around time and contamination risks. 
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Figure 4.2. Schematic of the polymerase chain reaction principle (Garibyan et al. 2013). 

Bacteria detection and identification with PCR (and especially qPCR) has become 

common in clinical laboratories with the amplification and sequencing of the gene 

encoding 16S ribosomal RNA. This gene is 1500 nucleotides long, highly conserved 

component of the 30S subunit of prokaryotic ribosomes, present in all bacteria. Signatures 

in this gene allow the identification of microorganisms at the genus and species level. 

PCR amplification is nonetheless performed with universal pan-bacterial primers, and 

subsequent strain identification requires sequencing techniques that are not yet available 

in most laboratories (Sontakke et al. 2009). Therefore the technique is most useful when a 

single bacterium strain is present or when a negative presence of bacteria is evaluated. 

In order to obtain strain-specific amplifications and allow serotype identification, it is 

necessary to perform primer-specific PCRs. Multiplex identifications have been shown 

possible for given bacteria strains. For example, (Kim et al. 2006) developed a PCR-

based method for the identification and discrimination of up to 19 serotypes of 

Salmonella enterica subsp. Enterica. This method is based on sets of primers for the 

amplification of specific genes. A post-PCR gel electrophoresis migration allows the 

visualization of fluorescent bands that serve as serotype-specific signatures, with 97% 

correct serotype assignment. Multiplex real-time PCR methods have shown limits of 

detection of for example of Salmonella or Shigella  in the order of 10
4
 CFU/mL in stool 

samples (Barletta et al. 2013) or 10-100 CFU/mL in food samples (Radhika et al. 2014). 

However, enrichment steps during several hours are usually required before PCR 

amplification. Increased sensitivities are found when coupling PCR to mass spectrometry 

techniques. By combining PCR and electrospray ionization mass spectrometry (PCR/ESI-

MS) (Bacconi et al. 2014) could detect Candida bacteria from blood samples with a limit 

of detection of 16 CFU/mL without the need for a pre-enrichment step in an approximate 

total time of 6 hours. 
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Although PCR is a very powerful technique, several limitations still hinder its 

applicability. In the case of bacteria serotyping, misidentification can lead to false 

positives of rare serotypes that create the same amplicon patterns than more common 

ones (Kim et al. 2006). Additionally, sample preparation is usually not simple, as the 

DNA needs to be extracted by cell lysis and further purified to remove PCR inhibitors 

typically present in clinical specimens (such as hemin, that binds to Taq polymerase 

inhibiting its activity (Byrnes et al. 1975)). Furthermore, due to the amplification nature 

of PCR, false positives due to carryover or cross contamination are relatively common 

(Longo et al. 1990) and sample preparation must be performed in an environment isolated 

from the reaction space. As seen, pre-enrichment steps are still largely necessary to reach 

the limits of detection required for example for the detection of clinically relevant 

bacteria in blood (1-30 CFU/mL (Bacconi et al. 2014)) . This can be avoided if powerful 

detection techniques, such as mass spectrometry, are used for post-PCR processing, but 

this comes in detriment of procedure simplicity and cost. Moreover, this enrichment 

phase is still required if only viable bacteria are to be detected. 

Finally, PCR presents the disadvantage of employing fast cycling requiring the use of 

thermocycling apparatus. This is especially fastidious for miniaturized portable devices. 

Alternatives isothermal amplification techniques have thus been developed. These will be 

briefly discussed in the following section and described in more detail in the next chapter. 

4.4 Microfluidic-based systems 

The preceding methods have been validated for bacteria detection and all of them present 

standard protocols and are available on the market. Nonetheless, even though molecular-

based techniques are faster than conventional methods, they are still not as discriminative 

as conventional methods (immunology-based assays) or require laborious preparation 

steps (DNA-based assays). The reliability of both methods can also be affected by the 

sample matrix. Therefore, conventional plating is still the standard in most laboratories, 

both public and industrial. However, when fast detection responses are needed, these 

culture methods are not convenient, and in most cases, molecular-based alternatives 

cannot give responses in less than 24h, in many cases requiring a further confirmation by 

culture. 

In the last decade, a variety of biosensor methods have been proposed for efficient 

microorganism detection. In these sensor methods a signal is obtained through antibody-

antigen or nucleic acid recognition, enzymatic reaction or mechanical changes of 

micro/nano-structures. These biosensors are usually integrated in microfluidic platforms 

to couple detection capabilities with the automation, low-cost and multiplexing 

characteristic of these systems. The development of this field has especially been 

empowered by the need of portability in cases of point-of-care diagnosis or food/water 

safety analysis in remote locations. Furthermore, since the concentration of 

microorganisms in real life is usually low (both in sepsis injected patients and initial 

contamination of food products) an isolation/enrichment step is usually required. Lab-on-
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chips have been the object of an enormous development in the past two decades in terms 

of separation, mixing operations and detection methods. Therefore, they present 

nowadays the possibility of being able to integrate different technologies in a single chip, 

although they are so far limited in terms of sample throughput. Original ideas have then to 

be envisioned to overtake these limitations. 

In the following sections, a brief review of reported isolation and detection techniques for 

microfluidic devices is presented. The literature on this kind of systems being particularly 

rich, this review is aimed at providing the reader with a perspective on existing systems 

and has no ambition of being exhaustive. Also, many of the presented detection methods 

integrate in the same platform an initial sample preparation step, most often consisting in 

an enrichment and sample extraction of the microorganism of interest. As this has been 

the object of Chapter 1, these preconcentration techniques will only be mentioned here. 

4.3.1 Immunoassay techniques 

Immunoassays are, as previously explained, a common alternative to conventional plating 

methods. It is therefore not surprising that they represent a preferred method for 

microfluidic integration.  

ELISA represents the assay of choice for many bacteria detection systems. In many 

reported works, ELISA is simply adapted to the surface of a microfluidic channel with 

light emission and detection taking place on opposite channel sides (Fig. 4.3a). For 

example, by this method (LI et al. 2006) showed limits of detection of 10-100 CFU/mL 

for E. Coli  in 1 mL spiked PBS samples and a total procedure time of 2 h without 

enrichment. This shows a marked improvement as compared with conventional batch 

ELISA results due to improved immunoassay kinetics at the microscale, with an 

accompanying reduction in reagent volumes. This microfluidic integration is also 

particularly well suited to facilitate automation (rinsing and change of medium steps). 

However, the long channels used in the device (from 10 to 60 cm in length, 100 µm in 

depth), needed to ensure the residence times required for the obtained sensitivity, are 

prone to clogging if real clinical or food samples are to be used. While in this case a 

conventional ELISA method was directly transferred to a microfluidic device, other 

works have focused on using the microscale properties for alternative ELISA-based 

methods. Some examples include: the replacement of enzymatic or fluorescent probes 

with nanoparticle light scattering mechanisms (Lin et al. 2005), allowing result storage 

for several hours after analysis without loss of signal (although in this case no sensitivity 

improvement is gained); or immuno-sandwiches formed by antibody-grafted magnetic 

nanoparticles and quantum dots (QD) for multiplexed pathogen detection (Agrawal et al. 

2012). 

These types of immunoassays usually display the best limits of detection, better than non-

microfluidic ELISA, but present the inconvenient of requiring a labeled probe. Surface 

Plasmon Resonance (SPR) is an alternative label-free detection method based on the total 

internal reflection of light when hitting a metal-liquid interface (due to a difference of 
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refractive index between the two media) (Fig. 4.3b). Polarized light is used and, when 

hitting the metal surface (usually a gold thin film), electric charges will oscillate in a 

single direction, this oscillation propagating in the form of an evanescent wave. For 

certain angles the incident light and the evanescent wave are matched, and the intensity of 

the reflected light is largely reduced. Since this wave depends on the refraction properties 

of both the metal and the liquid, the adsorption of molecules on the interface will lead to 

refractive index changes and thus to different resonance angles. In SPR microfluidic 

immunosensors, antibodies are grafted on the thin film surface in a microfluidic channel, 

and a sample containing the antigen is made flow for immunorecognition, thus changing 

refraction properties when target is present (with the subsequent angle shift). This 

technique presents the advantage of being faster and more straightforward than ELISA 

systems. Portability is an issue but some portable systems have been described, although 

with low sensitivity (~10
5
 CFU/mL of E. Coli spiked in peritoneal dialysis fluid, Tokel et 

al. 2015). Indeed relatively low sensitivities are one of the main drawback of this system, 

with most reported limits of detection in the order of 10
4
 CFU/mL (Yoon et al. 2012). It is 

also a technique that requires the use and calibration of relatively complex optics.   

 

Figure 4.3. Microfluidic immunoassays based on ELISA (a), Surface Plasmon Resonance (b) and 

impedance (c) detection (Yoon et al. 2012).  

Other alternative label-free detection methods can be obtained with an electrochemical 

detection, such as with impedance measurements. In this case, two electrodes patterned in 

an inderdigitated microelectrode (IME) configuration are grafted with anti-pathogen 

antibodies (Fig. 4.3c). During the capture step, some surface-captured target will get in 

contact simultaneously with both electrodes, lowering the inter-electrode electrical 

resistance. Since alternating current (AC) is usually employed to avoid 

oxidation/reduction processes and the damage of the antibody grafting, complex 

impedance measurements are used instead of the direct electrical resistance. Alternative 

impedance measurements without surface antibody-grafting have also been reported, for 

example by concentrating bacteria with a magnetic nanoparticle capture and optimizing 

the geometrical configuration (Varshney et al. 2007). Reported limits of detection with 

these techniques range between 10
2
 and 10

4
 CFU/mL (Yoon et al. 2012), with longer 

assay times than ELISA-based microfluidic systems. 
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The literature on reported alternative immunodetection is large and goes beyond the scope 

of this short review. Alternative methods include Lateral Flow Assays (LFA), Latex 

Immunoagglutination Assays (LIA) and carbon nanotube-based immunoassays. While all 

of these techniques present advantages that make them especially suitable for some 

applications, they have so far not been able to overtake ELISA-based detection limits or 

suffer from specificity issues. 

4.3.2 Nucleic acid techniques 

Although antibody-antigen interactions are highly specific, non-specific interaction can 

take place, in particular between similar strains (Ex. E. Coli and Salmonella). DNA 

identification is on the other hand extremely specific, allowing the identification of 

species and subspecies. 

As indicated before, a drawback of DNA analysis is that it requires the preceding lysis of 

cells and purification of their genomic material. This is sometimes integrated into lab-on-

chip systems, with an unavoidable increase in complexity. Further, due to the low 

concentration of the resulting DNA, for most applications an exponential amplification is 

required, commonly through PCR, before an optical or electrochemical detection. 

Because of the need for thermal cycling, several solutions have been adopted for 

microfluidic integration. 

A simple idea is the use of stationary chambers coupled with a fast temperature control. 

This is a direct adaptation of conventional PCR systems, helped by the microscale due to 

its more efficient heat transfer. Examples abound in the literature, presenting different 

DNA extraction strategies: (Lee et al. 2006) developed a system for the rapid lysis of 

bacteria by heating in-solution magnetic beads with laser irradiation. They further showed 

the possibility of performing PCR in the same microfluidic chamber, although no 

sensitivity study is shown and the sample size is restricted to the volume of the chamber 

(4 µL). A similar approach has been shown with the lysis of bacteria by heat transfer from 

laser-irradiated gold nanoparticles (Cheong et al. 2008). However, while in these cases 

PCR is performed without a preceding DNA extraction step (direct PCR), this is most 

often not possible with real samples, which generally contain PCR inhibitors. This 

extraction need typically results in an increased device complexity, and examples have 

been reported that made use of integrated pumps, valves and magnetic control for 

immunomagnetic bead separation (Liu et al. 2004). More recently, (Oblath et al. 2013) 

reported a microfluidic chip that overcomes these problems by integrating DNA 

extraction, amplification and detection in seven parallel reaction wells (Fig. 4.4) 

containing a nanoporous aluminum oxide membrane. Bacteria-spiked saliva (off-chip 

lysed by heating) is then pipetted in the wells and aspired through a common waste outlet 

to force the solution through the membrane. This is followed by pipetting a PCR mix 

containing the primers, and an oil droplet is placed on top to avoid evaporation. This kind 

of simple systems allow a multiplex analysis in relatively short times (~2 hours), and 

while the volume used was limited (10 µL) this could be increased by aspirating more 
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sample volume through the membrane. However, the authors did not study their 

sensitivity, which could be affected by the known inhibiting properties of the aluminum 

oxide used. 

 
Figure 4.4. (A) Image of chip for multiple-chamber PCR analysis of bacteria and (B) cross section diagram 

showing the fluidics for sample aspiration through the oxide membrane (grey). 

An alternative solution, that makes more use of the flow control possibilities offered by 

microfluidics and obtains higher throughputs, is the use of continuous-flow serpentine 

channels passing through areas of the chip at different temperatures. In general, these 

devices present three discrete isothermal zones (for denaturing, annealing and extension) 

although this configuration results in heat isolation challenges. Therefore, simpler 

systems based on two isothermal zones (Sun et al. 2002) or temperature gradients (Zhang 

et al. 2010) have been developed. Based on the former, (Jiang et al. 2014) reported a chip 

for the PCR amplification of six air-collected bacteria species (Fig. 4.5). The chip consists 

of six valve-controlled s-shaped channel entrances for multiplexed analysis. Once filled 

with samples, the PCR mix pushes the liquid into the serpentine channel (eventually 

resulting in a mix of sample and reagents) for a continuous-flow PCR reaction of 31 

cycles between two temperature zones (95 and 55 °C). The on-chip procedure lasted ~1 

hour, but in this case the detection step was not integrated and the readout was performed 

through gel electrophoresis. Further, the limit of detection obtained (~120 CFU) was 

limited by the very small injected volumes (0.13 µL), although the authors state that a 

continuous sample injection should be feasible. 
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‘  

Figure 4.5. Microfluidic device for continuous-flow PCR analysis of bacteria. (A) Fabrication from two 

layers of PDMS  for microchannels and micro valves, (B) Photograph of the system, showing the thermal 

resistors below the chip two create the isothermal zones and (C) the six entrances controlles with the 

microvalves. 

The first commercial device for PCR detection of bacteria (GeneXpert MTB/RIF) is 

currently marketed by Cepheid. In this system, cartridges consisting of multiple chambers 

are employed to contain all the sample, lysis and PCR reagents, and these cartridges are 

thermo-cycled through heating/cooling plates when inserted in the device. Optical blocks 

are used for real-time fluorescence detection of the amplification products (Raja et al. 

2005). This system has been successfully used for the detection of tuberculosis (rpoB 

gene) as well as antibiotic (rifampicin) resistance from sputum samples with ~90% 

accuracy in one hour running times. It has also shown its adequate applicability to 

resource-scarce settings (Boehme et al. 2011). Further, this technology replaced sputum 

smear microscopy as the first-line test for tuberculous diagnosis in the national laboraty 

service of South Africa (a country with the third largest number of tuberculosis cases in 

the world). This, however, did not result in mortality decrease, suggesting that in this case 

health system weaknesses need to be taken care of first to maximize the effect of more 

accurate diagnoses (Theron et al. 2013).  

Due to the complexity of PCR systems in terms of precise thermal control, isothermal 

amplification techniques have been particularly investigated in the case of micro-device 

integration. A common example is the Loop mediated AMPlification (LAMP), requiring 

a single enzyme with strand displacement activity and in general 4 different primers (for a 

detailed description of the LAMP principles the reader is referred to (Notomi et al. 

2000)). This technique has been successfully used for the detection of pathogens such as 

Salmonella (Jenkins et al. 2011) or Listeria (Wang et al. 2011) in handheld devices. Other 

isothermal methods such as Helicase-Dependent Amplification (HDA) (Mahalanabis et 

al. 2011), Nucleic-Acid Sequence-Based Amplification (NASBA) (Zhao et al. 2012) or 

Rolling-Circle Amplification (RCA) (Mahmoudian et al. 2008) have also been used 

successfully for microfluidic pathogen detection. The choice of the method depends 

mostly on the target (double stranded DNA, mRNA, genomic RNA…), sequence length 
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or work temperature. Their reported limit of detection is very variable ranging from 20 to 

10
5
 CFU/mL (Zanoli et al. 2013), mostly limited by the capacity of the system to extract 

pathogen oligonucleotides from sufficiently large sample volumes. Also, in these reported 

works the lysis and extraction steps were performed off-chip before sample injection. Due 

to their complexity, the principle of these techniques is not shown here, but RCA-based 

techniques will be more thoroughly treated in Chapter 5. 

4.3.3 Mechanical techniques 

Most reported mechanical devices for microorganism detection rely on the use of 

cantilevers. The presence of particles on the surface of micro-beams leads to flexion due 

to material elasticity, and the resulting deformation can be measured by optical or 

piezoelectric resistance changes. Changes in the resonant frequency of the cantilever have 

also been used to quantify the mass of bacteria adhered to the surface of the beam. These 

structures are usually fabricated in silicon through clean room procedures. (Campbell et 

al. 2005) showed that they could detect antibody-immobilized E. Coli on the surface of a 

glass cantilever when immersed in liquid containing the pathogen. The reductions of 

resonant frequency led to a limit of detection of 700 CFU/mL. In a more recent 

publication (Fig. 4.5, McKendry & Kappeler, 2013) bacteria (E. Coli and Staphylococcus 

aureus) were immobilized on both sides of an cantilever by APTES linker (Fig. 4.6). By 

flushing sequentially PBS, ampicillin-containing nutritious medium or simple nutritious 

medium, the fluctuation frequency of the bacteria-loaded cantilevers was seen to be an 

indicator of antibiotic-resistance (lower mechanical fluctuations for antibiotic-resistant 

bacteria in the presence of antibiotics-rich medium). Therefore, this method, while 

requiring a precise and costly fabrication/setup, can add more information than simple 

detections, such as the dynamic effects that different media have on a given population. 

 

Figure 4.6. Mechanical fluctuations of cantilevers can be measured with laser beams as an indicator of the 

antibiotic resistance of surface-adhered bacteria (McKendry et al. 2013). 

4.3.4 Droplet microfluidics 

In droplet microfluidics, monodisperse picoliter-sized liquid droplets are generated in an 

immiscible carrier oil fluid. This droplets act as isolated reactors of small length scale and 

high surface to volume ratio, significantly increasing reaction kinetics and further 

allowing massively parallel studies with batteries of droplets at different compositions. 

This technique has shown great promise in terms of sensitive and selectivity. For 
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example, digital PCR for bacteria detection has been shown to offer highly multiplexed 

and multigene analysis (Ottesen et al. 2006). However, the technology has been limited 

by the required sample volumes and throughput (and PCR is still limited by the 

aforementioned need to extract and purify DNA). Recently, (Lien et al. 2007) have shown 

the potential of droplet microfluidics as a way to rapidly encapsulate bacteria-spiked 

blood samples mixed with a lysis agent and DNAzymes, a synthetic ssDNA with catalytic 

activities that generates a fluorescent signal in the presence of strain-specific lysate (Fig. 

4.7a).  The resulting droplets are recovered in an external vial preserving their structure 

(no merging) and then digitally analyzed by a 3D particle counter that can detect 

fluorescent particles at high throughput in a tube rotating in a spiral motion (1 mL of tube 

analyzed in 100 s, Fig. 4.7b). The system is hence selective and quantitative, and in 

principle able to detect single-digit bacteria under 4 hours. The authors show the very 

specific detection of E. Coli, but, while the reading is extremely efficient, the system is 

still limited by the encapsulation throughput of 25 µm droplets (2000 Hz droplet 

generation frequency, leading to a flow rate of 10 µL/min of 20% blood by using 8 

parallel channels) that would require hundreds of parallel droplet-generating channels to 

reach clinically relevant mL volumes in the reported times. A multiplexed analysis would 

also require different laser sources and detectors, complicating an otherwise relatively 

cost-efficient method. In any case, if faster encapsulation rates were achieved, this 

technology could certainly make an impact for rapid bacteria diagnosis. 

 

Figure 4.7. Schematic description of (a) microdroplet encapsulation of blood, DNAzyme and lysis buffer in 

a microfluidic device followed by droplet recovery in an external vial and (b) detection of fluorescent 

droplets by using a  high-throughput 3D particle counter. 

4.3.5 Culture 

The literature on on-chip detection of pathogens by an in situ culture step is scarce. As 

previously indicated, a culture step is usually required in conventional methods in order to 

increase the population of analysis and favor the growth of the microorganism population 
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of interest. Since culture can only be obtained with viable bacteria, the enrichment of 

inactive organisms is not possible. However, most detection needs are only concerned 

with living bacteria, and especially in treated samples, dead bacteria can give rise to false 

positives in alternative methods. 

Some works have been reported with the aim of showing the feasibility of bacteria culture 

directly performed in microfluidic channels. This is achieved by flowing a nutrient-rich 

medium and controlling the camber temperature usually set at the optimal growth 

temperature (typically 37°C). However, one of the main challenges of microfluidic cell 

culture is the need for mixing. Mixing is essential in batch-based culture procedures, for 

example with mechanical stirring or shaking. The quality of mixing has a direct influence 

in cell growth since mixing keeps the organisms in suspension and ensures the 

homogeneous availability of nutrients and oxygen, simultaneously avoiding the built up 

of cellular waste products. 

Therefore, heating, mixing and valve control (for multiplex culture) are needed in order to 

obtain efficient culture. To overtake these problematics, (Gan et al. 2011) proposed a 

multilayer microfabrication solution in which PDMS valves (see Chapter 1) were used to 

create a loop movement of nutritious medium containing the bacteria of interest (first 

inserted through a single entrance, Fig. 4.8).  The authors compare the growth of bacteria 

in this system with conventional batch culture, showing similar results, and the same 

system without mixing, with much poorer results. With this kind of system, the 

multiplexed culture of different bacterial strains should then be possible with high 

efficacy. 

  

Figure 4.8. (a) Diagram of microfluidic chip for multichannel culture of bacteria based on 4 PDMS layers 

and (b) optical micrograph of E.Coli suspension culture (scaler bar: 50µm) (Gan et al. 2011). 
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In a recent publication, (Bouguelia et al. 2013) reported a culture-capture-measure 

approach in which a first in situ culture step is performed in the presence of surface 

grafted antibodies, with refraction index changes monitored in real time through surface 

plasmon resonance (SPR) (Fig. 4.9). This allows the overtaking of the limiting LOD 

obtained with SPR systems by increasing the initial bacteria population in a single-

chamber fluidic-free system. Measured LODs were as low as 3 CFU/mL for three 

different bacterial strains (Salmonella enterica, Streptococcus pneumoniae and 

Escherichia coli O157:H7) in food samples. The relatively large chamber volume (500 

µL) permits to partially overcome the need for mixing seen in truly microfluidic channels, 

in this case sacrificing culture efficiency for simplicity gains. This work represents a step 

forward in terms of meeting the requirements of microtechnology for industrial needs. 

However, it is still partly limited by the complexity and cost of SPR technology.  

 

Figure 4.9. Schematic view of microchip for culture-SPR pathogen detection (a), double culture chamber 

device (b) and SPR signal monitoring during cell multiplication on specific and non-specific antibody spots 

(c). 

4.5. Microfluidic magnetic fluidized bed for bacteria detection 

In the previous section, a brief review of the large existing literature on microfluidic 

pathogen detection methods has revealed the challenges of this objective in terms of 

sample preparation, need for high-throughput analysis and required sensitivity. To put it 

into perspective, some organisms require the total absence of Salmonella in 25 g of dairy 

products (FDA 2001). This means that around 25 mL samples must be treated through 

some enrichment method (usually culture or filtration) before the actual identification 

procedures (even in the case of conventional plating protocols). High throughput devices 

capable of treating large sample volumes in short testing times are then particularly 

needed. Although this represents too ambitious throughput capabilities, the ability of the 
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fluidized bed to extract/preconcentrate target from complex media at constant flowrates 

can represent a step in this direction. This idea was hence proposed to solve sample 

preparation issues in multi-modular pathogen detecting devices, in collaboration with 

European partner laboratories integrated in the EU-FP7 project LOVE-FOOD. 

LOVE-FOOD is a project with the aim of developing a fully integrated lab-on-chip 

platform for bacteria detection in dairy liquid samples. The system was envisioned to 

include all necessary steps, from sample pre-treatment, bacteria lysis and nucleic acid 

purification to amplification and final detection. DNA amplification was conceived with a 

micro-PCR module with isothermal regions, while the detection is based on an array of 

Love wave acoustic sensors. It is in the sample pre-treatment step with magnetic 

microbeads where the fluidized bed technology was considered an appealing candidate to 

preconcentrate bacteria, and eventually include other steps such as cell lysis. In particular, 

the capacity of the fluidized bed to resist clogging was regarded as a crucial advantage for 

the analysis of milk samples, which can contain important amounts of lipids and proteins. 

This capacity was nonetheless not yet proven, as was the possibility for the fluidized bed 

to capture entities similar in size to the fluidized magnetic beads, and how this would 

affect the physical properties of the system. This study eventually led to much more 

development than a simple sample pretreatment, finally integrating in the fluidized bed 

itself all the necessary steps for bacteria detection from raw samples. 

This work has been recently submitted for publication and is therefore included in its 

original format in the following pages. 
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Abstract : 

A microfluidic method able to specifically capture and detect live bacteria based on surface 

antigens and proliferative power is presented. It involves a microscale fluidized bed, in which 

magnetic and drag forces are balanced to retain antibody-functionalized superparamagnetic 

beads in a chamber during sample perfusion. Captured cells are then cultivated in situ, infusing 

nutritionally rich medium. Their growth is followed label-free, observing by naked eye or with a 

low-cost camera the modification of the volume of the bed. The technology was applied to the 

direct and one-step detection of Salmonella enterica serovar Typhimurium and Enterobacter 

cloacae in unskimmed milk, spiked with an excess 500/1 of Lactoccocus lactis in order to assess 

specificity. A quantitative detection with a dynamic range from 100 to 107 cfu/ml was achieved 

in 2 to 8 hours depending on initial concentration, opening the route to fast, low-cost, portable 

and automated bacteria detection for various applications in food, environment, security and 

clinics.  
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The dramatic decrease of mortality rates due to infectious diseases in the 20th century, 

following progress in hygiene and the discovery of antibiotics, raised the hope that these would 

become a minor health problem in the future of humanity. However, the rate has been 

increasing again since the 80’s, and infectious diseases have been identified in a recent World 

Health Organization (WHO) report as a global threat to human health1. Considering the slow 

progress in new antibiotics discovery, the main hopes of control lie in the development of 

prevention, and of fast, convenient and low-cost technologies for early pathogen identification 

in clinics, transport security, environmental control and food.  

Here, we present a simple and compact microfluidic device allowing sensitive, fast and low cost 

pathogen detection directly from a complex raw liquid sample. This technology could be applied 

to all kinds of bacteria detection issues, but for a first application we apply and validate it to 

food-borne pathogens, and more specifically Salmonella species and Enterobacter cloacae. 

Food-borne infectious diseases are a common, distressing and often life-threatening problem for 

millions of people around the world, Salmonella being the most commonly reported pathogen2. 

In industrialized countries, strict testing protocols are enforced by food safety authorities. Due to 

the long time required by current detection methods, however, products carrying pathogenic 

bacteria can be already widespread before alert, with risks for consumers and important 

economic costs. The health threat in developing countries and remote areas is even worse, since 

no affordable testing method is available. Salmonella are gram-negative rod shaped bacteria 

that can cause serious infections3,4 and prove fatal in young children, frail or elderly people, and 

other patients with weakened immune systems, notably patients with AIDS5. Enterobacter 

cloacae belongs to Enterobacter spp and have emerged as major pathogen causing nosocomial 

Gram-negative bloodstream infections6. 

Plating and colony-counting are widely used for bacteria detection, and are still considered the 

gold standard. This protocol is highly sensitive and specific, but it typically requires from one to 



Bacteria analysis 

 

111 

several days, skilled personnel and large volumes of consumables. Hence, a great diversity of 

alternative analytical methods based either on metabolic properties (biochemical identification 

techniques, chromogenic agar broth7), antibodies targeting (ELISA8, flow cytometry9, immune‐

separation10), nucleic acids (hybridization11, PCR12, microarrays13), or microfluidics14 have been 

developed. Various disadvantages or limitations, however, have hindered their widespread 

certification and/or use in routine practice (see Supplementary information online, SIO). PCR-

based methods, for instance, are rapidly developing in diagnosis, but they also detect dead 

bacteria, which limits their use in food analysis. Most microfluidic-based methods cannot 

accommodate large complex samples, and require a pre-enrichment and/or pre-purification 

step.  

Here we present a new microfluidic concept allowing direct detection and quantification of 

bacteria contamination in raw liquid samples, down to a few colony forming units (cfu) in a few 

hours. The sample is flown across a microfluidic fluidized bed in which superparamagnetic beads 

bearing antibodies directed to the pathogens of interest recirculate continuously. This ensures a 

high density of beads, combined with low flow resistance and resistance to clogging. The system 

was applied to two pathogenic bacteria strands, Salmonella enterica serovar Typhimurium and 

Enterobacter cloacae, with capture rates between 70 and 90%. Live bacteria are then amplified 

in situ by flowing through the fluidized bed a nutrition buffer. The volume occupied by the 

growing bacteria modifies the physical properties of the magnetic bed, allowing for a direct and 

highly specific quantitation of the initial number of bacteria with a 5 orders of magnitudes 

dynamic range from 107 to 100 cfu/ml. The device can be mass-produced by injection molding, 

and detection can be made by a smartphone-type low-cost visible light camera, opening the 

route to the industrial development of cost-effective instruments and consumables. For 

applications in low-technology environments, detection with the same sensitivity can also be 

achieved by naked eye.  
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RESULTS 

Microfluidic fluidized bed operation.  

Macroscopic fluidized beds have been used for decades in industry.  They typically consist of a 

cylindrical reservoir in which particles are kept in suspension by a balance between their weight 

and the drag force exerted by a fluid flowing upward. The drag force is reduced when 

interparticle distance (i.e. porosity) increases, so that the equilibrium between drag and 

gravitational forces leads to a stable, steady-state and stirred suspension of particles behaving as 

a fluid. Some attempts at creating a microscale fluidized bed can be found in the literature15117, 

but miniaturization is not favorable to gravitational fluidized beds, since the drag force scales as 

r1, whereas gravitational forces scale as r3, limiting these devices to relatively large beads and 

chamber sizes, and low flow rates. To overcome this limitation, we propose a new approach 

replacing gravity by magnetic forces induced by a magnetic field gradient, and using 

superparamagnetic particles (1-4 µm in size) as the solid phase. At this scale, magnetic field 

gradients easily achievable with permanent magnets typically exert forces 3 to 4 orders of 

magnitude larger than gravitational forces. This allows the use of high flow rates combined with 

low chamber volumes and high area/volume ratios for fast capture kinetics and high capacity. 

Also, in this range of sizes, a vast amount of well-calibrated superparamagnetic particles bearing 

various grafting chemistries and/or affinity ligands have been developed in the past 20 years.  

The microfluidic fluidized bed involves a microfluidic chamber with an inlet and an outlet, 

partially filled with micrometric magnetic particles, an external permanent magnet and a fluid 

flow controller (Fig. 1a). The conical shape of the microfluidic chamber serves two purposes. 

First, in contrast to gravitational fluidized beds, here the force opposing drag is derived from a 

gradient, and it cannot be kept constant over large areas. We thus chose a monotonously 

decreasing magnetic force along the main axis of the chamber, compensated by a decrease of 
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the drag force along the same axis thanks to a triangular shape of the chamber. The divergence 

of the field and flow were also optimized to favor a stable recirculation of beads for optimal 

capture (Fig. 1b & Supplementary video1). In particular, this new geometry avoids the formation 

of any preferential pathway of the percolating liquid through the magnetic beads bed, or “bed 

fracture”, a phenomenon that usually occurs with magnetic packed beds at high flow rates18. 

Drag decreases with decreasing beads density, so the system has a low flow resistance and is 

intrinsically stable for a large range of flow rates (Flow rates ranging from 0.5 to 5 µL/min were 

used here), and the latter can be optimized for each given application, higher flow rates leading 

to a longer total length of the fluidized bed and consequently to a higher bed porosity (Fig.1c). 

 

Figure 1. Scheme of microfluidic fluidized bed:  an external permanent magnet creates a magnetic gradient inside a 

triangular shaped chamber, resulting in magnetic forces globally oriented towards the chamber inlet, applied on 

superparamagnetic beads (a). Fluids are flown into the chamber by the inlet located on the magnet side, by a pressure-

based flow controller (MFCS Fluigent).  If no pressure is applied, the beads remain in a packed-bed configuration due to 

magnetic force (scale bar = 1mm); (b) Under flow, the beads also receive drag forces oriented upstream, and above a 

flow threshold a new, steady-state dynamic equilibrium, called the “open bed” regime, is achieved, favoring high 

percolation rates and internal recirculation of the beads. The total length of the fluidized bed is directly dependent on 

the applied flow rate due to a change on the porosity of the bed (c). The bed in the “open” state is shown in the 
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micrograph (d), the high beads density and the multiple percolation paths leading to efficient and uniform capture  

(scale bar = 200µm). 

Capture of Salmonella enterica serovar Typhimurium 

The capture efficiency of the device regarding Salmonella enterica serovar Typhimurium (S. 

Typhimurium) was investigated, using commercial anti-salmonella Dynabeads® to ensure 

reliable long-term procurement and performance stability19. Capture efficiency was first 

evaluated by flowing at 1µl/mn a sample spiked with S. Typhimurium at initial bacteria 

concentrations ranging from 102 to 104 cfu/ml (corresponding to 5 and 500 cfu, respectively in 

50µL, see Supplementary Methods Online). For bacteria spiked in phosphate buffer pH 7.4 (PBS) 

a high capture rate of 84 to 93 % (+/- 25% at 102 cfu/mL and +/- 3% at 104 cfu/ml, respectively) 

was achieved (see Methods section for details). The extraction rate from raw milk samples was 

evaluated by spiking various concentrations of S. Typhimurium in 50 µL of whole  UHT milk, and 

directly flowing this mix, without pre-filtration or dilution, through the fluidized bed. The capture 

rate (71% ±8,  n = 3), was slightly lower than in PBS. As the presence of lipids and a high 

concentration of proteins in milk does not result in a dramatic loss of capture efficiency or 

clogging, we consider these results as a strong validation of our system to extract efficiently 

bacteria from a complex matrix. 

Besides unwanted possible contaminations, dairy products often contain mesophilic lactic 

bacteria at concentrations ranging from 10 to 104 cfu/mL depending on milk origin20. Thus, such 

non-pathogenic naturally occurring bacteria could largely outnumber the concentration of 

salmonella and potentially negatively affect their immunocapture. Oppositely, in case of non-

specific capture, they could yield false positive results in uncontaminated samples. To mimic 

such situations, we tested additional samples, in which Lactococcus lactis was spiked in the 

previous UHT milk samples with a ratio of 1/500 of S. Typhimurium versus L. lactic,. As shown in 

Fig.2, no significant difference in S. Typhimurium capture rate was found between samples with 
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and without L. lactis. The non-specific capture of L. lactis was below 0.15% for the three 

concentrations tested, corresponding to a selectivity of at least 500:1. 

 

Fig. 2. Capture rates obtained for S. Typhimurium at three different initial concentrations and for different matrices: 

PBS, whole UHT milk and whole UHT milk with a proportion of S. Typhimurium to Lactococcus of 1:500. The non-

specific capture of S. Typhimurium is given in expanded scale at the right of the histogram.  

Bacteria culture, detection and quantification by bed expansion.  

A key innovation to achieve high sensitivity using a full microfluidic process without pre-culture, 

was the implementation of bacteria culture directly in the fluidized bed.  

Immediately after bacteria capture, nutritious medium (LB broth) is perfused trough the 

magnetic fluidized bed at 0.15 µL/min and the chip temperature is set to 37°C. On-chip bacteria 

growth was first investigated by monitoring fluorescence of the microfluidic chamber after the 

capture of GFP-expressing S. Typhimurium (Fig. 3 & Methods). As shown in Fig.3, bacteria 

development is evidenced, from 0 to 120 min, by the appearance of new bacteria or small 

colonies, leading to a multiplication of bright dots in fluorescence images (Fig 3a). Beyond this 
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time, fluorescence intensity continues to increase (Fig 3b, green curve), but individual dots 

become difficult to isolate (Fig 3a). These results evidence the possibility to keep alive bacteria 

after their capture and to multiply them within the microfluidic device. Interestingly, the 

distribution of bacteria density is rather homogeneous across the bed, especially at short culture 

times. This observation has been verified even for initial amounts of bacteria in the single digits, 

suggesting that “daughter” bacteria distribute across the bed. We associate this with the fluid 

nature of the bed.  

These experiments also revealed a physical change in the fluidized bed during culture, apparent 

as a progressive increase of area (Fig 3a, 240mn & up, Fig 3b, orange). The area increase roughly 

follows that of fluorescence, with an initial plateau, an exponential-looking growth, a linear zone 

and a saturation plateau. This behavior is typical of a non-linear reaction kinetics with reagent 

saturation.  
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Fig. 3: Fluorescence images were taken every 30 minutes during the culture step of previously immunocaptured GFP-

expressing S. Typhimurium, both the whole bead ensemble and a detail zoom are shown (a). The increase in 

fluorescence is accompanied by an increase in size of the fluidized bed (b). Towards the end of the bed expansion 

(300min) a flow of bacteria can be seen leaving the magnetic beads dragged by the flow (c).  

We attribute this fluidized bed expansion to the volume occupancy of the newly grown bacteria 

(see SIO for quantitative discussion and modeling). Towards the end of the bed expansion an 
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important flow of bacteria leaves the fluidized bed, dragged by the flow of nutritious medium 

(Fig 3c). This is a consequence of the saturation in the capacity of the fluidized bed to capture all 

the newly produced bacteria, a fact that could also explain the observed final plateau in the 

fluorescence total intensity, and the limited extent of bed expansion (see SIO for details).  

The strong release of bacteria at the end of the amplification step demonstrates that the 

fluidized bed system can be used for direct processing of samples with low concentrations of 

bacteria, and thus avoid the need of a flask-based pre-culture, and obtain in a few hours 

amplification factors of typically 106. Also, this does not require any bacteria elution additional 

step, since the escaping bacteria can be collected or directly used downstream. The observed 

bed expansion however, suggested a more direct detection means for the presence in the initial 

sample  of target bacteria with a proliferative potential (Fig. 4b), since the modification of the 

chip aspect is large enough to be detected by a simple visible light camera, or even by direct 

visual inspection (SIO  Fig.1). To evaluate the dynamic range, the experiment was reproduced 

with different starting concentrations of bacteria. This yields a series of similar curves shifted 

along the horizontal axis, reminiscent of the DNA quantity plots obtained in Polymerase Chain 

reaction (PCR) (Fig 4c). Taking inspiration from this extremely successful technique, we defined 

an expansion threshold at 200µm, corresponding to the onset of the quasi-linear expansion 

phase. The intersection of growth curves with this threshold defines for all initial concentrations 

an expansion time. When plotted against the logarithm of the initial bacteria number, this 

expansion time follows a straight line (Fig 4d, blue), providing a calibration curve for the 

quantitation of the initial bacteria concentration with a wide dynamic range (from 4 cfu/50µl to 

106 cfu/50µl). The time needed to reach an observable expansion ranges from ~90mn for 60000 

cfu/50µl (1.2 106 cfu/ml) to 7~8 hours for cfu/50µl (80 cfu/ml).   
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Finally, to confirm the method specificity, cultures with the same anti-Salmonella Dynabeads® 

were performed after flowing in the cell Escherichia coli and L. lactis (approx. 100 cfu/50 µL in 

PBS). In both cases no expansion of the bed occurred for subsequent cultures of up to 72 hours. 

 Figure 4: Protocol for direct detection of bacteria by bed expansion. (a): After sample capture and rinsing steps (at 1 

and 1.5 µL/min respectively), measurements of the expansion of the fluidized bed (at a constant flow rate of 0.15 

µL/min) were made along the chamber axis, with reference to the initial position of the front of the bed before 

expansion resulting in expansion curves (b). The expansion curves obtained with different initial concentrations of S. 

Typhimurium (indicated in figure as cfu/50 µL of sample) are shifted with regards to each other (c), and in good 

agreement with a model of expansion based on the volume of newly-formed bacteria (c, dashed lines, see 

Supplementary Online Information for description of the model). Defining an expansion threshold at 200 µm (c, dotted 

line), a time of expansion can be measured for each initial concentration. A logarithmic plot of this expansion time 



Bacteria analysis 

 

120 

versus initial bacterial load is shown in (d) for S. Typhimurium in PBS (blue squares), S. Typhimurium in whole UHT milk 

(red circles) and E. cloacae in PBS (green triangles).  

Similar series of experiments were performed, starting from whole UHT milk spiked with 

bacteria. The results (Fig. 4d, red circles) yield very similar results, showing the applicability of 

the technology to complex, real-life food samples. Indeed, expansion times seem slightly shorter 

in milk than in PBS, maybe due to the fact that the bacteria were kept in milk for 50 minutes 

during the capture step, and contrary to PBS, could thus start to grow in this nutritious medium. 

Application to Enterobacter cloacae 

The same approach was applied to E. cloacae, in order to explore its generality. Besides its 

clinical relevance, this assay is also interesting regarding the versatility of the technology, since it 

uses lectin-functionalized beads for capture. The ligand used here was a lectin specific to E. 

cloacae (GSL-I-B4) grafted on magnetic beads presenting surface tosyl groups (Dynabeads® M-

280 Tosylactivated).  E. cloacae capture efficiency, evaluated as previously described for S. 

Typhimurium, was similarly high (85% ± 4.6%, n = 2). Fig.4d shows that E. cloacae can also be 

cultured and quantitatively detected in situ using the same procedure as for S. Typhimurium, 

except for longer expansion times. Expansion times specifically depend on bacteria type and 

strain, but also on culture conditions, leaving room for speeding up the process21. These 

experiments suggest that the fluidized bed expansion approach to bacteria detection will be 

applicable to a wide range of problems beyond the question of Salmonella in dairy products.  

Mechanisms of bed expansion  

Bed expansion could be due to a direct steric effect, related to the volume occupied by the new 

bacteria, or to a modification of the hydrodynamics of the bed, through e.g. changes in adhesion 

or friction properties of the bacteria-loaded beads, or the formation of biofilms. In order to 

unravel this question, additional series of experiments were performed, using a wider range of 

bacteria concentrations in the initial sample, and mutant bacteria with modified adhesion 
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and/or biofilm formation capabilities. These experiments, in combination with a simple 

analytical model of bacteria growth (see SIO) demonstrated that bed expansion is mainly due to 

the direct volume occupancy of “daughter” bacteria recaptured on the beads after cell 

multiplication by division. 

DISCUSSION 

This work demonstrates that the fluidized bed concept can be efficiently transposed to the 

microfluidic world, replacing gravity by magnetic forces. As compared to previous systems based 

on packed or magnetically stabilized micro-columns, this approach brings in numerous 

advantages. First, flow-through operations can be performed at low driving pressures, in order 

to capture bacteria from relatively large volumes (50-100µl, expandable to milliliters in further 

generations) with a very limited mass of capture particles (typically ~50 µg). With a suitable 

design of chamber and magnetic field, a constant recirculation of beads with close-to-uniform 

density can be achieved, maximizing capture efficiency. As compared to the commonly used 

batch capture on magnetic particles, this flow-through, high beads density mode allows an 

acceleration of kinetics and a reduction of the number of used beads for a given sample volume, 

since for rare targets, the kinetics is mostly controlled by target concentration and interbeads 

average distance during the capture step. The device was applied to the detection of two 

pathogen bacteria of interest, S. Thyphimurium and E. cloacae. A capture efficiency better than 

70% and a specificity better than 500/1 versus other bacteria (e.g. L. lactis or E. coli ) were 

achieved.  

Then, the possibility to directly cultivate the bacteria in situ in the microfluidic chip was 

demonstrated. This cultivation yields to a physical expansion of the fluidized bed. This expansion 

is a consequence of the volume occupied by the developing bacteria. In a first mode, this allows 

for a very simple method for “yes or no” specific bacteria detection with direct visual readout, 

and sensitivity of the order of 100 cfu/ml in a few hours, as compared to the typical 1 or 2 days 
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needed by conventional techniques. In addition, the microfluidic chip design is very simple, and 

disposable chips can be mass produced, e.g. by injection molding. This, combined with the 

compactness of the device, can be a breakthrough in non-technical environments, e.g. for on-

site investigation of food primary products. The technology is very generic, and we believe it will 

also find a wide range of applications in early diagnosis.  

With a minor increase in complexity, i.e. addition of a low-cost visible light camera, the 

technique can be made quantitative, by measuring the time needed to reach a threshold of bead 

expansion. In this mode, quantitative detection with a dynamic range of four to five orders of 

magnitude can be achieved in a total time from raw sample to result of 2 to 8 hours, depending 

on initial concentration, the longest time corresponding to a sensitivity of 100 cfu/ml. The image 

analysis and data processing is simple, so to reduce development costs and allow widespread 

development including wireless communication of results, the whole imaging and analysis 

process can be embarked on a smartphone, as suggested e.g. in 22,  

Both modes were demonstrated to accommodate direct infusion of complex samples such as 

unskimmed milk. This robustness to clogging or matrix effects, a definite advantage with regards 

to microcolums or filter-based devices, is a consequence of the fluidized nature of the capture 

bed, which can be perfused by liquids containing debris or particles much bigger than the 

capture beads or targets, as long as these contaminating objects do not present at their surface 

antigens targeted by the beads.  

In comparison with methods based on PCR and molecular biology, this new approach is much 

simpler and thus less expensive to implement, and it detects only bacteria with a proliferative 

potential, whereas PCR-based methods will yield false-positive results in the presence of dead 

bacteria.   

Finally, the flow-through nature of this family of devices provides an important flexibility 

regarding sample volumes, combining in a single seamless process the advantages of 
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preconcentration, purification and amplification: for instance, the internal volume of the 

chamber used in the present study is smaller than 1 µl, so it can accommodate sample volumes 

from typically 1 to 100 µl, varying the duration of the capture step from 1 mn to 1 hour. The 

geometry could be easily upscaled to accommodate sample volumes in the ml range, if needed.  

A detailed cost per analysis evaluation is difficult to achieve accurately at this stage, since this 

involves many non-technical aspects, but the technology carries several features favoring very 

low costs: the design of the chips itself is simple, it does not involve active sensors, electrodes, 

actuators or high resolution features, so the disposable part of the device can be mass produced 

in thermoplastics for a few cents per chip, by e.g. injection molding. The cost of biochemicals is 

also considerably reduced as compared to other techniques: the biological specificity and 

selectivity is carried onto the magnetic beads, avoiding the need to functionalize in-situ the chip. 

The latter process is a strong hindrance to industrialization, since it involves fluidic connection 

and processing of each individual chip during production, and it also implies a high consumption 

of antibodies. In contrast, magnetic beads can be functionalized in large quantities in batch 

processes, reducing costs and facilitating quality control. Functionalized magnetic carriers can be 

rather expensive, but the consumption of the fluidized bed device is reduced by a factor of 

about 10 as compared to methods using beads-based capture in conventional batch format or as 

a pre-processing step. Finally, the method is also very cost-effective on the detection side, since 

it does not involve high-tech optics, expensive sensors or cameras, or micro-nano electrodes.  

 

Overall, the magnetic microfluidic fluidized bed approach offers the possibility to perform direct 

sample-to-result analyses all-in-chip, with a high flexibility regarding initial sample size and 

nature. It also combines a small footprint and low reagents consumption, with low-cost chip 

production and detection technologies. We thus believe that it will find applications in numerous 

bioanalytical and point-of-care applications. The mode of operation presented here, combining 
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the capture of bacteria with high specificity and efficiency, with their online culture, allows for 

low-cost, quantitative and specific detection of bacteria with a proliferative potential, on a 5 

orders or magnitude from 100 to 107 cfu/ml, in a time ranging from 2 to 8 hours. This sensitivity 

could rather easily be improved to reach the 1 cfu/ml range, or the detection made multiplex, by 

parallelization of the design. This technology thus opens new potential for many applications 

involving bacteria detection, e.g. environment control, bio-security, food industry and medicine. 
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SUPPLEMENTARY DISCUSSION AND DATA 

1 Supplementary review of state of the art in bacteria detection 

Plating and colony-counting are widely used for bacteria detection, and are still considered the 

gold standard. The protocol starts with an enrichment phase conducted overnight in liquid broth 

in agitated flasks. Then, cultures are plated on petri dishes containing agar-based growth 

medium and incubated for durations that may range from 12 hours to several days before 

counting. Finally, additional molecular or immunological typing methods may be needed, for 

specific strain identification. This protocol is highly sensitive and specific, but it typically requires 

several days, skilled personnel and large volumes of consumables. Hence, a great diversity of 

alternative analytical methods based either on metabolic properties (biochemical identification 

techniques, chromogenic agar broth1), antibodies targeting (ELISA2, flow cytometry3, immune‐

separation4) or nucleic acids (hybridization5, PCR6, microarrays7) have been developed. However, 

various disadvantages regarding e.g. specificity, sensitivity or cost, have hindered their 

widespread certification and/or use in routine practice. 

Microfluidic-based technologies can offer platforms for faster and more automated detection 

systems, while reducing testing costs. A variety of microfluidic separation methods for bacteria 

can be found in the literature, based e.g. on size sorting 8, electrophoresis 9 or antibody 

capture10. For bacterial identification these methods are often coupled with nucleic acid 

amplification techniques such as PCR or further immuno-recognition protocols, increasing the 

complexity of the system. In addition, these methods, require a preliminary enrichment 

cultivation step to reach a concentration of cells sufficient for reaching the sensitivity level 

required for most food pathogen detection standards. This is usually performed by conventional, 

non-microfluidic protocols, limiting the gain as compared to conventional methods. Recently, an 

interesting article reported a single-step detection of bacteria, using an integrated on-chip 

culture on antibody capture arrays and label-free detection11. This study is certainly an 
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important step towards global assay acceleration, achieving a sensitivity around 140 cfu/ml in 10 

hours for Salmonella spiked in raw milk, but it retains some limitations, such as baseline drift in 

the presence of real samples, a need for sample pre-treatment, and the need for an expensive 

surface plasmon resonance technology for detection. Also, specificity versus other commensal 

bacteria in excess was not assessed.  

2. Detection of bacteria by direct visual inspection 

Due to the size of the microfluidic chip, and the high absorption of the magnetic beads, the bed 

expansion can be directly observed by eye (SIO Fig 1). This can be done at regular intervals in 

order to detect contamination as fast as possible in the process, and have a rough estimate of 

the level of contamination, or as an “endpoint” “yes or no” detection.  

 

Supplementary Figure 1. Image of a chip before experiment, showing the beads bed in the 

absence of flow and without bacteria (left) and a second chip, also in the absence of flow but 

after bed expansion due to the positive detection of salmonella (right). Scale bar = 1 cm. 

 

3. Deciphering the mechanisms of bed expansion during culture  

Bed expansion could be due to a direct steric effect, related to the volume occupied by the new 

bacteria, or to a modification of the hydrodynamics of the bed, through e.g. changes in adhesion 

or friction properties. The first assumption was checked by injecting in the fluidized bed a highly 

concentrated solution of S. Typhimurium  108 cfu/mL. In this case, the bed expansion starts 



Bacteria analysis 

 

127 

immediately during the capture phase, without nutritious medium and heating of the chip (SIO 

Fig 2), with a volume increase proportional to the total number of injected bacteria, indicating 

that the volume occupied by the bacteria has a direct effect on bed expansion. Finally, when 

bacteria are cultivated on-chip from this pre-expanded state, by flowing culture medium and 

heating at 37°C, bed expansion continues readily (SIO Fig2b), confirming the absence of lag 

phase for culture already suggested by direct counting of fluorescent bacteria in the diluted 

regime.   

  

Supplementary Figure 2. (a) Results of experiment showing expansion of the fluidized bed 

during the capture step from a solution of S. Typhimurium at high concentration (108 cfu/ml). In 

this case, the flow rate during capture was 0.15 µL/min, as for the culture step to allow direct 

comparison of bed lengths. Note that the figure reports the length of the bed. The volume 

increase, deduced by taking into account the triangular shape of the chamber is, within 

experimental error, linear in time within the number of injected bacteria (not shown). (b) 

Expansion curve obtained during culture step, for a very high concentration of initial salmonella 

(6.106 captured bacteria). In both figures the zero length reference corresponds to the size of the 

bed prior to any cell capture, at a flow rate of 0.15 µL/min. 

 

The above experiments demonstrate a direct steric effect of the captured bacteria to bed 

expansion. This, however, does not preclude other possible contributions. In particular, 

numerous studies have shown that Salmonella spp. are capable of forming biofilms under 
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certain conditions dependent on substrate, pH, temperature or salinity12-13. Biofilm formation 

could affect the fluidized bed properties through different mechanisms, such as volume 

occupancy of the extracellular matrix, crosslinking, or screening of ligands. To investigate this 

question, we used a biofilm-defective mutant strain of S. Typhimurium i.e. a knock-out mutant 

of the csgD gene involved in expression of both curli fimbriae (known to aid in biofilm formation, 

cell aggregation and cell adhesion14) and of cellulose (a main constituent of Salmonella-produced 

biofilms15). The doubling time of the mutant was measured in batch (see Methods Online), and 

shown to be close to that of the wild type (SIO Fig 3).  

 

Supplementary Fig 3. Exponential phase of growth curves obtained for the batch culture of S. 

Typhimurium and the csgD mutant. Medium was LB Broth and temperature 37°C. The calculated 

generation times are indicated for both strains. (See Methods Online) 

The capture efficiency of the fluidized bed regarding this mutant was then tested, since the 

mutation could have affected the expression or availability of the surface antigens used for 

capture. It was found similar to that of the wild type (data not shown).  
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Expansion times during culture in the chip were finally evaluated for a broad range of initial 

mutant bacteria loads, and found statistically equivalent to those of the wild type strain (SIO Fig 

4). 

 

Supplementary Fig 4. Expansion times (for threshold expansion of 200 µm, see article main text) 

obtained with the csgD mutant of S. Typhimurium affected in biofilm formation. No significant 

differences were found with expansion times obtained with wild type S. Typhimurium. 

 

This series of experiments suggests that the formation of biofilms does not play a significant role 

in the expansion phenomenon. Interestingly, it also suggests that adhesion and aggregation of 

bacteria have a marginal impact on bed expansion. Overall, this suggests that the method is very 

generic, since it does not depend on some specific collective properties of cells, but merely on 

their intrinsic volume and proliferation power.  

4. Analytical model for growth.   

Assuming that all bacteria produced during culture remain confined inside the fluidized bed, a 

very simple expression can be proposed for the volume expansion as a function of time, based 

on an exponential cell division: 
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                                                                                    (1) 

Where n0  td  and  Vbac are the initial number of captured bacteria, the  mean division time , and 

the effective volume occupied by a single bacterium, respectively. Injecting in this equation the 

previously measured capture efficiency, and leaving division time and effective volume as free 

parameters (taking the same value for all initial concentrations of bacteria) yields a series of 

curves (dashed curves in Fig 4c, main text), which fit the data within experimental uncertainty on 

4 orders of magnitude of concentration. The best fit doubling time, td = 23.7min, is very close to 

24 mn, the value measured in batch with identical medium and temperature. Considering that 

the effective volume must take into account steric effects due to the bacteria orientation and of 

the flagella, the natural variation of volume of each bacteria during its growth, and genotypic 

and phenotypic differences between different strains in different conditions, it is difficult to 

provide an accurate “a priori” evaluation of a single bacterium steric exclusion volume. However, 

the effective volume providing the best fit to the data, Vbac = 4.8e-9 µL, is within the expected 

range (typically between 1.4 and 7.5 e-9 µL1617.  

 

5. Release of bacteria during culture 

Finally, to explore the causes of the saturation of bed expansion observed at long times, the 

release of bacteria from the fluidized bed during on-chip culture was evaluated, by collecting the 

fluid exiting the chamber and bacteria counting by serial dilution and plating (SIO Fig. 5).  
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Supplementary Fig 5. Number of Released S. Typhimurium cells from the fluidized bed during 

the culture step, after capture from a 50 µl sample containing 350+/-50 cfu (measured by colony 

plating). Each square represents the released bacteria in the previous hour. The bed expansion is 

plotted as red squares (red vertical scale), the model’s prediction as blue dashed line (blue 

vertical line).  

 

During the early stages of growth medium perfusion, essentially no bacterium leaves the bed. 

This suggests that all bacteria produced during the initial phase are recaptured on the beads. 

Bacteria start to be released in significant amounts after typically two hours (the indirect mode 

of measurement by colony plating of the effluent introduces an experimental lag time, since a 

sufficient volume of effluent must be accumulated before the plating can be performed), and 

continuously increases afterwards. The experimental bed expansion deviates from the theory 

around 370 mn, corresponding to a bed expansion of about 1mm representing 60% of the initial 

bed volume. It is not surprising that such occupancy starts to have a significant screening effect 

on the recapture of newly produced cells. This, combined with the fact that the release rate of 

cells continues to grow beyond this time point, suggests that bed growth saturation and 

deviation of the effective growth from the model are due to a saturation of the capture sites, 

and not to a loss of viability of the cells in the bed.  
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METHODS 

Microfluidic chips. The general design of the PDMS chips used for capture is presented in Fig. 1 of the 

main article and in Methods Supplementary Fig.1 below: The main chamber is an asymmetrical triangular 

shape 13 mm in length and 2.6 mm at its maximum width, with an aperture angle of 13°. A bent channel 

(100µm width) connects the inlet of the main chamber to 3 fluid inlets. This geometry is necessary to 

avoid beads escape in no-flow conditions. The outlet is placed on the opposite side of the chamber. The 

height of all structures was 50 µm. The chips were fabricated by standard casting of PDMS on a 

prefabricated mold prepared by micromilling and plasma treatment for binding to a second flat PDMS 

film. A surface treatment with poly-dimethyl-acrylamide bearing epoxy function (E-PDMA)
1
 was 

immediately applied by incubation for one hour in the channel of an aqueous solution of this polymer at a 

concentration of 0.25% (w/v), followed by rinsing with deionized water. 

Pressure and flow control. The three inputs were connected through PEEK tubes (50 µm internal 

diameter) to their respective sample and reagents reservoirs,  and the source of fluid at each time was 

selected by  flipper solenoid valves (Bürkert, 6604). Flow control was achieved thanks to a pressure 

controller (MFCS
TM

, Fluigent)  applying to the sample and reagents reservoirs pressurized regulated thanks 

to a feedback given by a flowmeter (Flowell, Fluigent) connected to the output of the chip, under control 

of the  dedicated software (FRCM, Fluigent).  A PEEK tube, ID 250 µm connected this flowmeter and a 

waste reservoir. 

Capture efficiency. The protocol for evaluation of the capture efficiency (summarized in Supplementary 

Methods Fig 2, below)   was as follows : 1. The whole system was filled with phosphate buffer saline (PBS) 

with 1% bovine serum albumin (BSA); 2. 50 µg of anti-Salmonella Dynabeads® were injected inside the 

chamber thanks to a pipette tip at the chamber outlet. A small magnet below the chip was used to guide 

the beads to the chamber during this loading step; 3. A NdFeB12  1.47 T permanent magnet (N50, Chen 

yang Technologies) was placed at a distance of 2 mm from the bent channel, symmetrically aligned with 

the axis of the main chamber; 4. A sample volume of 50 µL was injected through inlet 1 at a flow-rate of 1 
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µL/min; 5. The beads were washed   inside the chip after capture with 40 µL of PBS 1% BSA through inlet 2 

at 1.5 µL/min; 6. Triplicate cell culture plating was performed with 50 µL aliquots of each of: i:the initial 

sample reservoir; ii; the total eluted volume collected in a tubing at the output of the chip during the 

capture step (Tygon© 500 µm ID, 60 cm long, instead of the PEEK tube previously described between the 

output of the chip and the flowmeter); iii) and finally the beads flushed from the chip after the capture 

step;  Colonies were counted the following day and the capture rate was estimated as the ratio between 

captured bacteria (from plating of beads) and the addition of both capture and non-captured bacteria 

(non-captured meaning sample collected in Tygon© tube). This procedure was selected, rather than a 

reference to the initial number of bacteria spiked in the sample. The latter approach led to similar values 

in average, but with a higher dispersion, probably due to difficulties in evaluating accurately the absolute 

number of spiked bacteria, especially at low numbers.  

 

Supplementary Methods Figure 2. Protocol followed for the determination of the capture rate 

of the immunoextraction step : 50 µL of the initial sample were plated three times for average 

counting; magnetic beads were extracted from the chip after the washing step by high pressure 

flushing and immediately culture plated; a Tygon© reservoir was placed at the outlet and just 

before the flowmeter to collect 120 µL of output volume containing non-captured bacteria, the 

total volume also plated once. 

On-chip bacterial culture and amplification. The protocol for the on-chip culture started as that 

previously described for capture efficiency evaluation, but diverged from step 6: culture was started by 

injecting lysogeny broth through inlet 3 at 0.15 µL/min. The temperature was set at 37°C with the use of a 
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glass slide coated with indium tin oxide connected to a voltage controller (Eurotherm 3508) and feedback 

-regulated with the input from a thermocouple placed between the glass slide and the chip. For 

fluorescence measurements, time-Lapse images were taken every 15 minutes with a Nikon Ti microscope 

and a CoolSNAP HQ2 camera.  

For direct detection by bed expansion, images were obtained by real-time recording of the bed by a low-

cost camera (AM4013MZTL, Dino-Lite). The bed expansion was quantified from  images stacks with  a 

home-made software written in Image-J, taking as reference the position of the front of the initial 

immobile bed and as a positive measurement any displacement towards the output along the axis of the 

chamber.  

Bacteria strains and viable cell count. Salmonella enterica serovar Thyphimurium ATCC14028 and the 

isogenic csgD mutant strain affected in biofilm formation were obtained from Françoise Norel’s collection 

(Institut Pasteur). Enterobactero cloacae subsp. cloacae ATCC13047 was obtained from Aquila Bioscience. 

To monitor bed expansion the ATCC14024 strain was transformed by the pFPV25.1 (Ap
R
) plasmid, to 

express green fluorescent protein (GFP)
31

. Quantification of bacteria was achieved by counting the total 

number of colony-forming units (CFUs) grown onto Brain heart infusion (BHI) agar from serial dilutions of 

the original sample and expressed as CFU/mL.  

Batch determination of population doubling time 

The population doubling time of wild type and mutant bacteria strains was determined by measuring as a 

function of time the optical density (OD) of bacteria suspension in agitated flasks of LB kept at 37°C. OD 

was measured with a spectrophotometer Hitachi U-1900. The doubling time T is deduced from the slope 

of the ln(OD) versus time. The result obtained this way is independent of the initial density of bacteria, 

and of the volume and intrinsic OD of the bacteria strain
23

.  
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Chapter 5 

Microfluidic rolling circle amplification for cancer 

diagnostics 

5.0 Summary 

The handling of reagents in magnetic bead protocols is a particular limitation in the 

applicability of some otherwise very powerful DNA molecular tools. This is the case for 

padlock-based systems such as rolling circle amplification (RCA), that allow a very 

accurate single nucleotide recognition for mutation identifiation coupled to precise 

quantification results, but have so far not reached the clinical diagnosis stage because of 

the need for multi-step protocols. The microfluidic magnetic fluidized bed presents, as so 

far shown, very good characteristiscs for bead protocol automation, but is also an efficient 

preconcentration system, and this is a particularly atractive characteristic for “liquid 

biopsy” applications such as the detection of circulating tumor DNA in blood samples. In 

this chapter, the development of a system that combines the fluidized bed for DNA 

detection and amplification and a microarray for further ampliciation and fluorescent 

detection, is presented for the KRAS mutation, associated to several types of cancer. The 

work is still ongoing, and the detection of concentrations as low as those needed for 

ctDNA detection remains to be proven, but preliminary results show the succesful 

integration of the full molecular protocol in a single microfluidic chamber, with a simple 

“samples-in -> results-out” format and high multiplexing potential. 

5.1 Introduction 

Cancer is caused by alterations in the genome that can be very different from patient to 

patient, making the disease difficult to treat. A trend then exists towards a more 

personalized medicine, in which diagnostic testing is employed in order to select the 

appropriate therapies based, in particular, on genetic information. Further, the disease can 

evolve over time and as a response to treatment. For cancer monitoring, current methods 
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rely on tumor imaging, analysis of protein biomarkers in serum and tumor biopsies. 

While the first two provide information on disease progress, they are blind to the actual 

genomic characteristic and/or changes experienced by the tumor. Biopsies on the other 

hand allow the assessment of this information, but are both invasive and risky, if at all 

possible due to a difficult accessibility or insufficient sample recovery. They are also 

highly localized, offering little information on tumor heterogeneity. 

In recent years, a research impulse has been given to non-invasive cancer diagnostic 

methods. In particular, plasma-present circulating biomarkers such as circulating tumor 

cells (CTCs)(Danila et al. 2014), exosomes (Tickner et al. 2014) and circulating tumor 

DNA (ctDNA)(Bettegowda et al. 2014) have received much attention as means for 

minimally-invasive diagnosis and prognosis. CTCs are cancer cells that have shed from a 

primary tumor into the bloodstream, responsible for the formation of metastases in distant 

organs. The analysis of CTC in patient blood has revealed their reflection of tumor 

heterogeneity and their frequency correlation with disease progression, making them 

interesting biomarkers for clinical prognosis (Consoli et al. 2011). This research has been 

particularly fruitful in the field of microfluidics, with a wide range of proposed CTC 

separation and analysis methods proposed (Dong et al. 2013)(Autebert et al. 2012), and 

has led to the appearance of diagnostic devices on the market (notably the FDA approved 

CellSearch® system) 

On the other hand, genomic DNA is known to freely circulate in blood (cell-free DNA, 

cfDNA) due to cell apoptosis/necrosis and active secretion mechanisms from healthy and 

cancer cells (Ilie et al. 2014). High levels of cfDNA have been correlated with poor 

outcome for some cancers  (Sozzi et al. 2009), but it is the inherent genetic content of this 

DNA that offers invaluable information for the study of highly apoptotic elements such as 

tumors (cfDNA from with tumoral origin referred as ctDNA). The identification of 

mutations acquired as a result of treatment resistance could provide a particularly useful 

complement to more conventional biopsies for personalized therapies. Furthermore, the 

analysis of ctDNA from patient blood samples has been shown to indicate the presence of 

not yet metastasized tumors, offering an advantage with CTC detection methods 

(Bettegowda et al. 2014). The release of DNA in blood from heterogeneous tumors may 

also yield tumor’s genetic makeup, without the need for invasive biopsies. 

Among the many already identified clinically relevant mutations, those associated with 

the KRAS gene have become a priority in the cases of lung, pancreatic and colorectal 

cancers. The KRAS (Kirsten rat sarcoma viral oncogene homolog) gene contains 

instructions for the production of a protein called K-Ras mainly involved in cell division 

regulation. This protein is part of a signaling pathway known as RAS/MAPK that relays 

signals from outside the cell to the cell’s nucleus, instructing the cell to grow, divide or 

differentiate. 

The KRAS gene belongs to the Ras family of oncogenes that includes the genes HRAS 

and NRAS. All of these genes produce GTPase proteins that convert GTP molecules into 
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GDP for pathway signaling. Mutations in these genes lead to amino acid changes in the 

produced proteins, what sometimes results in overactivated GTP to GDP conversion, this 

in turn giving rise to uncontrolled cell division and tumor formation (a slightly 

overactivated protein can also lead to non-cancerous pathologies such as 

cardiofaciocutaneous and Noonan syndromes).  

KRAS mutations are particularly present in lung cancers, found in 15 to 25% of all cases, 

and particularly prevalent for populations of European origin (25 to 50% of cases). Three 

main mutations can been associated with lung cancer (amino acid glycin at positions 12 

or 13 and glutamine at position 61 in the K-Ras protein) all of them being somatic, that is, 

not inherited but acquired during the person’s lifetime. Other somatic mutations have 

been associated with other types of cancer, in particular pancreatic and colorectal cancer. 

Mutations present in KRAS have been shown to be predictors of cancer response to 

treatment (Knickelbein & Zhang 2015). KRAS mutations in colorectal cancer are 

associated with poor response to common drug therapies such as cetuximab (Lièvre et al. 

2006). Similarly, KRAS mutations result in low response to lung cancer treatments such 

as erlotinib or gefitinib  (Suda et al. 2010). These mutations can also appear as a response 

to drug treatment, resulting in subsequent illness progression. 

For certain drug treatments, it has thus become necessary to know in advance the 

presence of KRAS mutations, something that has been enforced by the FDA and the 

European Medicines Agency in the labeling of drugs such as panitumumab and 

cetuximab. 

KRAS mutation detection is conventionally obtained from tissue samples from a tumor 

biopsy, with methods based on sequencing, such as automated dideoxy sequencing or 

pyrosequencing, or binary result methods, such as single strand conformation 

polymorphism (SSCP) analysis and high resolution melt (HRM) analysis. Especially in 

the latter cases, PCR amplification (see Chapter 4) is a required step to amplify the DNA 

region in which the mutation of interest lies. 

On the other hand, the detection of ctDNA is challenging, as it usually represents a very 

small fraction of all cfDNA (<1.0%), and is present at very low concentrations (normal 

cfDNA levels ~0.7-7 ng/mL (Szpechcinski et al. 2015)). Standard sequencing approaches 

can only be used for patients at advanced cancer stages presenting high levels of ctDNA 

(Diaz & Bardelli 2014). However, novel genomic methodologies based on PCR-based 

assays, and in particular digital PCR, have recently made the multiplexed detection and 

quantification of low levels of ctDNA possible (Huggett & Whale 2013). In digital PCR 

(dPCR), the sample is separated into a large number of partitions to carry the reaction in 

each partition individually. This results in more sensitive quantifications of nucleic acids 

and allows the study of variations in gene sequences. The microfluidic 

compartimentalization in picodroplets for multiplex dPCR is a particularly rapidly 

developing field for efficient ctDNA analysis (Taly et al. 2013). 
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PCR techniques are nowadays highly developed and have become the standard for many 

clinically relevant diagnostic assays. Nonetheless, some drawbacks of this cycling 

technique, such as the use of sophisticated and expensive instruments, might open the 

applicability of alternative amplification methods for certain applications, for example 

when a higher portability is required. Padlock probe-based methods, such as rolling circle 

amplification, might additionally offer a relatively simpler robust detection of single 

nucleotide mutations with quantification capabilities that ideally allow the determination 

of single molecule events. 

5.1.1 Rolling circle amplification and Circle to circle amplification 

In Chapter 4, the advantage of alternative isothermal amplification methods for DNA was 

put forward, and several of the most commonly encountered techniques were cited. Due 

to its robustness and simplicity, rolling circle amplification (RCA) holds a distinct 

position as a choice for DNA diagnosis. 

In RCA, a circular DNA template is continuously amplified by a strand displacement 

DNA polymerase. Since for most applications the target DNA of interest is linear (Fig. 

5.1 green), an oligonucleotide (called padlock probe) containing extremities specific for 

two adjacent target sequences, is used to circularly hybridize to the target strand (Fig. 5.1 

blue). The gap is then completed through polymerase enzymatic activity or, if no base 

pair gap is left, directly ligated with a ligase enzyme. In this latter case, a perfect match 

between padlock probe and target is required, the ligation being sensitive to single 

nucleotide alterations. Since no amplification takes place if the padlock probe is not fully 

circularized, this property has been used for highly sensitive detection systems of single 

nucleotide mutations. After ligation, a polymerase enzyme (ex. Phi29 polymerase) is 

introduced for double strand synthesis using the target as a starting primer. Once the 

circle is complete, the polymerase displaces the previously created double strand, 

continuing its synthesis at a constant rate and forming a long single stranded DNA 

product. The reaction is fed with deoxynucleotide triphosphates (dNTPs), 

monomers/building blocks of the RCA process, present in the surrounding medium. The 

resulting rolling circle product (RCP) is a concatemer containing hundreds of copies of 

the original padlock. The self-collapsing properties of these long single stranded DNA 

results in ~500 nm spherical DNA coils (Jarvius et al. 2006) that allow microscopy 

detection of RCPs by fluorescence labeling and glass slide spreading. Each RCP indicates 

the amplification of a single original target sequence. 
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Figure 5.1 Padlock probe and RCA principle: (a) a single stranded DNA probe hybridizes in a circular 

configuration to the DNA target. (b) The padlock gap is completed through polymerase and/or ligase 

enzymatic activity and (c) the target is used as a primer for polymerase double strand synthesis, that 

continues after circle completion by strand displacement.  Adapted from (Johne et al. 2009) 

The analysis of genomic DNA requires a digestion step with restriction enzymes in order 

to obtain targets in the form of shorter double-stranded DNA sequences followed by a 

denaturation step for single-stranded products. In the case of ctDNA, this digestion might 

be unnecessary, as cfDNA fragment length distribution has been shown to have a mode at 

166 bp (Jiang et al. 2015). The amplification of RNA is also possible by an initial reverse-

transcription process. 

Compared with PCR, the RCA amplification process is linear, resulting in less DNA 

product for the same amount of time. Modifications of the conventional RCA allow 

exponential amplifications, for example by the hybridization of multiple primers at the 

same time on the circularized probe, or with a hyperbranched RCA (HRCA) in which the 

RCP is used as a template for additional sets of primers, obtaining a ramified 

amplification (Ali et al. 2014). The amplification techniques of these methods are 

nonetheless difficult to control, resulting in difficult target quantification and 

multiplexing. 
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Figure 5.2. The C2CA mechanism. (Dahl et al. 2004) 

Another solution to the limited amplification of the RCA process was proposed by 

Nilsson and co-workers (Dahl et al. 2004) using a serial RCA of monomerized RCPs 

called circle to circle amplification (C2CA). The process is described in Fig. 5.2. A first 

RCA results in an amplification product (blue) that can be monomerized by the use of a 

restriction enzyme and short ssDNA strands (restriction oligos, RO) specific for the 

repeated sequence of the RCP (restriction enzymes require dsDNA substrate recognition). 

Heating for restriction enzyme inactivation results in the dissociation of the RO fragment. 

When the temperature is lowered, the non-digested ROs still present in the solution 

hybridize with monomers resulting in a padlock probe configuration. After a ligation step, 

the RO can act as a primer for a new RCA. These amplification cycles can be repeated in 

series, resulting in billion-fold highly controlled amplifications. 

Besides the obvious advantage of isothermal amplification, the C2CA procedure has been 

shown to yield higher amounts of individual amplicons than PCR and different amplicons 

have also been shown to be amplified more evenly with C2CA (their proportion is better 

maintained)(Dahl et al. 2004). This offers the potentiality of higher multiplexing levels 
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and dynamic ranges (Dahl et al. 2004). Furthermore, fewer polymerase errors should be 

induced in the amplified sequences (Dahl et al. 2005).  

Since the repeated steps result in accumulated unreacted oligonucleotides and sample, this 

can lead to amplification inhibition. Therefore, the efficiency and sensitivity of the C2CA 

process can be enhanced with the use of solid supports, in particular magnetic beads (Ke 

et al. 2011)(Göransson et al. 2012). However, despite the high performance of this 

system, the multiple steps and manual handling required are a disadvantage for diagnostic 

applications. Microfluidic integration is then desired for protocol automation. 

5.1.2. Rolling circle amplification in microfluidics 

A few attempts at RCA and C2CA integration in a microfluidic platform have already 

been reported. As compared with PCR, these isothermal methods make integration easier 

by avoiding regular fast temperature cycling, although temperature steps are usually 

required for enzyme inactivation. (Mahmoudian et al. 2008) demonstrated the integration 

of the C2CA protocol in a poly(methyl methacrylate) (PMMA) chip, in which the 

amplification took place in a reservoir and the products were separated and detected by 

downstream electrophoresis (Fig. 5.3). An additional step was added to the molecular 

protocol to convert ssDNA into dsDNA. A mix of low and high molecular weight 

polymers was used to fill all channels, reducing diffusion from reservoir and enhancing 

electrophoretic separation.This platform was successfully used to detect bacterial 

genomic DNA, but full integration has not been achieved, and the lack of purification 

steps and reduced reservoir volume limited detection sensitivity.  

 
Figure 5.3. Microfluidic chip integrating RCA/C2CA a µ-CE (Mahmoudian et al. 2008). 

(Sato et al. 2010a) demonstrated the integration of all RCA processes in a microfluidic 

chip using a dam structure for bead retention and a Peltier element for temperature control 

(Fig. 5.4). The use of a solid phase allows the easy change of media and constant flow to 

avoid reagent exhaustion. In this case, the primer was grafted to the polymer beads and a 

hybridized padlock probe served as the capture oligonucleotide of genomic bacterial 

DNA. After a surface amplification step, the resulting RCPs were labeled with 

fluorophore and imaged for in situ detection. However, since this detection is performed 

on the surface of the beads, an accurate counting of RCP products is difficult. 
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Figure 5.4. Glass microchip containing a dam structure for bead retention (a). Capture and RCA steps are 

performed in the surface of the beads (b) and the resulting RCPs observed by direct microscopy imaging 

(c). (Sato et al. 2010b). 

The full integration of C2CA on chip was recently reported by (Kühnemund et al. 2014). 

In this case, reagent mixing (liquid handling) was obtained with digital microfluidic 

manipulation of droplets acting as reaction chambers. Droplets are transported on a 

surface through electrowetting-on-dielectric (EWOD), in which the change of surface 

wetting by the application of an electric field is used for droplet displacement between 

isolated substrates. The transfer of magnetic particles between droplets through the 

displacement of a permanent magnet also allowed efficient reagent exchange. A flow-

chart in Fig. 5.5b illustrates all the merging and separation steps, the resulting RCPs 

quantified by fluorescence on a glass slide (Fig. 5.5c). The target DNA is directly 

captured by a padlock probe previously hybridized to a bead-grafted capture 

oligonucleotide. The first RCA is then performed on the surface of the beads, while the 

second RCA is obtained in a different droplet after bead removal. This work demonstrates 

a high sensitivity, presenting elegant solutions for reagent handling and bead separation. 

The sample volume is however largely limited to a few µL, the pipetting of all the reagent 

droplets is still necessary during the procedure, and the detection step is still performed 

manually by droplet aspiration and glass slide spreading. An accurately controlled 

surfactant content of the droplets also hinders versatility, of the initial sample in 

particular. 
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Figure 5.5. C2CA by digital microfluidic manipulation (a). (b) Flow-chart of all the reaction, separation and 

mixing steps and (c) fluorescence detection. (c) Target capture on magnetic beads and double amplification. 

In this chapter, the microfluidic integration of the C2CA protocol is proposed with the use 

of the fluidized bed as preconcentration module for target DNA, and a two-times surface 

RCA, first on the surface of the fluidized beads, and a second time on a downstream 

microarray. The whole procedure is performed in a single microfluidic chamber and 

allows the in situ detection of labeled RCPs. Further, multiplexing is proposed for a 

variety of mutations of the KRAS oncogene, with the objective of rapid and accurate 

diagnosis of ctDNA in cancer patients. 

Since this work is still ongoing, preliminary results are presented. 

5.2. Initial proof of concept of fluidized bed as an RCA platform 

The group of Mats Nilsson in the SciLife Lab of Stockholm University is a pioneer in the 

development of novel molecular assays, in particular for infectious and cancer diagnosis. 

While the nucleic acid tools they have created present enormous potential for genotyping 

and sequencing, the multiple steps usually involved has resulted in a recent focus on lab-

on-a-chip integration development. As members the EU FP7 project Diatools, and in view 

of their development of microbead assays for easier reagent separation steps, a 
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collaboration was initiated in order to explore the feasibility of a microbead-based assay 

microfluidic integration with the fluidized bed technology developed at Curie. 

In an initial phase, a proof of concept of C2CA assay integration was conceived before 

moving to more quantitative development. A molecular protocol especially designed for 

on-chip integration was designed, in which all the steps take place on a solid surface. This 

allows the molecular reactions to be obtained with a sequential single passing of reagents 

in contact with the surface (Fig. 5.6), and avoids the need for any mixing of solutions, 

something non-trivial in microfluidic devices. 

Briefly, the target ssDNA is specifically captured by the complementary hybridization of 

a capture oligonucleotide grafted on the surface of the beads (1-2). This capture is 

obtained for a non-mutant specific part of the gene sequence, in order to in a first step 

separate KRAS genes from an eventual pool of very diverse DNA. A padlock probe is 

then passed through the bed for circularization and ligation, specific for the mutation of 

interest (3). Different padlock probes are then needed to analyze different mutations. 

After padlock ligation a Phi29 DNA polymerase then proceeds to amplification directly 

on beads (4) (since this amplification is a concatemer replication of the padlock probe, the 

amplification product contains information specific for the mutant analyzed). 

Complementary restriction oligonucleotides are then used to hybridize to every monomer 

of the rolling circle product, and two enzymes (AluI and HpyCH4V) cut the resulting 

double strands in two parts, allowing the dehybridization of the small resulting double 

stranded fragments on each extremity of the monomers. The use of two enzymes is 

needed to cut away part of the monomer, in order to create a new sequence that can only 

be captured to the surfaces oligonucleotides in the next step and not to the still remaining 

restriction oligonucleotides in solution (5). The solution of monomers is then sent to a 

chip whose bottom part has been grafted with oligonucleotides designed for the circular 

hybridization of these restricted monomers (6). This hybridization is non-mutant specific, 

so that a single sequence is sued for all surface oligonucleotides. After a second ligation 

and RCA, the protocol ended with the mutant-specific labelling of the RCPs for 

fluorescence microscopy observation. 
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Figure 5.6. Initial molecular protocol for on-chip C2CA. 

The efficiency of this complex molecular protocol was first evaluated by in tube testing of 

the bead-based first RCA, followed by the incubation of monomers and reagents in a 

commercial chip (ChipShop) for the second RCA and detection step (Fig. 5.7). This chip 

consisted of a thermoplastic compartment containing a single microfluidic chamber (50 

µL) that was adhesive-bound to a glass slide homogeneously grafted with streptavidin. 

The capture oligo of step (6) was homogeneously grafted on the glass slide through a 

biotin functionalization and biotin-streptavidin interaction. To directly investigate the 

protocol multiplexing ability, two KRAS sequences were tested, one for the wild type 

gene and a second one with a mutation for codon 12. The results, shown in Fig. 5.7, were 

obtained with the quantification of labeled RCPs on the surface of the chip, each mutation 

product labeled with a different fluorescent marker (based on the sequence-specific 

hybridization of a fluorescently labeled short ssDNA strand). Negative controls were 

performed in the absence of the initial target, while the concentration of positive targets 

was the same in all cases (100 fM, 10 µL). These results indicate that the assay is highly 

sensitive and specific, even when several target sequences are analyzed simultaneously. 

The difference in the total amount of RCPs obtained for wildtype and mutant might be 

due to variations in the concentration of synthetic DNA provided by the manufacturer. 

Padlock efficiency might also be at play, as two padlock probes are competing for the 

same ligation site, influencing kinetics.  
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Figure 5.7. Tests in tube/on commercial chip indicate multiplexing ability high assay specificity.  

Once the feasibility of the beads base protocol established, the same protocol was then 

applied to the fluidized bed in a constant fluidization mode to allow the continuous 

renewal of reagents. The protocol details are described in Appendix B. Before the full 

protocol integration, the different steps were tested sequentially in a Cyclic Olefin 

Copolymer (COC) chip and the beads removed from the chip to continue the assay in 

tube. In this way, the ligation, RCA and digestion steps were first verified and parameters 

(temperature, flowrate, concentration of reagents) adjusted, while the initial capture rate 

was seen to be superior to 90%. Briefly, the conditions for the different steps were set as: 

target capture at 1 µL/min 10 µL 65°C, ligation at 1 µL/min 10 µL 65 °C, RCA at 0.3 

µL/min 20 µL 37°C and digestion at 0.5 µL/min 5 µL and 37°C. All the steps were 

intercalated with a washing step with 5 µL of buffer at 1.5 µL/min. Temperatures beyond 

65 °C were avoided to avoid observed bead aggregation and bubble formation. At the end 

of the RCA procedure the recirculation of beads was drastically reduced, probably due to 

inter-bead interactions as a result of the presence of long DNA products on the bead 

surface. Once the feasibility of bead-based part of the assay was demonstrated, we have 

proposed a semi-integrated version of the C2CA approach: the outlet of the fluidized bed 

chip was connected to the commercial chip previously described (Fig. 5.8a), grafted with 

a homogeneous distribution of monomer-complementary oligonucleotides. The 

connection was obtained through a PEEK tube (ID 250 µm, interval volume 4 µL).  In 

this case, after the initial steps as initially described, during the digestion step the 

monomers were pushed towards the second chip (0.5 µL/min) for hybridization in 

padlock mode and the subsequent reagents needed for RCA and labeling were injected 

from the inlet of the first chip (second ligation 1 µL/min 15 µL 37 °C, second RCA 1 

µL/min 40 µL 37 °C and labeling 1 µL/min 40 µL 37 °C). This configuration led to the 
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successful detection of RCPs in the second chip for an initial target of wildtype KRAS at 

10 nM (Fig. 5.8b). While in the protocol evaluation phase the second part of the assay 

was performed by statically incubating the different solutions at 37 °C in the commercial 

chip, these results show that the same protocol can be applied with a flow-through 

configuration. This facilitates the microfluidic integration, since steps such as monomer 

digestion/hybridization must be performed at the same time on both modules. 

 
Figure 5.8. (a) Semi-integrated system composed of: fluidized bed for extraction and first RCA and 

commercial chip for second RCA and detection. (b) Epifluoresence microscope photograph showing 

immobilized and fluorescently labeled micron-sized RCPs which are counted as single digital objects on the 

glass surface in the detection module. 

5.3. Optimized molecular protocol and microfluidic platform 

This two-chips protocol served as a proof of concept of microfluidic integration, but the 

adopted configuration presented several limitations and drawbacks such as high dead 

volume of the connecting tube (with the subsequent loss of enzymatic activity and 

difficult fluidic control) and a difficult quantification, as the second chamber was 

particularly large and RCPs distributed heterogeneously. Furthermore, multiplexing was 

severely limited by the fact that RCPs from different mutations could only be 

discriminated based on fluorescent labeling. Since fluorescent emission at different 

wavelengths can easily overlap, this constituted a severe limitation to the number of 

mutations that the system could analyze. 

An alternative C2CA protocol, specially adapted to the needs of the microfluidic platform 

and allowing high multiplexing was then designed (Fig. 5.9). As before, magnetic beads 

conjugated with a capture oligonucleotide specific for the KRAS gene (1) are used for 

fluidized bed filling and KRAS-specific sample target capture. Different padlock probes 

are then added for single nucleotide discrimination of different gene mutations. In 

contrast with the previous system, in this case the padlock sequence is designed to obtain 
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the self-hybridization of part of the oligonucleotide, creating a double-stranded loop 

structure (3). The rolling circle product obtained with Phi29 polymerase replicates this 

loop for every sequential monomer (4). This double-stranded structure can then be 

directly cut with a restriction enzyme (SapI) avoiding the need for restriction oligos and 

subsequent heating for oligo disassociation (5). More importantly, and in contrast with the 

previous protocol, this system allows the release of monomers with base sequences on 

both extremities independent for each padlock. This is because SapI is a Type IIs 

restriction enzyme that cleaves DNA outside of their recognition sequence on one side, 

and this sequence has been designed in the non-monomer side of the loop structure and is 

independent of the initial mutation. The monomers resulting from this restrictions step are 

then freed and sent downstream, where they mutant-specifically hybridize in a circular 

conformation with a surface-grafted capture oligonucleotide. In this case, different 

oligonucleotide are used for each KRAS mutation analyzed. A second RCA is then 

performed after ligation of the circularized probe, and fluorescent labeling takes place for 

in situ RCP detection (6). Since the surface oligonucleotides are now mutant-specific, the 

RCPs obtained from different mutations can be spatially separated (in our case in an array 

of spots, as described further below) avoiding the need to use different fluorophores for 

discrimination. 

  

Figure 5.9. Molecular protocol for on-chip C2CA. 

For full C2CA integration, a new chip was designed in which the fluidized bed and the 

RCP detection surface were integrated in a single chamber (Fig. 5.10). This modified 

principle improves the sensitivity and readability of the assay, since digital quantifiable 

objects are immobilized, amplified and located in the same focal plane. The whole chip is 

fabricated in cyclic olefin copolymer (COC) for transparent visualization and resistance 

to thermal heating. The magnetic beads conjugated with the capture oligo are introduced 

in a v-shaped chamber entrance for fluidized bed establishment and a larger consecutive 

area (6 mm wide and 12 mm long) consisting in an array of 6x10 spots (500 nm in 
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diameter), each spot grafted with capture oligos specific for monomers originating from a 

given mutation. The array is designed to contain a given mutation recognition per row of 

6 spots, allowing the total analysis of 10 different initial target sequences. The large 

chamber width results in reduced local flow velocities, with the aim of increasing the 

residence time of monomers and reagents in contact with the surface of the spots. 

Concerning chip fabrication, the chip design was hot-embossed in COC and the resulting 

piece bonded to a 1 mm thick COC film (Fig. 5.10b). Temperature is controlled through 

an Indium Tin Oxyde (ITO) thin film deposited on a glass slide enabling full transparency 

(see Materials and Methods for details). 

 

Figure 5.10. (a) Scheme of microfluidic chip showing the two-modules for C2CA in a single chamber; the 

zoom shows the molecular protocol as adapted on-chip. (b) Final COC chip (scale bar = 1cm). 

This time, each module was first optimized and its efficiency evaluated before integration 

of the whole protocol. In the next sections, the optimization experiments and results are 

first described for each module, followed by the results of the full integration. 

5.3.1 Module 1: magnetic fluidized bed for DNA extraction and first amplification 

The fluidized bed, constituting module 1, is used for target extraction and a first 

amplification step. This allows the analysis of larger sample volumes (from 20 to 200 µL) 

than what was possible in previously reported microfluidic RCA assays (section 5.1.2). 

This target preconcentration step in the smaller volume of the fluidized bed (~0.1 µL) 

also represents a first preconcentration step for increased sensitivity of detection. 

Therefore, the efficiency of the extraction step was first evaluated. This was obtained in a 

similar way to the capture efficiency evaluation of proteins (Chapter 3), by the use of 

labeled DNA (Alexa Fluor 488 nm) and the measurement of fluorescence at the outlet, in 

the absence of beads or when the fluidized bed is in place and an active capture takes 

place (Fig. 5.11a). By doing this, the capture efficiency was evaluated at 93% for target 

concentrations of 100 nM or below in PBS at 1µL/min and 65°C. Admittedly, no capture 
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saturation studies were performed, as the system is conceived for low target concentration 

detection.   

The remaining padlock probe ligation, RCA and digestion steps are performed in a 

constant flow configuration under permanent fluidization. The evaluation of the 

efficiency of the whole module was evaluated by performing all of these operations until 

RCA with a starting target concentration of 10 nM in 10 µL. The beads were then 

released from the chip and the RCPs on the surface of the beads enzymatically cut at its 

base (restriction of initial target template) and counted with an RCP counting unit (Aquila 

400, Q-linea). The results, shown in Fig. 5.11b, were compared with the same protocol 

adapted for tube testing, indicating an enhanced performance on-chip. This might be due 

to either a more efficient capture step and/or a better access of reagents to the bead 

surface during the ligation and amplification steps due to the intimate liquid/particle 

contact in the fluidized bed and constant recirculation, in contrast with the in tube tests in 

which beads tend to sediment (in tube tests are usually performed in a PCR thermocycler, 

as was our case). 

 

Figure 5.11. (a) Evaluation of capture efficiency through fluorescence measurements. (b) RCPs in 20 µL 

obtained with in tube/on-chip protocols until first RCA and off-chip RCP restriction release (initial solution 

of 5 µL and 10 nM). (c) RCPs obtained with whole off-chip protocol and tube/on-chip enzymatic digestion 

(initial solution of 10 µL and 1 nM)(arbitrary units). 

Finally, the digestion step was evaluated independently with full C2CA protocol in tube 

except for digestion: beads were inserted in the chip after RCA and subsequently 

fluidized in the presence of digestion enzymes, followed by outlet collection and in tube 

assay completion. The results were compared with tube digestion, resulting in equivalent 

efficiency in both cases (Fig. 5.11c). In this case the RCP count was done on a glass slide 

on a same region of interest and the initial sample concentration was 1 nM.  

In summary, the performance of the fluidized bed proved to be equivalent if not higher 

than conventional tube handling. The need for multiplexing and high sensitivity required 

however an additional round of RCA and a platform for independent mutant detection. A 

microarray of spots was thus developed and is described next. 
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5.3.2 Module 2: microarray for second amplification and detection 

The microarray module has been designed to allow target quantification based on the 

presence of RCPs on spots specific for a given mutation. In this way, all the RCPs of the 

whole array can be labeled with the same fluorophore, their recognition being solely 

based on their array position. This is in contrast with the commercial chip previously 

used, in which the RCPs from different mutations randomly distributed on the bottom of 

the chamber and could only be discriminated with different fluorescence probes. 

Furthermore, the chamber volume has been reduced from 50 to 5 µL, in order to reduce 

monomer dilution after digestion and enhance their residence time on the surface of the 

spot. 

An easy and low-cost capture oligo grafting on the chip surface was envisioned to 

maintain the complexity of the device as low as possible. A direct grafting of the capture 

oligonucleotides on the COC surface of the chip was hence desired. Our grafting 

procedure was based on the work of  (Sun et al. 2012) in which the authors demonstrate 

the possibility of direct DNA immobilization on COC surfaces with poly(T)poly(C)-

tagged oligonucleotides and UV irradiation in surfactant-containing buffer (0.004% 

Triton X, sodium phosphate buffer). The grafting mechanism is not clearly understood, 

although the combination of both T and C in the tag are known to be essential. Our 

capture oligos were hence designed to contain a 10 TC tag sequence on their 5’ end. The 

spots were obtained by robot deposition of 50 nL sodium phosphate buffer solutions 

(containing 10 nM of oligonucleotides) on the film before bonding. After droplet drying, 

the area was UV irradiated at 254 nM for 30 seconds. Since our spot size greatly differs 

from the reported work (diameter of 500 µm instead of < 100) parameters such as 

irradiation time, surfactant content and surface roughness had to be first optimized (these 

two last parameters directly affecting the surface angle of the droplets), in order to obtain 

a relatively uniform drying leading to more homogeneous distribution of DNA on the 

surface of the spot. 

    
Figure 5.12. Partial view of the array of spots, showing homogeneous spots obtained for wild type synthetic 

monomers (a) and detailed view of a spot with zoom on RCPs (b). 

To evaluate the ability of this microarray device to be used as amplification and detection 

module, synthetic monomers (equivalent to those obtained after first RCA and digestion) 



Microfluidic rolling circle amplification 

 

157 

were directly injected in the chip to skip all the bead-based part of the protocol and start 

with on-chip capture/ligation. Fig. 5.12 shows spots obtained this way for wild type 

KRAS after monomer capture, ligation, RCA and labeling. After the spotting 

optimization previously described, the obtained spots were homogeneous enough to allow 

RCP counting at high magnification (Fig. 5.12a before optimization, Fig. 5.12b after). 

Similar results were obtained for codon 12 mutation sequences (in both cases 10 nM of 

monomer in 50 µL of the initial capture/ligation solution). 

This shows that the proposed conditions for this array-based second part of the protocol 

are functional. No sensitivity or reproducibility studies have been performed in this 

preliminary phase, but these will be evaluated for the whole integrated protocol. 

5.3.3 Full C2CA integration 

The system was finally successfully implemented for the detection of KRAS mutant 

codon 12, with the preliminary results of a calibration curve shown in Fig. 5.13. A linear 

tendency for RCPs measured in the spots of the array as a function of initial target 

concentration seems to indicate that quantification measurements are indeed possible. 

Micrographs in this image show the aspect of spots for three different concentrations of 

initial mutant target. More experiments are needed to confirm these results as well as to 

optimize the C2CA integrated protocols for increased sensitivity.   

 

Figure 5.13. Preliminary calibration curve for RCPs counted for single spots at three initial concentrations 

of mutant codon 12 target, and images of example spots obtained for each concentration. 

Although in principle straightforward, in view of the preceding encouraging results, the 

full on-chip integration proved a bit difficult. Several factors not considered before 

integration were in play, notably the fact that all the reagents necessary for module 1 also 

passed through the microarray before reaching the chip outlet. In particular, enzymes like 
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Phi29 Polymerase, necessary for the first RCA, also present some exonuclease activity 

(nucleotide cleavage from the end of polynucleotide chains) that was seen to degrade the 

array of capture oligos grafted on the COC surface. The time for first RCA was 

subsequently reduced but this plays unfavorably in the final sensitivity of the system. 

Research is still ongoing to either protect these oligonucleotides with functionalization or 

modify the chip design to deviate flow path. Furthermore, the molecular protocol for 

wildtype proved frail, with very variable results (even in tube tests). A redesign of probe 

sequences for increased robustness is thus necessary.  

Nonetheless, the obtained results confirm the possibility of integration of the C2CA 

protocol in our microfluidic device. The limit of detection (~10 pM) is, however, superior 

to what would be expected from a double amplification system, in which femtomolar 

target concentrations are usually detectable in tube. Since the first module, based on the 

fluidized bed, was verified to be at least as efficient as in tube protocols, the loss of 

sensitivity should in principle be a result of microarray problems. The optimization of 

parameters such as spot oligo content, array distribution or reagent flow handling 

(static/dynamic modes, flow rates) should enable better results. 

5.4. Conclusions 

The microfluidic integration of a C2CA molecular assay was demonstrated for the 

analysis of the oncogene KRAS in a platform that combines different microfluidic and 

molecular principles achieving a simple “sample-in->results-out” format. The system 

should be able to analyze larger volumes of liquid samples than previously reported RCA 

based methods integrated on-chip. Due to the padlock probe-based amplification method 

used, the on-chip results should allow high detection specificity with single nucleotide 

resolution and a high multiplex capacity. This, combined with isothermal amplifications, 

could provide an alternative to more conventional PCR-based methods, more difficult to 

integrate in a simple portable platform. The optimization of the device is now ongoing for 

lower target concentrations in view of a validation with clinical samples. 

5.5. Materials and methods 

Microarrays were prepared by pipetting 50 nL of 150 mM sodium phosphate buffer 

solutions with 0.004% Triton X 100 containing ligation template oligo at a concentration 

of 10 µM. Oligos were ordered from IDT-DNA Technologies, containing a poly(T)10-

poly(C)10 tag. Pipetting was automatized with a Rotaxis (Cetoni) positioning system, 

controlled by the Qmix Element software. The interspot distance was 1 mm, distributed in 

an array of 6x10 spots on 1 mm thick COC (Topas®) slides. After droplet drying, the 

arrays were exposed to UV irradiation at 254 nm with a power of 10 mW/cm
2
 for 30 s. 

Subsequently, the COC slides were washed in a solution of 0.1x standard saline citrate 

(SSC) with 0.1% (w/v) sodium dodecyl sulfate (SDS) for 10 minutes under wheel 

rotating, and rinsed with deionized water. 
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Chip microfabrication. The chip design consisted of a single inlet and outlet, the inlet 

connected to an elbow channel followed by a 13°C tapered chamber, 12 mm long, 

followed by a squared area of 1.2x0.6 cm. Chips were fabricated in COC by hot 

embossing of brass micro-milled masters at 120°C for 10 minutes under 5 bar of pressure. 

After inlet and outlet drilling the embossed piece was bonded to the microarray COC 

slides with a solvent bonding by applying 15% Hexadecane 75% isopropanol in the 

interface and pressing at 5 bar 70 °C for 10 minutes. Tygon© 2 mm tubings were inserted 

the inlet and outlets and PEEK tubes (50 nm ID at inlet, 250 nm ID outlet) plugged 

inside, ensuring sealing.  

Fluidics control was performed as described in previous chapters. Heating was obtaining 

with a transparent indium tin oxide coated glass slides (Sigma-Aldrich) with two 0.5x4 

cm copper films cold soldered parallel to each other acting as electrodes. These electrodes 

were connected to an Eurotherm 3508 thermocontroller that received a feedback from a 

thermocouple placed between the slide and chip. Chip channels were filled by buffer 

containing Tris-HCl pH 7.5 at 10 mM, EDTA pH 7 at 5mM, NaCl at 0.1 M and Tween-

20 at 0.1%. 

Enzymes. T4 DNA Ligase (1U/µL , Sigma-Aldrich) was used for padlock ligation, Phi29 

DNA polymerase (100mU/µL, New England Biolabs(NEB)) for amplification, AluI (10 

U/µL, NEB) and HpyCH4V (5 U/µL, NEB) for enzymatic restriction of initial protocol, 

and SapI (10U/µL, NEB) for loop protocol restriction.  

DNA sequences were as follows: 

Capture oligo: TCATTTTCAGCAGGCCTTATAATAAAAATAATGAAAATGT 

Wildtype target: 

ACATTTTCATTATTTTTATTATAAGGCCTGCTGAAAATGACTGAATATAAACT

TGTGGTAGTTGGAGCTGGTGGCGTAGGCAAGAGTGCCTTGACGATA 

Mutant 12 target: 

ACATTTTCATTATTTTTATTATAAGGCCTGCTGAAAATGACTGAATATAAACT

TGTGGTAGTTGGAGCTAGTGGCGTAGGCAAGAGTGCCTTGACGATA 

Initial system: 

Padlock wildtype: AGCTCCAACTACCACAA AGTCGATAGTCACGGCTACT 

ATAGATAAAG CTCTCTTG CAGGACGACG CTTGCCTACGCCACC 

Padlock mutant 12: AGCTCCAACTACCACAA AGCCAAACATGTGCATTGAG 

ATAGATAAAG CTCTCTTG CAGGACGACG TCTTGCCTACGCCACT 

Restriction oligo: ATAAAG CTCTCTTG CAGGAC 

Ligation template : CTCTCTCTCTCTCTCTCT ATAGATAAAGCATTACGACG 

Detection oligo wt : AGTAGCCGTGACTATCGACT 

Detection oligo mut12 : CCTCAATGCACATGTTTGGCTCC 

Loop-based system: 

Padlock wildtype: AGCTCCAACTACCACAA AGTCGATAGTCACGGCTACT 

CAGACGTAAC G GAAGAGCTTTTGCTCTTC C GTT CAGTGATGCC 

CTTGCCTACGCCACC 
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Padlock mutant 12: AGCTCCAACTACCACAA AGCCAAACATGTGCATTGAG 

GCGCTACATC G GAAGAGCTTTTGCTCTTC C GAT AACTGACATA 

TCTTGCCTACGCCACT 

Ligation template wt: CTCTCTCTCTCTCTCTCTCT CAGACGTAACCAGTGATGCC 

Ligation template mut12: CTCTCTCTCTCTCTCTCTCT 

GCGCTACATCAACTGACATA 

Detection oligo wt: AGTAGCCGTGACTATCGACT 

Detection oligo mut12: CCTCAATGCACATGTTTGGCTCC 
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Conclusions 

 

The potential of the magnetic fluidized bed as a versatile platform for the integration of 

very different bioanalytical applications has been demonstrated. Its enhanced surface to 

volume ratio, a consequence of a very dense and highly percolated bead density, results in 

high capture efficiencies for species as diverse as DNA, proteins or bacterial cells, with 

the added versatility of the binding process (e.g. complementary oligonucleotide 

hybridization, antibody immunocapture, lectin-based binding). Furthermore, because of 

the resistance to clogging of the system, complex sample matrixes such as whole fat milk 

or fetal bovine serum have been successfully tested without a significant detriment to the 

capture process. In this way, and by collecting enough sample volume in a flow-through 

configuration, preconcentration factors of up to 800 times have been found in the case of 

immunocaptures. 

Perhaps more salient is the fact that in this work we have demonstrated the potential uses 

of the magnetic fluidized bed beyond simple capture and preconcentration steps. 

Applications such as the in situ fluorescent labeling of bead-captured proteins, the 

detection of bacteria through expansion phenomena or the use of complex enzymatic 

DNA protocols (ligation, amplification, digestion), have all of them been performed 

during the fluidization regime. These are successful examples of just how many 

applications could be envisioned by combining the possibilities of bead-based assays with 

the physical characteristics of the fluidized bed. 

Furthermore, the system is simple to integrate in a microfluidic device, and this 

integration alone presents many advantages compared to batch-based protocols, such as 

possibility of automation, reduced reagent and bead consumption and higher 

reproducibility. The use of thermoplastics has also been demonstrated, important for an 

eventual industrial transfer. 

While the system holds great potential, two main limiting factors still need to be 

overcome: (i) a relatively low throughput and (ii) a so far manual insertion of beads. 

Nonetheless, these should not represent unsurmountable problems and some progress 

towards these aims (larger microfluidic channels, 3D bed configurations, channel filling 

by in-flow of beads) has already been accomplished but left outside this manuscript for 

simplicity reasons. 

Overall, this technology opens new potential for many applications involving trace level 

detection, e.g. environment control, bio-security, food industry and medicine. 
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Publication 

Magneto-immunocapture with on-bead fluorescent 

labeling of amyloid-  peptides: towards a microfluidized-

bed-based operation 
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Reagents 

Buffers     

 
B&Wtw Wtw 

Tris-HCl pH 7,5 10 mM 10 mM 

EDTA 0.5 M 5 mM 5 mM 

NaCl 1 M 0.1 M 

Tween-20 0.10% 0.10% 
 

Labeling mix   

  Tris-HCl pH 8 20 mM 

EDTA 0.5 M 20 mM 

Tween-20 0,10% 

Detection oligo 5 nM 

NaCl 1 M 
 

Preparation 

I – Template dilution 

Dilute synthetic template to 1 nM (10 µL) in 1xB&Wtw buffer 

II – Bead preparation 

Wash streptavidin-coupled Dynabeads 3 times in 1x Wtw buffer in a tube (use magnetic rack, 

gently vortex in between washes), use 5 µL of beads per sample 

Add 1 equal volume 2x Wtw and use the mix in step I in protocol below  

Procedure 

Note : prepared volumes are always in excess to prevent air from entering the device                      

    
I - Coupling (bead conjugation)     

  Stock conc. Final conc. vol per sample (µl) 

beads 2 × Wtw-buffer ~1 × Wtw-buffer 5 

CO (capture oligo with biotin) 1 µM 50 nM 1 

dH2O  -  - 4 

    mix volume 10 

  
total volume 10 

Incubate in tube at room temperature for 5 min; rotation 
  

Wash with 1 × Wtw twice 
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II - Plug formation       

      vol per sample 

Form a plug from 5µl bead mix     5 

    
III - Template hybridization       

  Stock conc. Final conc. Vol (µL) 

Synthetic Target/s wt 1 nM 
 

5 

Synthetic Target/s mut12 1 nM 
 

5 

2xB&Wtw     10 

   

20 

Incubate at 60°C  10 µL 1 µL/min 
  

Wash  with 1xWtw 10 µL 2 µL/min 
  

    
IV - Padlock hybridization + ligation     

  Stock conc. Final conc. Vol (µL) 

Padlock mut 1 µM 50 nM 1 

Padlock wt 1 µM 75 nM 1,5 

BSA 2 µg/µl, stf 0.2 µg/µl 2 

Ampl Buffer 10 × 1 × 2 

Ampligase 5 U/µl 0.5 U/µl 2 

H2O     11,5 

   

20 

Incubate at 60°C  10 µL 1 µL/min 
  

Wash  with 1xWtw 10 µL 2 µL/min 
  

    
V - 1st RCA 

   
  Stock conc. Final conc. Vol (µL) 

BSA 2 µg/µl, stf 0,2 µg/µl 2 

dNTPs 2,5 mM 125 µM 1 

phi29 buffer 10 × 1 × 2 

phi29 polymerase 10 U/µl 200 mU/µl 0,2 

MQ H2O     14,8 

      20 

    
Incubate at 37°C  20 µL 0,3 µL/min 

  
Wash  with 1xWtw 10 µL 2 µL/min 

  

    
VI - Digestion SapI       

  Stock conc. Final conc. Vol (µL) 

BSA sterile filt. 2 µg/µl 0.2 µg/µl 2,5 

phi29 buffer 10 x 1x 2,5 

Sap I 10 U/µl 120 mU/µl 0,3 

dH2O - 
 

19,7 

      25 
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Incubate at 37°C  20 µL 0,5 µL/min 
  

Wash  with 1xWtw 10 µL 2 µL/min 

  

    VII - Ligation       

  Stock conc. Final conc. Vol (µL) 

BSA sterile filt. 2 µg/µl 0,2 µg/µl 2 

T4 buffer 5x 1x 4 

T4 DNA ligase 1 U/ul 20 mU/µl 0,4 

MQ H2O - - 13,6 

   
20 

Incubate at 37°C  10 µL 0,5 µL/min 
  

Wash  with 1xWtw 15 µL 2 µL/min 
  

    
VIII - RCA (COC surface)       

  Stock conc. Final conc. Vol (µL) 

BSA sterile filt. 2 µg/µl 0,2 µg/µl 2,5 

phi29 buffer 10 x 1x 2,5 

dNTP 2,5mM  125 µM 1,5 

phi29pol  10 U/µl 0,2 U/µl 0,5 

MQ H2O - - 18 

   
25 

Incubate at 37°C  20 µL 0,3 µL/min 
 

Wash  with 1xWtw 15 µL 2 µL/min 
  

    

    
IX - Labeling (slide) 

   
  Stock conc. Final conc. Vol (µL) 

Labelling mix 2x 1x 12,5 

DO Cy3 KRAS 10 µM 100 nM 0,25 

MQ H2O 
  

12,25 

    mix volume 25 

  
total volume 

 
Incubate at 55°C  15 µL 1 µL/min 

  
Wash  with 1xWtw 15 µL 2 µL/min 

   

 

 



 

 

 

 

 

 

 

 

 


