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Abstract

This thesis was carried out in the frame of the European project DetectHIV aiming the
development of a new biosensor platform for the highly sensitive detection of the HIV capsid
protein p24. We explore the implementation of a magnetic bead-based lab-on-a-chip system,
offering significant advantages compared to conventional systems, mainly through the possibility
of controlled manipulation of the magnetic carriers on-chip. In particular, microfluidic
immunoassays using functionalized magnetic beads raise increasing interest.

In this thesis, we present a microsystem for the magnetic manipulation of superparamagnetic
beads on-chip. A highly confined and dynamically actuated plug of biochemically functionalized
beads is formed in a microchannel. This plug extends over the channel cross-section, thus
allowing efficient analyte capture from the flow. Subsequent immobilization of the plug for
incubation modifies the colloidal state (agglutination test). Dynamic actuation of beads is enabled
by superposing a static magnetic field and a time-varying magnetic field. The latter field is highly
focused and concentrated across the microchannel by means of soft magnetic microtips. A new
method for the fabrication of rigid monolithic SU-8 microchannels allows control and ready
mechanical integration of the microtips with the microfluidic structure.

A protocol for performing magnetic bead-based immuno-agglutination assays on-chip using
our system was developed. A simple detection method based on the swelling of the released plug
after agglutination is presented. We demonstrate the feasibility of on-chip agglutination tests by
means of a streptavidin/biotinylated-bovine serum albumin (bBSA) model assay. A detection
limit of about 200 pg/mL (=3 pM) was obtained.

Furthermore, the potential of the magnetic actuation method was emphasized by
implementing a heterogeneous immunoassay with a dendritic amplification mechanism.
Dendritic amplification aims to increase the detection sensitivity. Amplification of the detection
signal is achieved by alternating exposure of the beads to a flow of fluorescently labeled
streptavidin molecules and biotin conjugated anti-streptavidin, respectively.

The magnetic system developed in the frame of this thesis was integrated in the final
biosensor platform of the DetectHIV project. This platform comprises an integrated chip cartridge

with an optical detection module. This design is outlined in the last part of the thesis.

Keywords: Lab-on-a-chip, superparamagnetic beads, immunoassay, agglutination test,

dendritic amplification.
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Résumé

Cette these a été réalisée dans le cadre du projet Européen DetectHIV qui avait pour but le
développement d’'un nouveau type de biocapteur trés sensible, permettant la détection de la capside du
virus VIH. Nous avons mis au point un systéme sur puce utilisant des microbilles magnétiques. Ce
type de systémes offre de nombreux avantages comparé aux méthodes traditionnelles et cela en
particulier grace 4 la possibilité de controler avec précision les billes magnétiques. Cest la raison pour
laquelle on observe un intérét croissant pour les tests immunologiques sur puce utilisant ce type de
particules fonctionnalisées spécifiquement.

Dans cette theése, nous présentons un microsysttme magnétique permettant la manipulation de
billes superparamagnétiques dans un micro-canal. Un paquet de billes fonctionnalisées
biochimiquement est retenu et actionné dynamiquement a lintérieur du micro-canal. Grace 2
l'actionnement dynamique, le bouchon de billes s’étend au travers de la section du canal, permettant
ainsi une capture efficace de l'analyte. L’actionnement des particules est rendu possible grice a la
superposition d'un champ magnétique continu et dun champ magnétique alternatif. Le champ
magnétique alternatif est focalisé 4 travers le canal par le biais de pointes magnétiques
microstructurées. Une nouvelle méthode permettant la fabrication de canaux monolithiques en SU-8
simplifiant l'intégration de puces avec des éléments externes a également été développé dans ce cadre.

Un protocole permettant la réalisation d’un test immunologique d’agglutination utilisant notre
systeme a été développé. Une méthode de détection simple basée sur le relichement des particules
aprés agglutination est présentée. Nous démontrons la faisabilité d’'un test d’agglutination sur puce
grice 4 un modele basé sur l'interaction streptavidin/biotine-bovine sérum albumine. Une limite de
détection d’environ 200 pg/mL a été obtenue.

De plus, la flexibilité et le potentiel de notre systéme magnétique est mis en valeur grice a
I'implémentation d’'un test immunologique hétérogéne utilisant un mécanisme d’amplification
dendritique. L’amplification dendritique a pour but d’augmenter la sensibilité de détection, elle est
réalisée en exposant alternativement les billes a un flux de molécules de streptavidin fluorescentes et un
flux de molécules d’anti-streptavidin biotinilées.

Le systtme magnétique développé dans le cadre de cette thése a été intégré dans la plateforme
finale du projet DetectHIV. Cette plateforme comprend une puce intégrée avec un systetme de

détection optique. Le design est présenté dans la derniére partie de la these.

Mots-clefs: Lab-on-a-chip. Billes superparamagnétiques, immunoassay, test d’agglutination,

amplification dendritique.
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Chapter 1 - Introduction

1 Introduction

1.1 HIV testing and monitoring

An arsenal of laboratory methods is available to screen blood, diagnose infection, and
monitor disease progression in individuals infected by HIV. These tests can be classified into
those that: detect antibodies, identify antigens, a combination of these two, detect or monitor
viral nucleic acids, or provide an estimate of T lymphocyte numbers. ELISA are the most
commonly used tests to screen for HIV infection. Antibodies (Ab’s) can be detected in a majority
of individuals three to four weeks after infection with third-generation sandwich assays [1]. The
window period can be shortened to about two weeks using p24 antigen (Ag) assays or reduced to
one week with the implementation of nucleic acid detection assays [2]. The p24 protein is a viral
capsid (core) protein that appears in blood during acute infection due to the burst of viruses
during replication. The detection limit of fourth-generation combination assays is close to that of
the single Ag assays [3, 4]. HIV-1 RNA detection using highly efficient amplification techniques
such as polymerase chain reaction (PCR) has become the standard for monitoring antiretroviral
therapies after diagnosis of the disease [5].

The p24 Ag assay sensitivity is inferior to PCR in detecting viral particles, but the
presence of extraviral p24 Ag in most samples makes largely up for this. p24 Ag testing is
similarly sensitive and specific in diagnosing pediatric HIV infection, in predicting CD4+ T cell
decline and clinical progression at early and late stage of infection, and suitable for antiretroviral

treatment monitoring [6].
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This thesis is carried out in the frame of the European project (DetectHIV, #037118). The
DetectHIV project “Sensitive nanoparticle assay for the detection of HIV” aims at developing a
new platform and assay for the detection of HIV p24 proteins in serum or blood. Quantification
of HIV-1 RNA remains very difficult to implement in developing countries, simple and
inexpensive tests for antiretroviral treatment monitoring are therefore needed [7-9]. The
advantages of a p24 test are that it can detect HIV in an early stage of the infection, before
antibodies develop, and that it is quantitative. Such test can therefore be used for antiretroviral
treatment monitoring. The DetectHIV project has the ambitious objective to detect p24
concentrations as low as 0.1 pg/ml by using nanoparticles on a microfluidic chip. This is one to
two orders of magnitude more sensitive than classical p24 Enzyme Linked Immuno-Sorbent
Assays (ELISA). A recent work using CD4+ T-cell counting illustrates the growing interest for
quick, simple and low-cost HIV screening [10]. The main objective of the DetectHIV project is
the development of an extremely simple viral load test with only one reactant (grafted colloids) for

p24 detection.

1.2 The DetectHIV project

The feasibility and high potential of a magnetic micro or nano-particles (often called
‘beads’) agglutination assay has been recently demonstrated in the bulk format (microtiter plate)
[11-13]. Immunoassays, where reactions occur both in solution and on a solid phase, offer the
advantage of easy separation of chemical complexes from reactants. Biomolecule immobilization
on a solid phase, such as micro-and nano-beads offers the potential to perform highly localized
assays in a small volume [14, 15].

The DetectHIV project aims to develop an assay which consists in optically detecting the
formation of a colloidal gel or aggregates of magnetic beads (agglutination test). The
agglutination forms in a magnetic field under the presence of Ag’s that are able to link irreversibly
two colloidal particles together. Therefore the particles are grafted with antibodies that are
specific to the p24 Ag. The detection is achieved through simple optical absorbance
measurements, owing to the strong optical scattering modification when passing from singlets to

aggregated beads (Figure 1.1).
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Figure 1.1: Schematic diagram of the magnetic field induced agglutination of the colloidal magnetic beads into nanoparticle doublets
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and their detection by optical scattering.

The main goal of the DetectHIV project is to develop a microfluidic chip test in which a
sample solution of serum or blood is transported through a suspension of magnetic nanoparticles
that are magnetically retained within the microchannel. When brought into a magnetic field, the
beads are able to approach each other, form chains and are irreversibly linked if the p24 Ag is
present. On-chip light scattering techniques using integrated polymer waveguides is finally used
to quantify the concentration of clustered beads, which is proportional to the p24 Ag
concentration. A system platform that handles all functions integrated on a disposable
microfluidic chip is the ultimate goal of the collaboration. Clinical validation of the assay for the
detection and quantification of p24 Ag’s is an important final milestone of the DetectHIV

project.

1.3 Thesis objectives and plan

We present in this work a simple method for the dynamic manipulation of magnetic
beads on-chip which aims to improve the on-chip capture of Ag’s at the beads surface. The
principal objective of this thesis, as defined by the DetectHIV project, was the design of a system
allowing the retention of magnetic nanoparticles in a microfluidic channel in the presence of a
flow. The main function of the system is to enable the magnetic actuation of beads on a local
scale in a microfluidic channel by focusing a magnetic field generated by an external
electromagnet, through millimeter-size soft magnetic pole tips. This device should allow
retaining magnetic beads in the channel while passing through various fluids, thereby offering a

maximum exposure of the magnetic nanoparticles surface to the flow. The shape, position and
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magnetic properties of magnetic tips have been optimized to provide a good magnetic bead
manipulation.

An important part of the work is the characterization of the retention and handling of the
magnetic nanoparticles in the microchannel. The main idea of the system is to maximize the
interaction of the magnetic nanoparticles with the flow. Evaluation of the protein capture
efficiency is performed using fluorescently labeled particles. This thesis presents one of the first
fully integrated magnetic agglutination test on-chip, demonstrating the potential of this
technique. Furthermore, a heterogeneous assay using a dendritic amplification is performed
demonstrating the flexibility of the magnetic actuation system developed during this thesis and
the full potential of the platform.

The thesis is divided in three main parts: theory (chapters 2-3), fabrication (chapter 4)
and experimental results (chapters 5-7). Important magnetic concepts required for the
manipulation of magnetic beads are given in chapter 2. An introduction to standard immunoassay
test principles is also given at the end of this chapter. The state-of-the-art of bead-based
microfluidic devices is discussed in chapter 3. This chapter starts with an overview of the main
physical principles that may be used for the manipulation of beads on-chip. Then the main
magnetic manipulation methods are reviewed. Finally, detection and immunoassay techniques are
discussed. The second part of the thesis focuses on technological and fabrication aspects. The
microfluidic platform developed during this thesis is presented in chapter 4, as well as a
microfabrication method allowing the fabrication of monolithic SU-8 microchannels. The third
part of the thesis is mainly experimental. A detailed characterization of the magnetic actuation
principle is given in chapter 5. The behavior of single beads and clusters is analyzed. The
efficiency of the dynamic actuation of the beads in the microchannel is highlighted. The
agglutination test on-chip is demonstrated using a model based on the streptavidin-biotin
interaction. The principle and results are presented in chapter 6. The feasibility to use the system
to perform dendritic amplification on beads is demonstrated in chapter 7 in order to demonstrate
the potential and flexibility of the system. The last chapter of the thesis is dedicated to the design
of the final integrated device and fabrication of the DerectHIV platform in collaboration with the

other partners.
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2 Basic principles: magnetic
beads and immunoassays

Magnetic micro- and nanoparticles are of particular interest for LOC applications. One
of the main reasons is their ability to be manipulated in a fluid flow as well as the possibility to
functionalize them with a large range of biomolecules. Moreover, by reducing the size of the
beads, the available active surface per volume may be significantly increased. In this chapter,
theoretical aspects of the main concepts behind the manipulation of magnetic beads in fluids are
discussed. An introduction to basic immunoassay test principles is also given at the end of the
chapter.

Magnetic beads are usually made of magnetic nanocrystals enclosed in a non-magnetic
matrix of an inert and bio-compatible material such as a polymer or silicon dioxide [16]. The
nanocrystals are generally composed of iron oxide such as maghemite (Fe,O;) or magnetite
(Fe3O4) but they can also be made of alloys of transition metals (Ni, Fe, Co, Mg or Zn) or rare
earth materials (NdFeB or SmCo). Iron oxide is preferred over pure iron due to its better stability
against oxidation [16]. Magnetite and maghemite are frequently chosen because they have the

highest saturation magnetization, 80 and 100 Am’kg™ respectively, which is two order of
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magnitude higher than the saturation magnetization of other iron oxides [17]. To understand

the magnetic behavior of magnetic beads, it is important to refer to the basics of magnetism.

2.1 Magnetic material properties

2.1.1 Different types of magnetic materials

Magnetic materials can be generally classified into five types of magnetism, depending on

their bulk magnetic susceptibility (see Figure 2.1 and Table 2.1).
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Figure 2.1: A periodic table showing the type of magnetic behavior of each element at room temperature [18].

Magnetism originates from the spin as well as from the orbital motion of an electron
around the nucleus [19]. The circulating electron produces its own orbital magnetic moment and
there is also a spin magnetic moment associated with it due to the electron itself spinning on its
own axis. In most materials there are almost no resultant magnetic moments, due to the electrons
being grouped in antiparallel pairs causing the magnetic moment to be cancelled (i.e.
diamagnetism and paramagnetism). Diamagnetism originates from the orbital motion of
electrons about the nuclei, electromagnetically induced by the application of an external magnetic
field. This type of magnetism is very weak and easily overruled by paramagnetism of atoms. The
paramagnetism originates from magnetic atoms or ions whose spins are isolated from their
magnetic environment. This type of magnetism is also relatively weak and therefore diamagnetic
and paramagnetic materials are generally referred as non-magnetic materials. In certain magnetic
materials the magnetic moments of a large proportion of the electrons align, producing a

6
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macroscopic magnetization (ferromagnetic materials). Finally, magnetic materials can also be
terrimagnetic which is generally found in compounds, such as mixed oxides, known as ferrites,

from which ferrimagnetism derives its name.

Table 2.1 summarized the different types of magnetic materials in the bulk form. The
first three schematic representations of the magnetic moments in Table 2.1 correspond to a
temperature of 0 K (i.e. ideal alignment of the electron spins). Above this temperature, the
alignment of the spins is somewhat random but keeps a preferential direction. Above the Curie
temperature 7, the thermal fluctuations are so large that the spins orientation is completely
random and the total magnetic moment falls to zero. Above the Curie temperature the material
behaves like a paramagnetic material. Table 2.1 shows that the magnetic character of a material
may be classified using its relative magnetic susceptibility y.

In order to easily manipulate a magnetic bead, the magnetic force acting on the latter has
to be maximized, a high relative permeability of the material is therefore required. Consequently,
the majority of the magnetic beads are made of ferro- or ferrimagnetic materials. For this reason,

the following part of this section will focus on the ferromagnetic materials.
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Table 2.1: Overview and comparison of different types of magnetism. The two first types (ferromagnetism and ferrimagnetism) form

the strongest magnetic materials. (adapted from [20])

Magnetism Type Atomic and Magnetic Behavior Susceptibility ( 7, )
Ferromagnetism @@@ M ",’ ........... Atoms have e 7] 5> "
@@ ! parallel aligned -
@@ ': magnetic moments - positive
@@@@ I - > H | within domain Fe, y, =~100'000
Ferrimagnetism — Anti-parallel
M - >>1
___________ aligned magnetic larg.e' X
@@@ -'"‘ moments of - positive
. . ferrite, y =~ 1'000
I - H | different types of r
®® atom do not cancel
completely
Antiferromagnetism Atoms have
M - <<1
% parallel and anti- smefll. Ar
LT - parallel magnetic - postaive
@ — # H | moments aligned Cr, ¥, =3.6- 10°°
in a regular pattern
Paramagnetism Atoms have
‘ - <<1
% M . randomly oriented smefll. Ar
__.""'_ magnetic moments - posirive ]
= = H | Negligible Mn, y, =66.1-10"
|
@ interaction
between atomic
magnetic moments
Diamagnetism Atoms have no 1
QOOO M magnetic moments -omall |7, <<
OOOO - negative

Au, g, =-2.74-107°

The magnetization M of a magnetic material under an external magnetic field H is given

by:

—

M:Zr -H

with g, the relative susceptibility of the material.

(2.1)
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The induced magnetic flux density B= ,UOITI is increased by the magnetization M of the

material by 44 M resulting in:

B= (A0 e

where yo = 41107 Vs/Am is the permeability constant of vacuum. Combining equation 2.1 and

2.2 gives:

B= 1+ 7, )I:] = :uolurljl @3

#» is the relative permeability of the material. The relative permeability is dependent upon the

temperature and the frequency of the applied external magnetic field H.

2.1.2 Ferromagnetism

In ferromagnetic materials, the relationship between the three vector fields (H,B and

M ) is generally non-linear and history-dependent. Therefore, eqn (2.3) does not generally apply
for a magnetic material, except for the initial magnetization of the material (see Figure 2.2).
Ferromagnetic materials are characterized by a hysteresis loop as schematically shown in Figure 2.2.
A hysteresis loop is defined by the saturation magnetization, the coercive field H. and the
remanent magnetization M,. If the ferromagnetic material is magnetized up to its saturation from
the initial state and then the magnetic field is switched off, a remanent magnetization M, is
observed. A negative coercive field H. has to be applied to cancel the magnetization of the
material. The three parameters (., B, and M,,) allow describing the non-linear response of a
ferromagnetic material to an external magnetic field. When a ferromagnetic material is subject to
an external field, domains, having a magnetization parallel to the field, grow until reaching full
magnetization (saturation) [21]. The initial permeability y;, and susceptibility y:, is defined by the

initial induction B produced in response to an external field /-

1. B SB (2.4)
/uin - Zin - éH

H=0
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The hysteresis in the magnetization process of ferromagnetic materials can be explained
by pinning of magnetic domains at impurities or grain boundaries within the material and the

anisotropy of the crystalline lattice [22].

Saturation

Saturation

Figure 2.2: Magnetic hysteresis loop (dashed line) of a ferromagnetic material. The full line represents the first magnetization of the
material from an unordered multidomain state. After saturation, the material retains a magnetization called remanence M, at zero

field. The magnetization of the material is cancelled only after application of the coercive field H..

In practice, almost complete demagnetization of a ferromagnetic material may be
obtained by applying a damped sinusoidal external magnetic field as shown in Figure 2.3. Using
this method, the remanent magnetic field is cyclically decreased until it reaches a negligible value.

The sinusoidal external field may for example be applied using an external electromagnet.

a) b)

Figure 2.3: (a) Demagnetization of a ferromagnetic material. (b) A damped sinusoidal external magnetic field is applied to cyclically

decrease the remanent magnetic field.
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2.1.3 Superparamagnetism

A magnetic domain is a microscopic region in which the magnetic moments of atoms are
grouped together and aligned. Figure 2.4 shows a picture of the magnetic domains in an iron
whisker and in a thin NiFe element taken using a magneto-optical method [21]. The magnetic
domain size may vary from less than ten nanometers to a few hundreds of micrometers depending
on the magnetic anisotropy of the material (see below). Prior to the exposure to an external
magnetic field, a ferromagnetic material is usually unmagnetized, reflecting the randomization of

the distribution of the magnetic domains.

Figure 2.4: Domains observed with magneto-optical methods on homogenous magnetic samples. (a) Images from two sides of an iron
whisker. (b) Thin film NiFe element [21].

Mono-domain nanoparticles are of particular interest for LOC applications. They are
single domain because they have a dimension that is typically of the order or smaller than the

typical thickness of a magnetic domain wall given by:

JS?r?
6= 7 2.6)

with J being the magnetic exchange constant, § the total spin quantum number of each atom, K

the magnetic anisotropy constant of the magnetic material, and « the inter-atomic spacing. For
iron, assuming that $=1, and with /=2.16:10?' ], 4=2.86:10"° m and K=4.2- 10* J/m’, the domain
wall thickness is about 40 nm.

The magnetic energy E,.,, of a particle is given by:

2.7)

11
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with 7 being the radius of the spherical particle. Mono-domain magnetic particles become
superparamagnetic, i.e. their time-averaged magnetization without external magnetic field is zero
when their magnetic energy is lower than about ten times the thermal energy 47, with 4z the
Boltzmann constant. At room temperature, 257=4.0-10! J and K = 13.4 kJ/m® for maghemite
(Fe2Os) nanoparticles [23, 24]. Therefore, using eqn (2.7) one finds a maximum diameter 4=18

nm for a superparamagnetic spherical particle of maghemite.

The time over which the magnetization of a particle is stable and remains in a certain
state is of importance for probing the fundamental mechanism of magnetization reversal. The

relaxation time 7 of the moment of a particle is given by the Néel-Brown expression.

~ K-V
T =7,€Xp kBT (28)

where V' is the volume of the particle and 7,107 s. If the particle magnetic moment reverses at

times shorter than the experimental time scales, the system is in a superparamagnetic state, if not,

it is in the so-called blocked state [25].

Figure 2.5 gives a qualitative illustration of the behavior of the coercive field of magnetic
nanoparticles as a function of their size. Particles are superparamagnetic below the critical
superparamagnetic size d; (i.e. H.=0). Below 4, the thermal energy is larger than the magnetic
energy and therefore the spin of the particle is free to rotate in response to the thermal energy.
For particles larger than d, the coercive field increases to maximum at the single domain size limit
d.. Above d, the formation of domain walls becomes energetically favorable which results in a

multi-domain structure of the particle and a decrease of the coercive field H..

12
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Figure 2.5: Qualitative illustration of the behavior of the coercivity as the particle size increases [23]. The coercive field of the particle

is zero below 4. (4=18 nm for maghemite) and then increases to reach its maximum value for the single domain particle size limit d.

2.2 Magnetic beads for bio-analysis

The majority of the magnetic beads consist of superparamagnetic nanocrystal embedded
in a polymer matrix protecting the analyte from a direct contact with the metal oxide. Figure 2.6
illustrates the behavior of such multi-core superparamagnetic bead. Without an external magnetic
field the magnetic moments of the iron oxide nanocrystals are randomly oriented (Figure 2.6 a).
Under the application of an external magnetic field, all moments align in a preferential direction
(Figure 2.6 b). After switching off the external field, the bead returns to its initial state (Figure
2.6 a) without keeping any remanence. A schematic hysteresis-free magnetization curve of a

superparamagnetic bead is shown in Figure 2.6 c.

Figure 2.6: (a) Schematic representation of superparamagnetic bead at zero field. Random orientation of the nanoparticle moments.

(b) Under the presence of an external magnetic field, the nanoparticles moments align in a preferential direction. (¢) Hysteresis-free

variation of B with changing H for superparamagnetic beads.

13
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The advantage of using a polymer shell consists in the possibility of surface
functionalization and subsequent immobilization of a target molecule [25, 26]. Figure 2.7 shows
the three main morphologies of composite magnetic polymer microspheres commonly used for
LOC applications. The magnetic bead may be composed of a single magnetic core surrounded by
an inert and preferably biocompatible material. This method is generally used for nanometer-
sized superparamagnetic beads with diameters in the range of 5 — 100 nm (Figure 2.7 a). For the
synthesis of larger superparamagnetic beads (in the range 300 nm — 10 pm), nanoparticles
(generally 7 < 10 nm) are embedded in an non-magnetic polymer matrix (Figure 2.7b) [23, 26].
An alternative method called “strawberry type” consists in assembling the magnetic nanoparticles
around a polymer core and then passivating the surface using a surrounding inert polymer (Figure
2.7 ¢). Figure 2.7 d is a Scanning Electron Microscope (SEM) photograph of monodisperse
magnetic beads (2.8 um Dynabeads). Different procedures are available for the preparation of

nanocomposite microspheres [26].

a)

magneticcore  magnetic
nanoparticles

Q) d)

Figure 2.7: Three main methods of synthesizing magnetic beads for LOC applications: (a) Single magnetic core bead embedded in a
non-magnetic shell or matrix. (b) Multi-core magnetic bead composed of magnetic nanocrystals (generally » < 10 nm) in a non-
magnetic matrix. (c) Magnetic nanoparticles assembled around a polymer core and passivated using a surrounding inert polymer

(strawberry). (d) SEM photograph of monodisperse magnetic beads (2.8 pm Dynabeads) (courtesy of V. Sivagnanam).

In general the magnetic moment 717 of a bead with negligible interaction between the
nanoparticles is given by the sum of the moments of all individual nanocrystals enclosed in the
polymer shell. The magnetic moment of the composite microsphere is therefore directly related to

the amount of magnetic nanocrystals in the matrix. Current techniques allow a filling factor up

14
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to ~ 70 % (w/w) of FesO4 and a high saturation magnetization of 40 Am?’kg™ while keeping a

superparamagnetic behavior [27].

The choice of the bead is finally dependent upon the final applications. The size of the
bead is a critical parameter and may lead to the choice of a specific type of magnetic bead (i.e.
single core, multicore or strawberry). The magnetic force F,,, is proportional to 7 (Fu ~ )
while the viscous drag force on the bead is directly proportional to its radius (F; ~7) (see section
2.3). Therefore decreasing the size of the bead decreases the ratio between the magnetic force and
the viscous drag force, thus reducing the capacity to manipulate the bead in a liquid. Bigger beads
can be manipulated easier but increasing the size reduces the surface-to-volume ratio resulting in
a decrease of the specific surface available for the attachment of functional groups. The choice of

the bead size is often a compromise between the biological and magnetic response.

2.3 Magnetophoretic forces

2.3.1 Magnetization of superparamagnetic beads

ma;

The force F  acting on a single superparamagnetic bead, when it has acquired a

magnetic moment 2 in an external magnetic induction B, is given by [28, 29]

F,. = (i -V)B @9)

mag

Sometimes equation Fma g = V(- B)is taken as the basic equation for the calculation of
the magnetic force, instead of equation (2.9) [16, 30-32]. This is correct when m is constant and
has no spatial dependence [28, 29] Figure 2.8 shows the magnetization curve of Dynabeads
MyOne. Three typical regions may be distinguished. The first region is typically between 0 mT
up to 10 mT, when the magnetization of the bead is proportional to the applied magnetic flux
(Figure 2.8 a). In the second region the variation of magnetization of the bead is not linear with

the applied magnetic flux (Figure 2.8 b). The last region corresponds to saturation and therefore

the magnetization of the bead is almost constant (Figure 2.8 ¢)
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Figure 2.8: Magnetization curve of a Dynabead MyOne. Three typical regions can be approximately differentiated: a) Linear variation
between the flux density B and the bead magnetization M, b) Non-linear variation between the flux density B and the bead

magnetization M and ¢) Saturation (constant magnetization).

In general, the magnetization m of the bead moving in the field is varying due to a

spatially non-uniform magnetic field B and an analytical solution of equation (2.9) is non-trivial.
Discussions of the force on magnetic dipoles or particles have been reported [16, 33, 34], but, for
our case, it is sufficient to consider two approximations: (i) weak magnetic fields where the size of
the magnetic moment 7 of the bead is proportional to the size of the magnetic induction B
(Figure 2.8 a) and (ii) stronger fields where the bead moments are saturated (Figure 2.8 ¢).

In the linear region (i) of the magnetization curve, the magnetic moment of a bead in a

liquid medium can be written in the following form:

_ Ay - (2.10)
m:V—ZB
o

where Ayy is the difference in susceptibility between the bead and the medium, ¥ is the bead

volume and o is the vacuum permeability. The magnetic moment m of a non-saturated bead

freely moving in a non-uniform field has the same spatial dependence as B. Using standard vector

calculation', we can write equation (2.9) in the following form

! V(B : E) = 2E X(VXE) +2(§ : V)E = 2(B : V)B , with the Maxwell equation V x B = 0
16
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- ~ N\D AY oz
Fmag—(M'V)B—V%VB 2.11)
In the saturated case (ii), the magnetic moment of the bead m =m_, is constant and

equation (2.9) becomes

ﬁmag = (ﬁ;lsat ) V)E
(2.12)

The magnetic force acting on a saturated bead is therefore directly proportional to the

gradient of the magnetic flux density.

The relative susceptibility of a single bead is influenced by the demagnetization factor and

is therefore given by:

1+ N7, (2.13)

where y,, is the magnetic susceptibility of the nanoparticles material and NV, the demagnetization

factor. The demagnetization factor is 1/3 for a spherical bead (/V,; =1/3).

2.3.2 Viscous force at low Renoyld’s number

The concept of manipulating magnetic beads for LOC applications consists in using
magnetic forces to transport or simply retain a magnetic bead in a flow by overcoming the viscous
drag force acting on the bead. Four main forces act on a magnetic bead suspended in a liquid
medium, the magnetic force F, , the viscous drag force F,. the gravity force F,and the buoyancy
force F;,, as schematically shown in Figure 2.9. In general, due to the small size of the magnetic

bead, the gravity force and buoyancy force may be neglected [35, 36].

)
C
)]
C
(gv]
=
—
]
o

Figure 2.9: Schematic illustration of the forces acting on a magnetic bead when exposed to an horizontal magnetic force Fr.q. Fuis the

drag force which is opposed to the magnetic force. F; corresponds to the gravity force and Fy., to the buoyancy force.
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Therefore, the behavior of a magnetic bead in a liquid is mainly driven by the two

opposite forces F,,,, and F; . In equilibrium, i.e. at constant speed, we find:

I 2.14
F, =-F (.14)

The drag force exerted on a bead is directly related to the flow conditions and the size of
the bead. The flow conditions are linked to the Reynold’s number Re, a dimensionless parameter,

defined as the ratio between inertial and viscous forces [37],

Re = inertial force _ apv
viscous force n (2.15)

where 4 is a characteristic dimension, which may be the radius of a bead or the radius of a pipe
and p/n = 1.004-10°m?/s. The flow is laminar for Re < 2100, where viscous forces dominate upon
inertial forces. In this regime, all fluid elements move deterministically along distinct and
traceable stream lines, while the turbulent regime, occurring at higher Reynolds numbers, is
characterized by a random transverse motion of fluid with respect to the flow direction. The
transition from one regime to the other is progressive and not clearly defined, creating a zone
corresponding to a transitional regime. The Stokes flow is a particular regime of laminar flows for
Re << 1. For this type of flow, the inertial forces can be neglected compared to the viscous forces,
simplifying in this way the Navier-Stokes equation. As an example, a bead with a diameter of 1
pm moving at 10 mm/s using eqn (2.15) has a Reynold’s number Re= 0.5 10. In these particular

conditions, the viscous force on a spherical bead is given by the following equation:

deg = 6nrAv (2.16)

where AV is the velocity of the bead with respect to the liquid medium, 7 is the viscosity of the

medium and 7 the radius of the bead.

2.4 Immunoassay principles
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The purpose of an immunoassay is to measure the concentration of a protein in a
biological liquid such as serum, blood or urine. The assay takes advantage of the specific binding
of an antibody (Ab) to its Ag.

One of the most known and used methods is the Enzyme-linked immunosorbent assay
(ELISA) [38]. Immunoassays may be classified into two main categories, heterogeneous and
homogeneous assays. A heterogeneous assay requires a step to remove unbound Ab or Ag from
the reaction site, whereas a homogeneous assay does not require this additional step. Therefore a
heterogeneous immunoassay generally requires several washing steps to separate a solid phase

from a liquid phase.

2.4.1 Heterogeneous immunoassay

Figure 2.10 is an illustration of a sandwich immunoassay which is one of the most used
heterogeneous methods [39]. A sandwich immunoassay starts with the introduction and
immobilization of the capture Ab at the surface of a solid phase (generally on the walls of the
reaction chamber). Following a washing step, the sample containing the target Ag is then
introduced in the chamber and binds to the capture Ab. In order to detect the presence of the
target Ag, a labeled detection Ab is finally introduced in the chamber after a second washing step.
Many methods exist and use different label types. In the case of an ELISA, the label is an
Enzyme. Nanoparticles of gold are also used as label in /ateral flow assays. Well-known examples
of lateral flow tests are home pregnancy tests. Fluorescent dies are also very popular labels.
Magnetic beads start to be more intensively used as labels (magnetic immunoassay) to be detected

by a magnetic sensor.

Y capture Ab & targetAg f Icjael_?tczz-lcet(ijon Ab
a) b) c)

<><>f
YY YY Y

Figure 2.10: Schematic principle of a sandwich immunoassay. (a) A capture Ab is immobilized on the surface of a reservoir. (b) Buffer

&

liquid is then replaced by sample solution containing the target Ag and immunocomplexes form. (c) Detection Ab’s are introduced in

the reaction chamber and bind to the target Ag. The detection Ab is labeled to allow detection (e.g. fluorescence).
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Heterogeneous immunoassays can be competitive or non-competitive. The principle of a
competitive immunoassay is that target Ag’s in the unknown sample compete with labeled Ag’s to
bind with the capture Ab’s. The amount of labeled Ag’s bound is finally measured. Therefore, the
response is inversely proportional to the Ag concentration in the sample. This is because the
greater the response, the less Ag in the sample was available to compete with the labeled Ag [40].
In noncompetitive immunoassays, Ag's in the sample are bound to the capture Ab and detected
using a labeled detection Ab. The amount of labeled Ab on the site is then measured. The result
of the noncompetitive method is directly proportional to the Ag concentration. The detection
limit of an noncompetitive immunoassay is lower than that of a competitive assay and this is why
only the noncompetitive method will be considered in the present thesis [40].

One of the most known and used immunoassay methods is the enzyme-linked
immunosorbent assay (ELISA). For ELISA, the detection Ab is linked to an enzyme, and in the
final step a substrate is added in the detection chamber that is converted by the enzyme to
become fluorescent. The main advantage of an ELISA compared to a sandwich immunoassay
using a fluorescent dye is that the enzyme acts as an amplifier. Even if only few enzyme-linked
Ag’s remain in the solution, the enzyme molecules will produce a large amount of signal
molecules. Different types of ELISA exist and are commonly used [41]. Figure 2.11 shows some
of the possible configurations used in a standard ELISA. The first approach is a direct ELISA
where the Ag’s attached to the surface are directly detected using labeled Ab’s (Figure 2.11 a).
This is a relatively poor method to detect a low Ag concentration in a “raw” sample as many
contaminants may bind to the surface preventing the target Ag’s to find a free site. In a direct-
labeled Ag assay, Ab’s are immobilized on the surface of the chamber. A sample with labeled-
Ag’s is then introduced and bind to the capture Ab’s (Figure 2.11 b). This has a relatively poor
utility in practice, Ag’s are in general not labeled.

The most commonly used methods are the sandwich ELISA (Figure 2.11 ¢) and the
indirect sandwich ELISA (Figure 2.11 d). A capture Ab is first immobilized at the surface of the
chamber and washed. The sample containing the target Ag is then introduced and reacts with the
capture Ab. In the sandwich ELISA, target Ag is detected using a labeled detection Ab while in
the indirect sandwich ELISA the detection Ab binds to a second capture Ab (Figure 2.11d) [41].
An advantage of this technique is the enhanced specificity originating from two separate
recognition steps provided by the two Ab’s that are generally selected to recognize two different
epitopes on the Ag [39]. Low limits of detection are possible with enzyme labels, which can

provide amplification by a factor larger than 10°. A limitation of the sandwich assay is the
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requirement that the analyte should be able to bind to two Ab’s simultaneously, which generally
restricts its use to molecules with a certain molecular weight [42]. A major drawback of
heterogeneous ELISA’s is that they require several washing steps, resulting in relatively complex,

time-consuming and resource-demanding protocols.

a) b)
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Figure 2.11: Illustration of five different types of ELISA. (a) direct ELISA, (b) direct-labeld Ag, (c) sandwich ELISA, (d) indirect
sandwich ELISA.

2.4.2 Homogenous immunoassay

Homogeneous immunoassays rely on the formation of the Ag-Ab complex in solution
causing a change in the intensity of a detection signal. Distinguishing between the bound and
unbound states allows an immunoassay without washing or separation steps. This simplifies the
assay, avoiding Ab’s immobilization and rinsing steps. An advantage is that there is no solid phase
that can be affected by non-specific binding. Homogeneous assays are more difficult to develop
and generally have poorer limits of detection and selectivity than heterogeneous assays. They are
commonly used for detecting therapeutic drugs that have a relatively high concentration in blood.
They are more effective in partially purified samples, since matrices such as blood, environmental

water samples and food can contain contaminants that reduce the sensitivity of the assay [42].

The latex agglutination test (LAT) is one of the most used homogenous assays. The first
LAT was proposed in the 1950s by Singer and Plotz [43]. In a LAT, the analyte’s Ag binds to
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colloidal particles (e.g. latex particles) grafted with an Ab by forming a sandwich-like structure
(Ab-Ag-Ab). Detection and quantification of particle agglutination is performed by optical

methods, in particular by turbidimetry or nephelometry [44].

O latex bead Y capture Ab > targetAg

a) b)

<&

Figure 2.12: Schematic illustration of a latex agglutination test. (a) The sample containing the target Ag are mixed with a solution of

latex particles coated with the capture Ab. (b) The target Ag binds to capture Ab and a lattice of particles forms.

Latex immuno-agglutination assays represent a simple and cost-efficient alternative
method to ELISA [43]. LAT is very popular in point-of-care tests for diagnostic purposes due to
its simplicity. More than 300 different biomolecules can now be detected using LAT [45]. A
large number of tests and assays, e.g., for probing the viral or bacterial load of infectious diseases,
is available on the market [46]. The intrinsic simplicity of these tests results in robust protocols.
The major drawback, however, is the relatively poor detection limit of standard immuno-
agglutination assays, compared to ELISA (typically 1 nM compared to 1 pM, respectively) [12,
38].
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3 State of the art

3.1 The lab on-a-chip concept
The “Lab-on-a-chip (LOC)” or “micro total analysis systems (WTAS)” concept was

introduced by Manz ef al. at the beginning of the nineties [47]. The main idea is the
miniaturization of standard human sized-laboratories down to the dimension of a credit card. All
the necessary handling, analysis and detections steps involved to make a chemical or biological
analysis are performed on-chip. Since this date, a huge variety of miniaturized fluidic systems has
been proposed, reflecting the interest of miniaturizing bioanalytical systems [48-52].

During the past two decades, specific micromachining technologies have been developed
to fabricate deep structures in silicon or glass with small lateral dimensions (typically below 100
pm) [50, 53]. This opened the way for the fabrication of new and highly integrated microfluidic
systems. Furthermore, polydimethylsiloxane (PDMS) combined with molds made of the thick
SU-8 photoresist has become a very popular and low-cost material for the fabrication of
microchips. Microfluidic biochemical systems take advantage of small reaction volumes and short
diffusion lengths, thus reducing assay times and analyte consumption and potentially results in a
high detection sensitivity in the case of immunoassays [52, 54]. Microfluidic LOC devices have
been developed for a broad range of biomedical and bio-analytical applications and the major part
of these microfluidic systems is based on the application of continuous flow using for example
external syringe pumps or capillary driven flows [55]. Already in 1997, a microfluidic H-filter was

proposed as a simple device that filters particles by size without the need of a membrane [56].
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The same group also proposed a T-sensor that may be used to measure analyte concentrations,
diffusivities of molecules or reaction kinetics [57, 58]. A diffusion immunoassay based on a T-
sensor was reported by Hatch ez a4/ in 2001 [59]. This competitive assay is based on the
measurement of the distribution of a labeled probe molecule diffusing into a region containing
capture Ab’s. The polymerase chain reaction (PCR) was one of the first diagnostic techniques to
be successfully implemented on a chip [60, 61]. PCR is a technique used to amplify a few copies
of a DNA fragment by several orders of magnitude. The method relies on thermal cycling,
consisting of cycles of repeated heating and cooling of the sample. On-chip PCR decreases the
cycle time due to better and faster control of the fluid temperature. On-chip microfluidic capillary
electrophoresis using a glass microchip was also demonstrated at the beginning of the nineties
[62, 63]. Capillary electrophoresis is one of the most common methods for the analysis of
proteins and DNA in medicine. More recently, Sato ez al. presented one of the first bead-based
immunoassay systems. This multichannel system was able to process four samples in parallel with
one pump unit and to complete the assay in 50 minutes [14, 64]. Bead-based systems present the
additional benefit of a large surface-to-volume ratio and flexible surface functionalization on the
bead surface [65, 66]. The following Section 3.2 will focus on systems and techniques using micro
and nanoparticles to perform on-chip immunoassays.

One important parameter in microfluidic applications is the method used to drive the
liquids through the microchannels. Three main techniques for liquid manipulation on-chip may
be distinguished [67]. The most evident actuation technique is the pressure driven-flow. A
pressure difference between the inlet and the outlet forces the liquid to flow through the channel.
The flow rate and velocity are defined by the fluidic resistance of the channel and the pressure
difference. An efficient way to control the liquid velocity is using a syringe pump that imposes a
constant flow rate. According to the Poiseuille’s law, the no-slip condition at the channel walls
induces a parabolic velocity profile. Electro-osmotic flow (EOF) is an electrical method to move
liquids in capillaries or microchannels using based on the displacement of ions. When an
electrolytic solution is introduced in a glass microchannel or a capillary, an accumulation of
mobile charges occurs close to the surfaces. By applying an electric field along the channel, these
charges start moving and may drag the whole liquid due to viscous forces. EOF is characterized
by a flat velocity profile. A liquid in a hydrophilic microchannel may also moves by capillary
forces. This flow actuation does not required external sources, but allows less flexible control of

the flows.
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3.2 On-chip particle manipulation concepts

In this section, the main physical principles for the manipulations of particles in a fluid
are briefly reviewed. The purpose of this section is to give an overview of existing methods taking
advantage of different physical principles and forces. A qualitative comparison of the different
techniques justifies the choice of the magnetophoretic manipulation to meet the requirements of

an agglutination test or a dendritic amplification method on-chip.

3.2.1 Dynamic manipulation
Magnetophoresis

Magnetic micro- and nanoparticles are of particular interest as solid carriers in a large
variety of bioanalytical and biomedical applications. Considerable advance has been achieved in
recent years to incorporate magnetic structures and bead handling on-chip [16, 33, 68].
Magnetophoresis is the motion of magnetic beads in a liquid induced by magnetic forces.
Magnetophoresis is probably the most versatile method for the manipulation of beads on-chip
due to the relatively large force range that may be exerted on the bead and its simple
implementation. Indeed, beads may be manipulated with passive elements (i.e. permanent
magnets) or active elements (i.e. electromagnets) giving a relatively high degree of flexibility [16].
Magnetophoresis is the fundamental principle for the application developed in this thesis and will

be discussed in more detailed further.

Electrophoresis
Electrophoresis is the motion of a charged particle in an electric field. The
electrophoretic force is directly proportional to the charge of the particle. Gel electrophoresis and

capillary electrophoresis are now commonly used to analyze proteins or DNA sequences.

Dielectrophoresis

A dielectric particle subjected to an electric field, accumulates charge on either side and
forms an electric dipole. In a homogenous field, the particle simply aligns with the field. No net
translational force is exerted on the particle. In a non-homogenous field, the particle experiences a
force called the dielectrophoretic force. ~ The concept of dielectrophoretic force in a
inhomogeneous electrical field may be compared to the magnetophoretic force in a non-uniform
magnetic field. Manipulation of polystyrene microparticles was previously demonstrated by Chiou
et al. [69]. More recently, on-chip manipulation of microparticles using dielectrophoresis for the

functionalization of particles was successfully demonstrated by Tornay ez a/. [70]. A flow
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sandwich immunoassay on 6 pm polystyrene particles using negative dielectrophoresis was also
reported by Yasukawa ez a/. [71]. In this example, particles are statically retained in the fluid flow

by means a dielectrophoretic force.

Optical forces

Light can also exert a force on a particle [72]. This force may be used to trap particles, the
particle being pulled by the optical pressure in the direction of the focused light beam. It was
demonstrated that optical tweezers may be used to capture particles ranging from 25 nm to 10 um
[73]. Eriksson ez a/. have used an optical tweezer to move a cell across a microchannel [74] (see
Figure 3.1). The basic idea behind this work is to address the need to transfer rapidly a cell or a

particle from one fluidic environment to another.

a) Medium 1 Medium 2 (b

W

50um

Figure 3.1: (a) Schematic drawing of a microfluidic system showing how a trapped cell can be reversibly moved between two different
media. (b) A microscopic image showing the microfluidic system with a parallel flow of two different media. Fluorescein has been

added to the medium in the right channel.

Acoustic waves

Exciting a liquid with standing acoustic waves creates a force on an immersed particle
that is proportional to its volume. The force is function of the frequency and intensity of the
sound wave, as well as the compressibility of the particle. Trapping of micrometer-sized particles
was demonstrated by Hertz ez a/l. [75]. Ultrasonic standing-waves (USW) have been used for the
enhancement of agglutination by increasing the interaction between particles [76, 77]. Figure 3.2
a shows a typical example of such a device. The sample and the particles in a capillary tube are
placed along the axis of a cylindrical USW resonator. Subsequently, the reactor is sonicated in
order to concentrate the particles for the agglutination test. After aggregation, particles naturally
sediment at the bottom of the capillary tube. An increase in speed and sensitivity of an

agglutination test was reported with this method [78, 79]. On-chip USW manipulation of
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microparticles was also reported by Wiklung ez a/. [80-84]. Figure 3.2 b shows a photograph of
trapped microparticles in capillaries or microfluidic channels. The acoustic wave force was also

used by Hawkes ez a/. to filter [85] and to separate different kind of particles [86].

a) b)
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Figure 3.2: (a) Typical device used for USW enhancement of particle-based agglutination assays. The sample of analyte and particles
is placed in a capillary tube along the axis of a cylindrical USW resonator, in order to concentrate the particles. After the agglutination
phase, aggregated particles sediment at the bottom of the capillary and are detected (adapted from ref. [87]). (b) Multiplexed
alignment of 2 pm particles in a microchannel with chains oriented along the flow direction. Increasing the frequency of acoustic
waves results in an increase of the chain numbers (adapted from ref. [84]). (¢) A microchannel is shown without (c) and with (d) an

acoustic wave excitation. Formation of particle chains is observed perpendicular to the flow direction (adapted from ref [83]).

3.2.2 Static and non-reversible retention of particles
Mechanical trapping of particles

An important requirement for the use of micro- and nanoparticles for LOC applications
is the development of efficient retention systems. About ten years ago, when the use of magnetic
particles was less developed, several works were carried out in order to provide efficient passive
retention system for non-magnetic particles. The main idea of this method is to trap particles
mechanically with dedicated structures patterned in a microchannel. A system for particle
trapping in a flow-through device was designed by Andersson ez a/. The former consists of a grid
of small pillars where particles can be collected (Figure 3.3 a) [88]. A chromatographic bed was
fabricated on a glass substrate as part of an electroosmotically pumped microfluidic system by
Oleschuk e# a/ [89]. Two weirs within a sample channel formed a cavity in which silica particles
were trapped. The stationary phase was used for the separation of fluorescent dyes. Sato e a/ have
developed an immunosorbent assay system integrated into a glass microchip. Polystyrene particles

were introduced into a microchannel and trapped (Figure 3.3 c), subsequently human secretory
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immunoglobulin A (s-IgA) adsorbed on the bead surface was reacted with colloidal gold

conjugated anti-s-IgA Ab and detected by a thermal lens microscope [14].

a) b) Cover glass
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Figure 3.3: (a) Reaction chamber using micropillars where the beads may be collected to form a packed bed (adapted from [88]).
Cross-sectional view of a packed chamber showing the physical retention of the beads (adapted from [89]). (c) Cross-section of the

glass microchip used for an immunosorbent assay (adapted from [14]).

Physico-chemical retention of particles

Physico-chemical interactions were also used for the retention and immobilization of
beads. Andersson ez al. proposed self-assembly of the beads using surface modification by
crocontact printing of polymers [90]. A polymer patterned at the surface of a microchannel is
used to define the immobilization sites of the beads. Subsequently, functionalized beads are
introduced in the microchannel and specifically attached to the patterned polymer (Figure 3.4 a).
The dots were separated by a lithographically defined hydrophobic teflon-like film, preventing
cross-contamination between the dots. The dots were subsequently chemically modified by
parallel microcontact printing, enabling different chemical modification of the dots. More
recently, Sivagnanam ez a/. proposed a sandwich immunoassay using streptavidin-coated beads as
substrate. The latter were electrostatically self-assembled on aminosilane micropatterns at the

bottom of a microfluidic channel (Figure 3.4 b) [91, 92].
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Figure 3.4: (a) Drawing showing the different steps involved in generating a bead dot array using a PDMS stamp. The dots are first
defined within a Teflon-like film using standard photolithography. Different ligands are then deposited by microcontact printing and
beads may finally bind specifically (adapted from [90]). (b) Optical micrographs of beads (dots and double lines) electrostatically
immobilized on micropatterns. The inset in (b) is a SEM photograph of beads attached to a single dot (adapted from [92]).

3.2.3 Comparison of the manipulation methods

All the above mentioned methods are extensively used in LOC systems. To perform an
efficient immunoassay or, more specifically, an agglutination test on-chip, several aspects have to
be taken into account. Table 3.1 shows a comparison of the different methods considering
important aspects that are required to perform an efficient immunoassay on-chip using
microparticles. A high force on the particle is needed for retention and fast actuation of the
particles. The maximum possible distance range between the actuator and the particles is of
importance to allow convenient integration into the microchip. For example, if particles have to
be in direct contact with an electrode, the later has to be directly integrated into the microchip.
This results in a more complex fabrication process compared to a system where the actuator can
be placed externally in proximity of the channel.

Release of the particles after an experiment for subsequent detection is a very important
aspect in bioanalytical LOC systems and is therefore the main limitation preventing the use of

non-reversible retention systems. The ability to concentrate the particles in a restricted volume is
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generally an advantage for controlling the incubation process of a bioassay as well as to increase

the particles interaction and the detection signal.

Table 3.1: Comparison of the different particle manipulation methods. Abbreviations: MP =

dielectrophoresis, MR = mechanical retention and SP = superparamagnetic

magnetophoresis, DEP

Methods Force Force range | Possible release after | Particle concentration
strength | in space experiment in a restricted volume

MP ++ ++ Yes (if beads are SP) 4+

DEP + + Yes +

Optical force | - +H+ Yes -

Acoustic + ++ Yes ++

wave

MR 4+ - No e+

From Table 3.1, it is clear that the magnetophoresis method is one of the most
competitive actuation tools for immunoassays on-chip. One of the reasons is the relatively high
force that may be exerted on magnetic beads in a very simple manner, for instance by using a
passive element (like a permanent magnet). This explains the increasing interest and number of

publications related to the use of magnetic beads on-chip [16, 93].

3.3 Magnetic bead concepts for bio-assays

Maximizing the exposure of the bead surface to a microfluidic flow for Ag capture is an
issue of primary importance [16, 33]. For that purpose, manipulation of magnetic beads on-chip
is often used for the retention of beads from flow [68] or the transport of biological molecules
[20, 94]. We propose here a distinction of the manipulation methods by the type of actuators that

are used (i.e. permanent magnets or electromagnets).

3.3.1 Systems with external permanent magnets

A simple approach consists in passively trapping the magnetic beads in a microchannel by
using external permanent magnets allowing the formation of a dense and static bead plug [95,
96]. Using this method, a small-volume heterogeneous immunoassay system was demonstrated in
microchannels with small paramagnetic beads (1-2-pm diameter) [96]. The assay was
demonstrated with a direct interaction of fluorescein isothiocyanate (FITC) with an immobilized
anti-FITC conjugated. Heterogeneous sandwich assays were also carried out with parathyroid
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hormone and interleukin-5 (Figure 3.5 a) [96]. Bronzeau ef a/. demonstrated how several assays
can be performed simultaneously by flushing a sample solution over several plugs of magnetic
beads with different surface coatings. Three plugs of magnetic beads were immobilized in a
microchannel with external magnets. The beads featured surface coatings of glycine, streptavidin
and protein A, respectively. Reagents were then flushed through the three plugs. Molecular
binding occurred between matching Ag’s and Ab’s in continuous flow and was detected by
fluorescence (Figure 3.5 b) [95]. Sensitivity of such systems using mm-sized external permanent
magnets is however limited due to the high density of beads captured in the plug and the

relatively poor perfusability of the plug.
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Figure 3.5: (a) Schematic representation of a flow-based micro-immunoassay system using permanent magnets. Magnetic beads are
collected near a rare earth magnet to form a packed bed within a capillary or a channel (adapted from ref [96]). (b) Magnetic beads
coated with different biomolecules are trapped by individual external magnets; sample or reagents can then be flushed through the

different plugs and several assays can be performed simultaneously (adapted from ref [95]).

An alternative method uses geometrically trapped self-assembled chains composed of a
relatively low number of magnetic nanoparticles [68]. This original concept to perform a
complete on-chip sandwich immunoassay in chains was proposed by Lacharme e al. The
magnetic chains are retained over periodically enlarged cross sections of a microfluidic channel
(Figure 3.6). Thereby they strongly interact with the flow and rapidly capture the total of a low
number of target molecules. As an example, the detection of murine monoclonal Ab’s with a

detection limit of 1 ng mL™ was demonstrated. This work shows that an optimal interaction
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between the analyte flow and the magnetic beads is of importance for effective capture of the

target Ag’s.

a) T b) — 15 pm

A A A AMAAR

40 pm

Figure 3.6: (a) Microchannel with periodically varying channel width of 20 and 40 pm. In a magnetic field H , the magnetic
nanoparticle chains are trapped in the large cross sections. (b) SEM picture of the microchannel showing the periodically varying

channel width (adapted from ref [68]).

Le Nel ez al. described a system for the detection of pathological prion protein [97, 98]. A
microreactor for proteinase K-mediated protein digestion is formed in a dense arrangement of
parallel bead chains by positioning strong permanent magnets in the vicinity of the microchannel.
PK-grafted magnetic beads are immobilized inside a microchannel using a longitudinal magnetic
field parallel to the flow direction forming a “multi-open-tubular” like column on-chip ( Figure
3.7).

Figure 3.7: (a) Experimental setup with two magnets. (b, left) Expanded view of magnetic beads immobilized between the two
magnets in a microchannel. Magnetic bead chain arrangement at an early and late stage of the magnetic microstructure formation.
The orientation of the bead arrays parallel to the channel axis provides a low flow resistance and uniform pore size (black scale bar, 5
pm). (b, right) View of the whole plug at the beginning and end of the plug formation at a lower magnification (black scale bar, 200
pm) (adapted from ref [98]).

Another simple and elegant concept using a permanent magnet for the continuous flow

separation of magnetic beads was proposed by Pamme e# a/. [99]. This method uses a permanent
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magnet placed on one side of a microfluidic chamber. Beads are then introduced on the opposite
side of the chamber and are then deflected towards the magnet (see Figure 3.8). Using this
method, separation of non-magnetic beads and magnetic beads was first demonstrated in a free-
flow device. Magnetic beads were also separated as a function of their sizes. More recently, this
concept was used to perform a continuous flow immunoassay by Peyman a# a/. [100, 101]. The
concept of the immunoassay using a continuous flow reactor is depicted in Figure 3.8. Magnetic
beads are introduced on one side of a microfluidic chamber and are then deflected towards the
permanent magnet on the opposite side. During the deflection, beads cross parallel reagents
streams in which several binding and washing steps are performed. Using this method, a
sandwich immunoassay was demonstrated. The main limitation of such approach comes from the
short time during which a bead is immersed in each reagent resulting in a relatively high
detection limit. Moreover, beads are moved in a unique direction (i.e. towards the permanent
magnet) and therefore may not come back to the original liquid. A similar concept was presented
by Sasso ez al. [102]. In this case, a first permanent magnet is used to deflect paramagnetic beads
from a buffer solution to a sample solution. Further downstream, another permanent magnet is

used to move the beads back in the buffer solution.
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Figure 3.8: (a) Concept of the free-flow magnetophoresis. A magnetic field is applied perpendicular to the direction of the liquid flow.
Beads deviate perpendicular to the flow according to their size and magnetic susceptibility and are thus separated (adapted from ref.

[99]). (b) The principle of the continuous flow reactor: magnetic beads are deflected through multi-laminar reagent streams across the
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reaction chamber and consecutive binding and washing steps are performed on their surface in continuous flow. The example shown

above depicts a typical sandwich assay. Deflection of magnetic beads across the reaction chamber (adapted from ref [101]).

3.3.2 Electromagnet-based systems with integrated soft magnetic poles

The possibility to actively manipulate magnetic carriers in microfluidic channels opens
the way to explore new opportunities for on-chip bioassays with enhanced performance [103,
104]. An approach has been the use of ferrimagnetic beads that form stable rotating chains in an
alternating magnetic field [105, 106]. A magnetic core is used to guide the magnetic field
generated by an external electromagnet and two microstructured soft magnetic tips are used to
focus the magnetic field across a microchannel (Figure 3.9). This approach demonstrated a good
mixing efficiency of two parallel flows in a microchannel and provided evidence of enhanced
interaction between the magnetic beads and the fluid flow. Unfortunately, such type of
ferrimagnetic particles stay agglomerated in bead clusters after field removal. In many bio-
analytical applications, individual beads should be released from the plug after analyte capture for
further processing. The previous technique cannot be readily applied to superparamagnetic or
low-coercivity beads, as these change their magnetic state by Néel relaxation and therefore cannot

be directly applied for immunoassays.

Figure 3.9: Schematic view of a magnetic actuation system for the manipulation of ferrimagnetic particles: (1) PMMA chip; (2) soft
magnetic parts used for magnetic field focusing; (3) electromagnet. The insert shows a schematic view of the magnetic field

distribution between the soft magnetic tips (adapted from ref [105])

An array of needle-shaped planar elements aligned on each side of a channel was also

used for the capture of two differently functionalized beads [107]. The system is designed to
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perform a selective on-chip DNA hybridization assay but does not allow for a dynamic actuation

of the beads (Figure 3.10).
(a) ik
Beads (A) o %o ©

ample/buffer (B) . WA
- "

4

*

y | ‘
Eeads(()_), . Magn. l
field Waste

(b)

Figure 3.10: (a) Schematic illustration of the microsystem and the fluid microchip with the three inlets A-C. The two types of beads
are introduced through inlets A and C, respectively, and separated by a buffer flow applied through inlet B. The captured magnetic
beads close to the magnetic elements are shown. (b) Fluorescence micrograph of a section showing the beads immobilized on the side

walls, a fluorescence signal is observed at the top.

Long range transport of magnetic beads using planar integrated coils was demonstrated
by Rida ez al. [94]; also a wire-based system for the displacement of clouds of magnetic beads was
presented [108, 109]. Manipulation of microdroplets using magnetic beads was presented by
Lehmann ez a/ [110] and this concept was used for the purification of DNA [111]. These
systems are generally used to dynamically manipulate (i.e. displace) the beads in channels,
capillaries or microchambers. Due to the relatively low magnetic field produced by the integrated
wires or coils, the retention of beads in a flow using this principle is limited and the actuation
speed is low. The combination of permanent magnets with electromagnets (coils) is only rarely
applied for the manipulation of magnetic beads on-chip. The combination of integrated coils
with a homogenous field produced by permanent magnets was proposed by Lehmann ez al to
increase the moment of the magnetic bead [112]. It is clear that the combination of permanent

magnets with electromagnet may still improve the efficiency of on-chip manipulation of beads.

3.3.3 Comparison of magnetic bead manipulation methods

Methods using passive elements (i.e. permanent magnets) [95] and active electromagnets
[94, 106] are often reported in the literature. A qualitative comparison of the different methods is
summarized in Table 3.2. The combination of active and passive elements for the manipulation of
magnetic beads on-chip is still not fully explored. Indeed, the main limitation for electromagnet-

based manipulation comes from the relatively low magnetic field produced by an external
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electromagnet or an integrated coil and thus the low magnetic force acting on the bead.
Therefore, combination of electromagnets with permanent magnets might offer a good

compromise between magnetic force and ability to dynamically actuate the beads.

Table 3.2: Comparison of magnetic bead manipulation methods

Methods Force Dynamic actuation | Bead release
Permanent magnet e+ - +

External electromagnet + ++ +
Integrated electromagnet - + I
Permanent magnets + electromagnets | +++ +H+ +

Rotation of chains of superparamagnetic beads was so far achieved using a macroscopic
rotating magnetic field [113-116]. Figure 3.11 shows two examples of macroscopic magnetic
bead manipulators using a four-coil configuration to generate a rotating or a modulated magnetic
field. Both systems are able to create highly tunable magnetic fields at the millimeter scale.
Nevertheless, this approach is based on complex systems with several coils and complex magnetic
cores making microfluidic integration difficult. Moreover, such a system is not ideal for bead
retention in a microchannel, as the magnetic field gradients are weak. Dynamic retention of a low
number of superparamagnetic beads in a flow for a bio-assay on-chip is one of the major
objectives of this thesis and will be discussed in detail in Chapter 5.

A dynamic plug of moving beads, induced by time-varying and localized magnetic
actuation fields in a restricted reaction volume is clearly of interest to increase the interaction
between the beads and the analyte. A strong magnetic force has to be applied on the beads to

increase the actuation speed and improve the retention of the latter in a flow.
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Figure 3.11: (a) Photograph of a quadrupolar coil configuration system used to generate a rotating magnetic fied. (b) The system
serves for the study of rotating magnetic bead chains. (c) Photograph of the magnetic bead manipulator containing a sub-microliter
fluid volume surrounded by four miniaturized coils, capable to create a large variety of magnetic field shapes. d) FEM simulation of

the magnetic flux density using the same current in all the four coils [117].

3.4 On-chip immunoassays

3.4.1 Heterogeneous magnetic bead-based immunoassays

A large majority of immunoassays on-chip using magnetic beads are heterogeneous
sandwich-type assays [68, 118-121]. This may be explained by the possibility to simplify standard
heterogeneous protocols. Indeed, in a heterogeneous protocol, separation of the solid phase (in
this case the magnetic beads) and the liquid phase has to be performed several times with
additional washing steps. A LOC based system may accelerate and simplify these fluid exchanges.
A standard on-chip sandwich immunoassay on magnetic beads is carried out as shown in Figure
3.12. Functionalized beads are first immobilized and then, the sample containing the target Ag’s
is introduced in the microchannel and binds to the capture Ab’s on the magnetic beads. Finally,
the labeled detection Ab’s are flushed through the beads and the detection is performed. In the
particular case of Figure 3.12, enzyme substrate has to be added before the electro-chemical

detection.
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Figure 3.12: Illustration of bio-sampling and immunoassay protocols using magnetic beads. (a) injection of magnetic beads; (b)
separation and retention of beads; (c) flowing sample; (d) immobilization of target Ag; (e) flowing labeled Ab; (f) electrochemical

detection after adding enzyme substrate; and (g) flushing of magnetic beads (adapted from ref [122])

Fluorescent detection is a standard method in biology because it is sensitive and it can be
easily performed under a microscope. The biochemistry for the labeling of proteins with enzymes
or fluorescent dyes is also well established. On-chip detection sandwich immunoassays using a
fluorescently labeled detection Ab were demonstrated frequently. The method is a relatively
simple and straightforward one as the fluorescent signal may directly be detected on the beads and
the background noise induced by non-specific adsorption of proteins at the surface of the channel
is generally low [68, 118, 119]. Lowering of the detection limit using an on-chip protocol was for
example demonstrated by Lacharme ez a/ [119]. The main limitation of the present method is
the lack of amplification of the signal. Indeed, a relatively low number of fluorescent dyes can be
attached to the detection Ab, thus inducing a weak signal when the number of target Ag’s is low.
Amplification of the signal is generally performed using ELISA, but implementation of the
method is more difficult (see below).

ELISA tests have the advantage to amplify the signal when only a few target Ag’s are
captured. A single enzyme-labeled detection Ab induces the fluorescence of many surrounding
substrate molecules. The main limitation for the implementation of an on-chip ELISA using
magnetic beads is the non-specific adsorption of the labeled detection Ab’s at the surface of the
channel walls. Indeed, due to the amplification, the unwanted adsorption of only a low quantity
of detection Ab’s is sufficient to generate a high background signal. Herrmann e a/. proposed two
solutions to overcome this problem. The first approach is to form the immunocomplex off-chip

and then to introduce the beads in the chip for detection (Figure 3.13 a). Later, Herrmann ez a/.
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proposed a full on-chip ELISA using two different chambers, one for the formation of the
immunocomplex and another for the detection of the fluorescent signal (Figure 3.13 b-e). Using
this method a detection limit in the range of few hundreds of pg/mL was successfully

demonstrated.
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Figure 3.13: (a) First approach proposed by Herrmann e a/. for an on-chip ELISA: the formation of the immune complex is

performed off-chip in order to avoid unspecific adsorption of the detection Ab on the channel walls. Signal generation and detection
are performed on-chip (adapted from ref [123]). Second approach proposed by Herrmann e al for an on-chip ELISA: (b)
streptavidin-coated magnetic beads are trapped inside the complexation chamber with an external permanent magnet. The anti-
streptavidin Ab binds specifically to the streptavidin. Similarly, the AP-coupled secondary Ab is added to form the reactive immune
complex. (c) The reactive beads are magnetically transferred into the reaction chamber. (d) The enzyme processes the FDP substrate

into the fluorescent molecule FITC. (e) The reacted solution is then pushed into the detection area (adapted from ref [103]).

3.4.2 Dendritic amplification method

An alternative to ELISA is the dendritic amplification (DA) which has been developed
by several groups for DNA sensors [124-126] and immunoassays [127-129]. The DA methods
employ a pair of multivalent building blocks (molecules or particles) which can bind to each
other. One of the building blocks also binds, directly or indirectly, to the captured analyte
molecule. The amplification is performed by supplying the building blocks alternately onto the
solid surface capturing the analyte. A certain number of reaction cycles build a large dendritic
structure which can easily be detected on the analyte molecule. So far, the DA methods have not
become as popular as the traditional enzyme-based methods, probably because of the iterative

incubation steps for the layer-by-layer growth of the dendritic structure [130].
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Hosokawa e al. proposed an original method to perform DA on-chip using the
intersection of two laminar flows (Figure 3.14) [130, 131]. The dendritic structure is built at the
interface of the two laminar flows avoiding the need to perform iterative steps. To our knowledge,

dendritic amplification on magnetic beads was not demonstrated until now. We present a

method for the use of DA on mobile magnetic beads in chapter 7.

PDMS PDMS

n layers

~ | PDMS

o
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Figure 3.14: Schematic representation of the two modes of Dendritic Amplification. (A) Layer by layer mode. Fluorescently labeled-
streptavidin (F-SA) and biotinylated-anti-streptavidn (B-anti-SA) are alternately supplied to the initial sandwich immunocomplex.
(B) Continuous mode F-SA and B-anti-SA are simultaneously and continuously supplied from the two laminar streams formed by the
Y-shaped channel. Abbreviations: CRP, C-reactive protein; B-anti-CRP, biotinylated anti-CRP; F-SA, FITC-labeled streptavidin;
B-anti-SA, biotinylated anti-streptavidin (adapted from ref [130]).

3.4.3 Homogeneous magnetic agglutination assays

Standards homogeneous assays, such as the latex agglutination test have a relatively poor
detection limit. It has been shown that an enhanced interaction between the beads using USW
reduces the assay time and detection limit. A new approach using magnetic beads for
agglutination assays was investigated by Baudry ez a/ [12, 13]. It has been demonstrated that the
detection limit can be reduced down to 1 pM in the bulk format by introducing immuno-
agglutination with superparamagnetic nanoparticles. This significant improvement is based on a
strong increase of the colliding frequency between the magnetic carriers in the presence of a

magnetic field leading to the formation of magnetic chains (Figure 3.15).
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Figure 3.15: (a) The magnetic agglutination assay method: Magnetic beads grafted with antibodies are mixed with the sample
containing the Ag’s. Ag’s are first captured on the beads. The application of a magnetic field allows the formation of bead chains.
Beads that have captured an Ag will form a link with their neighbor. After a few minutes, the magnetic field is switched off and
doublets are detected by a turbidimetric measurement. (b) Optical density difference measured before and after the application of the
magnetic field (circles: B= 20 mT and squares: B = 0 mT).

A first approach for a chip-based agglutination test with magnetic beads was presented by
Degré ez al. [132]. Agglutination of beads was observed after placing the channel in between two
permanent magnets (Figure 3.13). The high potential of the on-chip agglutination assay principle

could be demonstrated by the sensitive detection of biotinylated Protein A.

a)

d)

20 pm time (s)

Figure 3.16: (a) Configuration of the system with the two permanent magnets positioned beside the microchannel. Images (b)—(d)
show the beads, after the magnets removal, for different concentrations of biotinylated protein A. (b) #= 4s, C= 107 mol I (¢) £= 13s
; C= 1078 mol I'Y; (d) #= 135 ; C= 1077 mol I"". Plot (e) shows the temporal evolution of the ratio of counted beads with time
N(2)/N).
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3.4.4 Comparison of immunoassay methods

Electrochemical detection was previously proposed by Choi e# a/. as shown in Figure 3.12
[122]. This method has the advantage to avoid a complex optical detection system. The detection
limit of such type of system still remains relatively limited compared to optical methods, while
integration of electrical detectors on-chip increase the fabrication process complexity.

Non-fluorescent optical detection is generally performed for agglutination assays.
Detection of aggregates for agglutination tests using small beads (typical below 500 nm) is usually
performed using a turbidimetric measurement [12]. This method is in general not readily
applicable on-chip after retention of the magnetic beads, as the beads have to be uniformly
suspended in the medium. Moreover, for beads typically larger than 500 nm, this method does
not apply as the diameter of the bead is larger than the wavelength of the light. On-chip
agglutination was already detected using image treatment by counting the number of beads after
field removal [132]. This approach is mainly restricted to a lab environment because an
automation of this protocol remains critical as a relatively large number of images have to be
taken and analyzed to obtain valuable statistical results. The implementation of a simple method

for on-chip agglutination detection is therefore of interest.

The integration of heterogeneous assays on-chip has lead to a shortening in the assay
time and improvement of the detection limit compared to standard off-chip assays [68, 119].
Nevertheless, commercialization of such systems remains difficult. One raison for that is the need
of a high number of different liquids (sample, washing buffer, detection buffer, etc.) to perform
the assay on-chip, which involves complex handling of the fluids during experiment. On-chip
integration of a homogeneous assay is therefore a good alternative to reduce the complexity of an
on-chip protocol. Table 3.3 gives an idea of the reduction in complexity of a homogeneous assay

compared to a heterogeneous assay on-chip.

Table 3.3: Comparison of homogenous and heterogeneous on-chip assays using magnetic beads in terms of protocol complexity

Methods Need of an additional | Minimum  washing | Typical standard on-

detection Ab’s steps needed chip detection limit
Heterogeneous Yes 2 Good, 1 ng/mL [68]
Homogenous No 0 N.A.
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Table 3.4 gives an overview of the possibilities given for the different detection methods.
In this work, an optical detection will be used for the detection of aggregations and fluorescent

dendritic amplification on-beads will be also investigated.

Table 3.4: Comparison of the different on-chip detection methods.

Methods Assay type Amplification On-chip Typical on-chip
integration | detection limit

Fluorescent detection Heterogeneous | dendritic ++ 1 ng/ml [68]
amplification

ELISA Heterogeneous | Yes - 0.1 ng/ml [103]

Electrochemical detection Heterogeneous | Possible + 50 ng/ml [122]

Optical detection of aggregates | Homogeneous | No +Ht N.A.

(agglutination test)

3.5 Concept of our device

The development of magnetic bead-based systems is gaining interest and a simple
dynamic actuation system for superparamagnetic beads in a flow is clearly of interest.

The importance to simplify on-chip protocols is important to reach the goal of simple
devices for point-of-care testing. The large majority of immunoassays on-chip is nowadays based
on heterogeneous assays requiring iterative separation and washing steps. Implementing an
agglutination test on-chip is of interest especially for the simplification of the chip integration and
the test protocol. An on-chip agglutination test is discussed in the second part of the thesis and a
model assay using streptavidin-biotin affinity will be used to demonstrate the feasibility of this
approach.

The main concept of our device is summarized in Figure 3.17. First of all, our system has
to provide a fast and efficient separation method to extract the magnetic beads (~1 um) from the
buffer solution. A low number of beads has then to be confined in a restricted volume (ideally < 1
nL) in order to precisely control their number (Figure 3.17 a). In a second step, beads have to be
actuated in order to avoid the formation of a dense and badly perfusable plug of beads. The
actuation has to be perpendicular to the flow direction in order to increase the probability for an
Ag to encounter a magnetic bead (Figure 3.17 a). Finally the beads have to be released for optical
detection. An efficient retention system actuation of

coupled with fast dynamic

superparamagnetic beads on-chip is of primary interest for many kinds of immunoassays on-chip.
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Optimization of the retention and actuation of the beads is therefore an important part of the

thesis.
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Figure 3.17: Our concept for the manipulation of magnetic beads on-chip. (a) Separation of the magnetic beads form the sample with
retention of the beads in a restricted volume (100 x 100 x 100 pm?). (b) Actuation of the beads perpendicular to the fluid flow. (c)

Release of the beads for subsequent analysis.

Our device was designed to address the needs of an on-chip magnetic bead-based
agglutination assay (Chapter 6). Nevertheless, another interesting and promising feature is the
possibility to rapidly move magnetic beads through different parallel reagent flows as shown in
Figure 3.18 (Chapter 7). For example, a plug of magnetic beads immobilized on the channel wall
in a liquid A may be attracted towards the liquid C at the opposite channel wall after crossing an
intermediate liquid B (see Figure 3.18). This method opens new perspectives for immunoassays

requiring a cyclic fluidic exchange, as is the case for the dendritic amplification (see chapter 7).
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Figure 3.18: Schematic illustration of the rapid and cyclic fluidic exchange within our device. Magnetic beads rapidly move through

different reagents (A-B-C) and then come back crossing the reagents in the opposite direction (C-B-A).
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4 The microfluidic platform

In this chapter, the fabrication of the microchips and the microfluidic platform is
discussed. The microchip used during this work is made of PDMS and glass. Fabrication of the
chips is based on standard PDMS replication methods. A microfluidic set-up was designed to
provide a platform for LOC devices requiring magnetic actuation with an external electromagnet.
This set-up was used for several applications such as actuation of magnetic beads [133], magnetic
agglutination test on-chip [134], separation of magnetic beads [135], dendritic amplification on-
chip and magnetic 3D focusing. Moreover, the platform has been used as a basis for the
development of the final integrated chip in the DetectHIV project (see chapter 8). The second
part of this chapter demonstrates the feasibility of an innovative method for the fabrication of
SU-8 monolithic channels in a simple and reliable manner, aiming to simplify the integration of

magnetic parts on-chips and thus the handling of the whole system.

4.1 Microfluidic design

An exploded view of the set-up is shown in Figure 4.1. The magnetic and microfluidic
set-up may be divided in three main components: the microchip, the chip-holder and the
electromagnet (Figure 4.1). Design and fabrication of these three components are discussed in

this section
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Figure 4.1: Exploded view of the magnetic actuation system. The microchip is made of a PDMS molded part (1) and a glass slide (2).
The microfluidic set-up is made of three PMMA parts (3) and the electromagnet is made of a copper coil (4), a magnetic core (5), two

micromachined magnetic tips (6) and two permanent magnets (7).

4.1.1 Microchip design and fabrication

The microchip for the retention and manipulation of magnetic beads in a sample flow
relies on a simple and robust design. A unique microfluidic channel including a single inlet and a
single outlet will be sufficient to perform the agglutination assay on-chip. Two recesses on the

channel side allow the insertion of planar magnetic elements in close vicinity of the channel

(Figure 4.2).
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Figure 4.2. Schematic view of the microfluidic chip. The chip is made of a single microfluidic channel with one inlet and one outlet.
(a) 3D view of the PDMS chip, microchannel and tip recesses allowing the positioning of two magnetic tips on the side of the
channel, (b) 2D view of the chip design.

A standard molding process is used for the fabrication of the microfluidic chip. A SU-
8/silicon master is employed for molding of the polydimethylsiloxane (PDMS) chip. The
fabrication starts with the patterning of a 100 pm thick SU-8 layer on a silicon wafer (Figure 4.3 (
a and b). The PDMS is then molded using the SU-8/silicon master. The PDMS is baked during
12 hours at 65°C for complete polymerization. The cured PDMS part is placed on a glass slide

and the magnetic tips are inserted manually from the side of the chip (Figure 4.3 d).

B su-s PDMS ©
B# Exposed standard SU-8 B Magnetic tips
] Silicon ] Glass
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(d)

m _ channe _
e

Figure 4.3: PDMS chip fabrication. (a) A 100 pm thick SU-8 layer is deposited on a silicon wafer and patterned to define the channel

and the recesses for the magnetic tips. (b) The SU-8 master is developed. (¢) PDMS is molded using the SU-8/silicon master. (c) The

PDMS part is then positioned on a glass slide to form the microchannel. Two magnetic tips are inserted from the side of the chip.
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In practice, molding of the chip starts with the positioning of the SU-8 master on an
aluminum support (Figure 4.4 a). A PMMA piece serves to define the outer shape of the chip.
Using this method, it is possible to precisely control the outer shape of the chip. Brass pins are
used to defines holes for the fluidic connections and reservoirs (Figure 4.4 b). The mould is finally
filled with PDMS in a vertical position using a venting hole to remove trapped air bubbles (see
Figure 4.4 ¢). PDMS is manually injected through the PMMA inlet using a disposable syringe

and the device is cured as mentioned before.

(a)

. (d)
—.. O
PDMS % 5 o 5 f
PDMS Air

Figure 4.4: Molding of the PDMS chip. (a) Positioning of the SU-8/silicon master on the aluminum support, (b) positioning of the
PMMA case and insertion of the brass pins, (c) Injection of the PDMS and expulsion of the air bubbles (d) front view of the mold
showing the PDMS inlet and the air outlet.

Figure 4.5 shows the device used for molding of the PDMS chip. The mold is made of

three distinct components to allow easy unmolding of the chip (see Figure 4.5).

Figure 4.5 : (a) Photograph of the mold used for the fabrication of the PDMS chip. PDMS is injected in the mold using a disposable
syringe from the PDMS inlet while the air outlet is used to remove eventual bubbles trapped in the PDMS. (b) Exploded view of the
mold with the cap (1), the frame (2) and the base (3).
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Using this method, reproducible PDMS chips are fabricated (Figure 4.6 a). The outer
shape of these chips is well defined and can therefore easily fit into a chip holder. A photograph
taken with an optical microscope of the channel and the magnetic tips is shown in Figure 4.6.
Moreover, this method allows changing the microfluidic design of the chip without affecting the

rest of the microfluidic platform.

Figure 4.6: (a) PDMS chip with the single microchannel and the two recesses for the magnetic tips. (b) Photograph of the
microchannel with the inserted magnetic elements showing the critical dimension of 40 pm between the magnetic tip and the
microchannel wall. (c) An O-ring like structure directly molded in PDMS is used to obtain a leakage free connection between the chip
and the chip holder.

4.1.2 Chip holder and fluidic protocol

The chip holder was designed to be flexible and to address the needs of a maximum of
different applications involving magnetic actuation. Six microfluidic outlets have been included
in the platform (see Figure 4.7 a). For each connection, a direct access to the chip is possible
using a pipette and a micro-loader or via an external flexible tube. A photograph of the whole
magnetic platform is shown in Figure 4.7 b. In this example three inlets (I-1,I-2,I-3) and one
outlet (O-1) are connected. “Up-church®” connectors are used for secure connections between

the flexible tubes and the PMMA chip holder.

51



Chapter 4 - The microfluidic platform

J side A =
! L SR
o_i -3 4 e
@ . f’ > d
=2 k&gﬂ;;"! JP |
=l =
o - oY ; »
7o : P -2
2 I P, N s 1
/3 side B ~*a| = 1
ST

Figure 4.7: (a) Schematic view of the chip holder (from the top), three inlets and three outlets may be connected to external tubes. (b)

Photograph of the magnetic retention system with three inlets (I-1,I-2,1-3) and one outlet (O-1) connected to external tubes.

Assembling of the system starts with the insertion of the PDMS/glass chip in the
PMMA holder. The PDMS chip is self-aligned in the chip-holder and secure fluidic connections
between the PDMS and the PMMA are established by “O-ring like” structures molded into the
PDMS chip (Figure 4.6 ¢). A PMMA cap tightly clamps the chip into the holder. The two
magnetic poles are inserted from the sides into the PDMS recesses prior to final clamping. Two
movable permanent magnets required for the plug actuation can be easily placed on the PMMA
cap.

The microfluidic setup is schematically shown in Figure 4.8 (a). We have chosen to drive
the liquid in the microchannel by connecting a syringe pump to the outlet (O-1) of the chip in
order to have access to an open reservoir. This simple method allows for a good control of the
flow in the channel in suction mode. An open reservoir is essential to introduce fresh and well
suspended bead solution before each experiment. Moreover, a single inlet is enough to introduce
different liquid (i.e. beads, sample or washing solution).

Before starting an experiment, the microfluidic setup is manually prefilled with buffer
solution using a prefilling syringe (see Figure 4.8 a). Buffer solution is injected through the outlet
(O-1) to fill the chip holder and microchannel (Figure 4.8 b). Bubbles trapped in tubes and
fluidic connections are removed through a venting bypass in the chip holder (Figure 4.8 ¢). The
system has to be completely bubble-free to enable control of flow rates down to 1 nl/s in a reliable
manner, i.e. without any hydraulic compliance effect. Subsequent flow control is done using an
automated precision syringe pump (Figure 4.8 a). The small on-chip reservoir in the PDMS chip

is then emptied using a pipette and refilled with beads or sample solution (Figure 4.8 ¢).
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Figure 4.8: Microfluidic platform. (a) Schematic view of the fluidic setup used to control the flow in the microchannel from the outlet
(O-1). (b-d) Prefilling of the device with buffer from the outlet (O-1): (b) cap closed for initial filling; (c) Cap open for releasing the
bubbles (dashed circle) trapped in the tubes and connectors; (d) the on-chip reservoir in the PDMS chip is manually emptied and

refilled with beads or sample using a pipette with a microloader tip.

4.2 Electromagnetic actuation system

4.2.1 Core design

An external coil is used to generate a time-varying magnetic flux which is guided through
a magnetic core and by the micromachined magnetic tips to focus the magnetic field across the
microchannel. The electromagnet core is positioned around the microfluidic chip holder (see
Figure 4.9). The whole system is designed to fit under an upright or an inverted microscope. In
this study, an inverted microscope was preferred to simplify the access to the open reservoir.
Observation of the microchannel is always performed through the glass slide. The electromagnet
is placed horizontally in order to allow illumination from the top of the system while observing
the channel from below. The optical transmission mode is used to improve the image contrast
when observing the beads in the microchannel. By applying an AC current decreasing in time
through the coil, the magnetic core may be magnetized and demagnetized. The residual field

should be small in order to allow the magnetic beads to flow away in the microfluidic chip for
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further analysis. Materials exhibiting this characteristic are called soft magnetic materials. The

magnetic core and magnetic plates require different characteristics which are discussed in this

section.

Observation

Figure 4.9: Side (a) and top (b) view of the magnetic system. A transmission mode optical set-up is used to improve the image contrast

of the beads in the microchannel (c).

The role of the magnetic core is to guide the magnetic flux from the middle of the coil to

the focusing magnetic tips. The relative permeability of the material has therefore to be high. It

has also to have a sufficient saturation magnetic induction, to avoid saturation. The materials

listed below match these requirements and are compared in Table 4.1. Parameters to consider the

best choice are: ease to process the material and the relevant magnetic characteristics (B and ug).

Table 4.1: Comparison of soft magnetic materials in terms of magnetic characteristics and ease of machining for the magnetic core

Material Relative permeability | Saturation induction | Machining
UR Bia

Soft ferrite + -/+ o

Pure Iron + FH+ -

PERMENORM ot ++ ++

The PERMENORM material is the best option according to the above table. The

magnetic core has millimeter size features. The machining technique was determined according
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to the dimensions and to the material. PERMENORM with such dimensions may be easily

machined using Computerized Numerical Control (CNC) machining.

4.2.2 Coil design

Figure 4.10 shows the maximum coil size that can fit into the system under a standard
optical microscope. From these dimensions, it is possible to estimate the maximum magnetic
potential that can be produced with the coil while avoiding overheating of the system. The

magnetic potential produced by a coil is given by:

O=N-1=N-S-J (4.1)

with § the section of the coil and J the current density. The equivalent system to determine the
magnetic potential is a single wire filling a section of 20x10 mm?* with about 50% filling factor.

The filling factor is the percentage of the cross section of the coil which is filled by copper.

20 mm

10 mm

Figure 4.10. Cross-section of the maximum coil size allowed to fit into the system under the microscope.

The maximum current density in a copper wire to avoid overheating is estimated to be
around 7 A/mm’. Using eqn (4.1) and considering the filling factor of 50%, the maximum
magnetic potential is 700 A using the given coil.

For a good control of the magnetic potential, a maximum current of 0.5 A with an
operation voltage below 12 V was chosen. The number of windings using the chosen maximum
current is calculated using eqn (4.1) as N=1400. The maximum area for a single winding
according to the 100 mm? available is thus Sy, = 0.07 mm? which correspond to a diameter of 0.3

mm. The electrical resistance for one average winding is given by:

v S (4.2)
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with p being the resistivity of the copper, /= 7.5 mm being the perimeter of the winding and §

the section of the wire. The total resistance of the coil is finally:

Rot :N &w (4.3)

In consequence, the voltage needed to obtain a 0.5 A current is 8 V and may therefore be
applied with a standard power supply. An experiment was performed in order to measure the
temperature rise of the coil generated by the current. Figure 4.11 shows that using a current of 0.5
A, the outer part of the coil is heated up to 60°C. To prevent any damage of the system, the

upper current limit was set to 0.3 A corresponding to a temperature of 40°C in use.

60—-
55—-
50-
451
40__ ———————————————— A

354 a

temperature [°C]

30

254 At

|

|

|

|

A |

|

|

4 |
20 T ) T o T 0 : N T N T

0 100 200 300 400 500

input current [mA]

Figure 4.11. Temperature rise measured at the surface of the coil as a function of the current applied. An upper limit of 0.3 A was

defined to prevent any damage of the system.

4.2.3 Magnetic tips design

The magnetic tips are one of the most critical parts of the system as their function is to
focus the magnetic field and create the highest possible gradient across the channel in order to
retain the magnetic beads in the flow. The thin and sharp focusing tips are the part of the
magnetic circuit that saturate first Hence, the foremost parameter to maximize is the saturation
magnetic induction of the material to be used. Low coercivity is needed to demagnetize readily
the device once the current in the electromagnet is switched off. A satisfying relative permeability
is also needed to minimize the magnetic reluctance of the focusing plates. The first approach

would be to integrate the magnetic tips directly on the chip. Electroplating would be required for
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the deposition of thick metal layer in the range of 50 to 100 pm. However, the only available
material type that could be easily deposited, permalloys (NiFe alloys), has much poorer magnetic
properties than permalloy thin foils (clean room processessing would also be required to
implement this method). Laser cutting of a thin magnetic foil (50 or 100 pm in thickness) is a
versatile and simple option offering sufficiently high precision for our application.

Different materials commercially available fulfill the application requirements. Figure
4.12 reports soft magnetic materials from Vacuumschmelze. Those in the highlighted region

meet our specifications (i.e. high saturation potential and low coercivity).
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Figure 4.12: Vacuumschmelze’s soft magnetic material product catalog displayed in terms of saturation magnetic induction as function

of the coercivity (adapted from [136])

For our application, VACOFLUX 50 was chosen. The latter has the best saturation

potential and good magnetic properties which make this material well appropriate for the present

application. Properties of the VACOFLUX 50 are reported in the Table 4.2 below:

Table 4.2: Magnetic properties of the Vacoflux 50 which is used for the fabrication of the magnetic tips

VAC-product Saturation Induction, Coercivity, H. Relative Permeability, s,
Bmt [T] [A/ m]
Vacoflux 50 2.35 <0.8 13 000
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The fabrication process of the magnetic tips has to be precise (resolution < 20 pm) and
cost-effective. For this purpose, this was done by laser cutting using an Nd-YAG laser, with 1024
nm wavelength. This method is well adapted to cut metal sheet from 10 pm up to 1 mm. The
cutting speed is typically 1.6 mm/s thus allowing the fabrication of more than 30 tips per hour.

The heat affected zone is estimated to about 2-to 3 pm which is acceptable on a 100 um wide tip.

4.3 SU-8 monolithic microchannels

As described, our microfluidic chip is made of PDMS and a glass slide. In this case, the
magnetic parts have to be inserted from the side of the chip in between the glass and the PDMS
part which is well appropriate for lab work [133, 137]. Nevertheless, this operation is not suitable
for reproducible and automated positioning of the magnetic tips. Furthermore, the distance of the
tips from the magnetic bead suspension in the channel is a critical parameter. It is defined by the
sidewall thickness of the microchannel. However, thin PDMS sidewalls may be easily deformed
when inserting the magnetic tips, resulting in inaccurate positioning and, in the worst case, in
leaking microchannels. Here, we demonstrate the feasibility of a new fabrication technique used
to make monolithic SU-8 structures providing a reliable solution for these issues. It provides an
efficient design for the chip open recesses and sealed microfluidic structures, which are in close
proximity on the same chip. The magnetic tips are typically 100 um wide and the channel

sidewall thickness is 40 pm. A schematic 3D view of the device is presented in Figure 4.13.

magnetic microtips

silicon

Figure 4.13: Schematic view of the microfluidic device for magnetic bead handling on-chip implementing a new fabrication process.
This device requires, on the same chip, a monolithic sealed SU-8 channel and open recesses for easy insertion from the top and
accurate positioning of the magnetic microtips in close contact with the rigid channel sidewalls. A high-UV absorption SU-8 layer is

used to define the channel top membrane.
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4.3.1 Motivation for the fabrication of a monolithic SU-8 channel

SU-8 photoresist is commonly used in the field of microfabrication as structural material
or for molding of microfluidic devices as discussed above. One major limitation, however, is the
difficulty to process partially freestanding SU-8 structures or monolithic closed cavities and
channels on-chip. We propose here a simple method for the fabrication of suspended structures,
in particular of monolithic SU-8 microchannels. The method is based on the processing of a SU-
8 double-layer. Appropriate modification of the optical properties of the upper layer allows for
selective crosslinking in the layer sandwich. This process is suitable for versatile layouts
comprising open and hollow SU-8 structures on the same chip.

The negative epoxy-based photoresist SU-8 has a wide range of applications in the field
of microfabrication. The possibility to process up to several 100 pm thick layers with high aspect
ratio, as well as its optical transparency and chemical inertness explain the popularity of this
material [138]. SU-8 masters are frequently used for molding of PDMS microfluidic channels as
it is the case for our PDMS chip [139]. Even if standard SU-8 processing is routinely
implemented in most microfabrication laboratories, a particular challenge consists in fabricating
SU-8 structures with free-standing or suspended parts [138]. Here, we propose a new and robust
technique to fabricate monolithic suspended SU-8 structures. In particular, we demonstrate the
feasibility of creating closed SU-8 microfluidic channels on-chip, side-by-side with open
structures. This degree of flexibility in SU-8 processing could not be achieved with other
techniques presented so far.

Difterent approaches have been proposed in literature to fabricate SU-8 structures that
are dissociated from the substrate. A positive photoresist (AZ-1518) was used as sacrificial layer
for the fabrication of a SU-8 rotor for piezoelectric motors [140]. This method, however, may not
be generally applicable, as the thickness of the sacrificial layer does not exceed a few micrometers.
Furthermore, it has been observed that solvent diffusion at the interface strongly alters the SU-8
properties [141]. Bonding of two SU-8 layers was successfully implemented for the fabrication of
SU-8 microchannels [142, 143]. With this technique patterned SU-8 films on two distinct wafers
are brought in close contact and bonded by thermal treatment. This approach also allows for the
fabrication of multilayer structures. Lamination of a dry film photoresist (Riston®)[144] or
uncrosslinked SU-8 layers[145] was also reported to cover microchannels, but applying pressure
on the substrate may make this process prone to failure.

Free-standing SU-8 structures can be obtained by selective polymerization of a top layer
without affecting the underlying unexposed layer. The latter layer has the function of a sacrificial

layer and can be dissolved to release the suspended part. Selective exposure of SU-8 is possible
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using e-beam lithography [146], laser writing [147] or deep-UV lithography [148]. These
approaches offer good results, but require particularly sophisticated equipments. Another
successful method was the deposition of a thin aluminum film in between two SU-8 layers to stop
light propagation during exposure of the top SU-8 layer [148]. Partial exposure of SU-8 was also
achieved by using substrates coated with an antireflection layer [149] or by adding a positive resist
(SC1827) to the SU-8 to increase UV absorption [150]. The latter method is comparable to our
approach but addition of SC1827 may negatively affect the material properties of the SU-8.

In this work, we present and demonstrate a new approach for the fabrication of SU-8
monolithic suspended structures by using standard photolithography. Our method is based on the
selective enhancement of the UV-absorption in the modified top layer of a SU-8 double-layer
structure. This simple approach allows the fabrication of both long monolithic closed SU-8

microchannels and large suspended membranes.

4.3.2 Materials and methods

Our fabrication process is based on a SU-8 double-layer structure. Figure 4.14
schematically shows the process flow. Two SU-8 layers featuring different UV absorption spectra
are superposed and processed. First, a standard SU-8 layer (GM 1070, Gersteltec, Switzerland) is
spin-coated on a silicon wafer and processed (thickness 50 pm, 2000 rpm for 30 s, 400 m]/cm?
mask 1). For microfluidic applications, this layer will define the height of the microchannel
(Figure 4.14 a). Parameters for soft and post-exposure bake are indicated in table 1. The layer is
not developed at this stage. Subsequently, the second SU-8 layer (GM 1060, Gersteltec) is spin-
coated on top of the first one (20 pm, 1000 rpm for 30 s), soft-baked and exposed (Fig 1b, mask
2, 44 mJ/cm?).
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Figure 4.14: Fabrication process of a suspended SU-8 structure for a monolithic closed SU-8 microchannel. (a) A standard SU-8 layer
is spin-coated on a silicon wafer, followed by a soft-bake, exposure to define the channel walls (mask 1) and a post-bake. (b) A second
layer using a modified high-UV-absorption SU-8 is spin-coated, soft-baked and exposed to define the roof of the microchannel (mask
2). (c) Subsequent exposure through mask 1 improves the adhesion between the two SU-8 layers. (d) The SU-8 double layer is

developed to release the microchannel.

The second SU-8 layer defines the thickness and shape of the suspended membrane in
the final monolithic device. In order to fabricate the suspended structure, the optical properties of
the second SU-8 layer have been modified. Exposure of the top layer must not affect underlying
unexposed parts. We solved this issue by using a SU-8 film with enhanced UV-absorption, as is
shown schematically in Figure 4.14 b. Enhanced UV-absorption is achieved by increasing the
photoinitiator concentration of the standard SU-8 (GM 1060) by a factor £ (k=5 or k=10; k=1
refers to the unmodified commercial resist). Different concentrations were prepared by mixing

corresponding quantities of dissolved triarylsulfonium salt with SU-8.

To ensure good adhesion between the two superposed patterned SU-8 layers in the final

structure and full crosslinking of the top SU-8 layer is required at the interfaces. This is achieved
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by an additional exposure step through the first mask (Figure 4.14 ¢, mask 1, 30 mJ/cm?). After a
final post-exposure bake, the wafer is developed in propylene glycol monomethyl ether acetate
(PGMEA) for 16 minutes to release the microchannels and to remove encapsulated
unpolymerized SU-8 (Figure 4.14 d). Soft-bake and post exposure bake temperatures and ramps
are adjusted experimentally and are summarized in Table 4.3. The soft-bake parameters of the
second layer are most critical as they affect also the properties of the underlying first layer. In
order to avoid overheating of the first layer, the maximum temperature of the post-exposure bake
is reduced from 130°C (value recommended by the supplier) to 80°C and the time was increased

from 5 min to 120 min.

Table 4.3: Parameters for soft-bake (SB) and post exposure bake (PEB) of the first SU-8 layer and the two superposed layers for the

fabrication of suspended structures

1st layer 1st+2nd layer
Resist type: Resist type:
GM 1070 GM 1070/modified GM 1060
30 = 130°C 50 min 30 = 80°C 25 min
SB 130°C 5 min 80°C 120 min
130 = 30°C 50 min 80 = 30°C 25 min
30 = 80°C 30 min 30 = 90°C 20 min
PEB 80°C 20 min 90°C 50 min
80 = 30°C 90 min 90 = 30°C 90 min

4.3.3 Characterization of the modified SU-8 layers

Increasing the photoinitiator concentration in the upper SU-8 layer enhances absorption
of UV-light. We take advantage of this property to minimize cross-linking of the underlying SU-
8 in the double-layer during exposure. Figure 4.15 shows measurements of the transmitted light
through a 20 pm thick SU-8 layer (GM 1060) on quartz in the range of 280 to 420 nm.
Transmission curves have been recorded for three different photoinitiator concentrations (k=1, 5
and 10) using a Lambda 900 spectrophotometer (Perkin Elmer, USA). For the wavelength of
interest (Hg I-line, 365nm), the transmitted light for a standard SU-8 film (k=1) is 87% of the
incident light. A fivefold increase of the photoinitiator concentration (k=5) results in a strong
reduction of the transmitted light intensity to 69%. Further increase of the photoinitiator
concentration still reduces the transmitted intensity, but the effect is less pronounced (59% for

k=10).
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Figure 4.15: Transmittance of 20 pm thick SU-8 films (GM 1060) on quartz at different wavelengths as a function of the relative
photoinitiator concentration k (k=1 refers to the standard concentration). In the modified films with 5 or 10 fold increase of the

photoinitiator concentration a clear reduction of the transmittance from 87% to 59% is observed for the I line of the Hg spectrum

(=365 nm).

It is important for the fabrication of suspended SU-8 structures to control precisely the
thickness of polymerization when exposing the upper layer of the sandwich. The latter was
determined by backside exposure of a 20 pm thick single SU-8 film through a quartz wafer.
Exposure at various doses results in polymerization of the film on the side in contact with the
wafer, leaving an unpolymerized portion on top of it. After development, only the polymerized
film remains on the wafer. Figure 4.16 shows the polymerization thickness as a function of
exposure dose for two different photoinitiator concentrations (GM 1060, k=1 and k=5). Films
with higher photoinitiator concentration (k=10) show bad uniformity, most likely due to an
excessive amount of solvent.

The polymerization thickness as a function of the exposure dose is related to the contrast

y of the resist,

D
y = logF (4.4)

where D’ is the dose required to reach full polymerization of initial film thickness. The critical
dose D' corresponds to the dose limit below which the complete SU-8 layer is dissolved during
development (i.e. no polymerization occurred). In general, standard SU-8 formulations have high
contrast, as is required for patterning thick layers with high aspect ratio. In our case, it is

important to reduce the contrast of the top SU-8 layer in order to increase the window between
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the critical exposure dose D’and the exposure dose DY that leads to complete polymerization of
the layer. The corresponding values can be derived from Fig. 4 (D’ for a normalized film
thickness of 1 and D’ for a normalized thickness of 0). We find D’=15 mJ/cm? and D’=150
mJ/cm? for the standard SU-8 film (k=1), and D=9 m]J/cm? and D250 m]J/cm? for the modified
SU-8 film (5 fold increased photoinitiator concentration, k=5), respectively. Using eqn. (1), we
derive a contrast of 0.7 for the modified film, compared to 1.0 for the standard film. Increasing
the photoinitiator concentration thus decreases the slope of the dose-thickness curve in Figure
4.16 , allowing more precise control of the exposure of the modified top layer. As a consequence,

residual polymerization of the underlying unexposed SU-8 can be efficiently avoided.
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Figure 4.16: Polymerized SU-8 film thickness as a function of the exposure dose D, as obtained by backside exposure after
development ( A = 365 nm, normalized with respect to the initial film thickness of 20 pm). Standard SU-8 (k=1, GM 1060) and SU-8

with a 5 fold increased photoinitiator concentration (k=5) are compared.

4.3.4 Monolithic SU-8 microchannels
Double layer sandwiches comprising a standard SU-8 film (k=1) and a modified SU-8

film (k=5) are processed as shown in Figure 4.13 to fabricate monolithic closed microfluidic
channels on silicon substrates. The thickness of the lower layer, i.e. the channel height, is 50 pm
and the thickness of the top layer is 20 pm, respectively. The exposure dose of the modified film
is adjusted experimentally to 44 mJ/cm’. According to Figure 4.16, this dose is sufficient to
trigger crosslinking in about 10 um of the modified upper SU-8 layer. Cross-linking of
underlying unexposed structures may therefore be securely avoided. These “sacrificial” parts are
fully dissolved during development, which is done after an additional exposure step (Figure 4.14
c) that allows to fully polymerize the 20 um top layer at areas that are attached to the underlying
SU8 structures.

Figure 4.17 shows scanning electron microscope (SEM) pictures of the cross-section of
three monolithic SU-8 microchannels that have been fabricated with the new method. The
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channel width is in the range of 50 to 200 um with a length of 3 cm. Pictures of the cross-
sections are taken in the middle of the channel and show the complete dissolution and removal of
encapsulated unpolymerized SU-8 in the channel. Due to the choice of the exposure dose, the
resulting final thickness of the suspended structure, i.e. the roof of the microchannel, is about 10
pm. The required fine adjustment of the polymerized layer thickness is only possible with the
modified SU-8. Similar experiments using a SU-8 top layer with standard properties were not

successful.

Figure 4.17: SEM pictures of cross sections of different monolithic SU-8 channels fabricated using a SU-8 layer with modified optical
properties for the suspended channel top membrane. The nominal cross section areas are (a) 100 x 50 pm?, (b) 50 x 50 pm? and (c)
200 x 50 pm? with a mean channel roof thickness of 10 pm. The channel length is several centimeters. Pictures are taken in the middle

of the channel.

Only standard photolithographic equipment is required, the process can therefore be
easily implemented in any microfabrication lab facility. This versatile approach opens new options
for the design of microfluidic circuits or microdevices incorporating membranes. Certain
drawbacks of commonly used PDMS microfluidic devices, related to the elasticity of the material
for instance, as well as certain packing and interfacing issues, may be circumvented with this new

technique.
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5 Kinetics of the actuated
bead plug

In this chapter, the physics and the dynamics of the plug of magnetic beads is discussed.
The formation of a highly confined and dynamic plug of beads extending over the cross-section
of the microchannel is enabled by superposing a static and a time-varying magnetic field. The
latter is generated by an electromagnet and focused across the microchannel using
microstructured soft magnetic tips. Finite element calculations of the magnetic force distribution
compare well with the experiments. Our system allows improving the exposure of
superparamagnetic beads to a microfluidic flow which is of particular interest for integrated LOC

applications.

5.1 Bead capture and retention

The first important step of the assay protocol is the capture of the beads in-between the
two magnetic tips. During this step, the system works in a similar way as a separation system
where the magnetic beads have to be extracted from the liquid medium [151-154]. Beads are
brought in proximity of the magnetic tips by the fluid flow where they are captured by the
magnetic force. To control the number of beads for an assay, all the beads passing through the

tips have to be captured.
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5.1.1 Forces acting on a magnetic bead in a flow

Finite Element Method simulation was performed with Comsol multiphysics 3.4™. This
technique was used to calculate the magnetic field distribution, forces on the beads and flow
velocity. Both two-dimensional (2D) and tri-dimensional (3D) simulations were used during this
work to gain a better understanding of the actuation principle. As discussed in Chapter 2, the

force acting on superparamagnetic beads was calculated using the following equation:

Fmag = (ﬁ/lsat ) V)E (51)

M= pMoV = 1.78:10™ Am®. M..= 20 Am?/kg was taken from Figure 2.8 (chapter 2), p = 1700
kg/m’® is the density and ¥ the volume of the particle [155]. The saturation characteristic of the
material was also implemented using Vacuumschmeltze® information. Figure 5.1 represents the
function used to take in consideration the saturation of the magnetic tips. The relative
permeability x, decreases down to 1 with increasing magnetic field induction (saturation is

achieved for B > 2.35 T).
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Figure 5.1: Approximated decrease of the relative permeability 4, as a function of the magnetic field induction for the VACOFLUX

50. This function is used in Comsol multiphysics to account for the magnetic saturation of the material used for the magnetic tips.

2D simulations were used to map the force field in the microchannel. It is shown that 2D
FEM simulation is sufficient to obtain qualitative information about the behavior of beads
actuation. Nevertheless, a 2D FEM simulation does not give a precise estimation of the force or
velocity of a bead. A 2D FEM simulation does not account the magnetic flux leakages in the
vertical direction (out of the plane of the tips) and therefore does not allow a quantitative

calculation of the magnetic force. 3D FEM simulations were therefore implemented in this work
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to calculate quantitatively the force acting on a single bead and to take into consideration the
magnetic flux leakages in 3D (section 5.3.2).

For a valuable estimation of the maximum flow rate which permits a complete capture of
the beads it is important to consider the parabolic flow profile. The fluid velocity profile for a
given flow rate may be estimated using a FEM simulation. Figure 5.2 shows the velocity of the
liquid in a 100 pm wide microchannel using a flow rate of 5 nL/s. The maximum velocity of the

liquid (in this case, 0.75 mm/s) is reached in the middle of the channel.

Max;: 0.800
0.8

0.4 mm/s
0.3

0.2

0.1
0
Min: 0

Figure 5.2. FEM simulation of the liquid flow velocity profile in a 100 pm wide microchannel using a flow rate of 5 nL/s. A

maximum velocity of 0.75 mm/s is observed at the middle of the channel.

Bead release in a flow is shown in Figure 5.3. After removing the magnetic retention
force, beads are released at different positions across the channel, thus they are subjected to

different flow velocities. In this figure the parabolic flow profile can clearly be observed.

Figure 5.3: Photographs of the bead release process in a flow of 5 nL/s. The parabolic flow profile is observed during the release

process of the beads.
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5.1.2 Bead capture optimization

The maximum flow rate allowing a complete capture of the beads is evaluated. Beads
arrive as a random dispersion in the proximity of the magnetic tips. Beads that are close to a
channel side are easily deviated in the y-direction by the magnetic force and captured close to the
tips at the channel wall (Figure 5.4 a). At this location the viscous drag force is low (due to the
parabolic flow profile). Moreover, magnetic force components in the x-direction are high
(proximity of the magnetic tips), thus the retention is more efficient. A critical situation occurs
when a bead is in the middle of the channel, where the magnetic force in y-direction is low and
therefore the bead is only weakly deflected (see Figure 5.4 b). In this case, the viscous drag force
on the bead (x-axis) is high and may easily exceed the magnetic force and the bead can be flushed
away as the maximum drag force is in the middle of the channel (Figure 5.2). Optimization of
the bead capture performance is important to decrease the total assay time by increasing the
maximum flow rate allowed during the capture step. Moreover, high retention forces allow for
reliable and rapid exchange of the liquids and are therefore highly suitable throughout the

experiment.
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Figure 5.4: Principle of the bead capture with the viscous drag force F° B and the magnetic force ﬁ‘mg acting on the bead. (a) Beads are

deviated by the magnetic force and captured towards the tips. (b) Due to the symmetric field configuration, beads close to the middle
of the channel experience only a weak Fg, (in y-direction). Upstream of the magnetic tips Fiug. and Fi. are positive, whereas

downstream of the tips, the magnetic force Fuqg«becomes negative and has to overcome the drag force to retain the beads.

The magnetic force F,, in the middle of the channel (Figure 5.4 b) was calculated by
FEM simulation in order to assess and improve the capture efficiency of the system. All

simulations were done assuming that the beads are saturated (B = 100 mT) [133]. Figure 5.5
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shows the influence of the air gap between the magnetic tips on the force £, Using this FEM

calculation it is possible to estimate the following dependence of the force magnitude £, as a

function of the air gap length /.

1
F ~—
mag ,x 2
2 (5.2)

The larger the air gap is, the weaker is the magnetic force. In our system, the air gap was

minimized using adapted technologies to reduce the channel wall thickness. A fixed air gap of

180 pm was used throughout the experiments.
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Figure 5.5: FEM calculated retention magnetic force Fiug. exerted on a 1 pm Dynabead bead in the middle of the channel for

different air gaps between the magnetic tips. Increasing the air gap leads to a strong reduction of the magnetic force (x=0 is the

symmetric axis of the tips).

The influence of the tip width on the magnetic force was shown to be small compared to

the influence of the air gap (see Figure 5.6). Therefore a 100 um tip was chosen to confine the

beads in small volume (< 1 nL). Moreover, the thin channel wall in contact to the magnetic tips is

a fragile part of the chip and therefore minimizing its length improves the reliability of the chip.
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Figure 5.6: FEM calculated retention magnetic force exerted on a 1 pm Dynabead bead in the middle of the channel for different tip
widths. (x=0 is the symmetric axis of the tips).

Combining the drag force (calculated using Figure 5.2 and eqn (2.16)) with the FEM
simulated magnetic force field acting on a single bead, it is possible to estimate the upper flow
rate limit for a complete bead capture. Figure 5.7 a shows the magnetic force field without flow in
the microchannel. Adding the drag force calculated by FEM simulation (flow rate of 5 nL/s,
Figure 5.2) results in a non-symmetrical force field (see Figure 5.7 b). In this situation, at any
location of the microchannel, the magnetic force is sufficiently high to capture all the beads.
Increasing the flow rate up to 10 nL/s results in the situation shown in Figure 5.7 c. In this case,
the beads close to the middle of the channel might not be captured as the drag force is higher
than the magnetic retention force in x-direction. Introduction of the beads in the system was

therefore done at a flow rate up to 5 nL/s.
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10 nL/s

B —

Figure 5.7: Field of FEM calculated forces exerted on a single Dynabead in the microchannel in between the magnetic tips. (a) Field
of force without flow in the channel (purely magnetic). (b) Field of forces with a flow rate of 5 nL/s. The magnetic force overcomes
the drag force after the tips. This configuration leads to a complete capture of the beads. (c) Field of forces with a flow rate of 10 nL/s.
The magnetic force cannot overcome the drag force in the middle of the channel. A weak net force in the flow direction persists. This

configuration leads to an incomplete capture of the beads.

An experiment was carried out to illustrate the total capture of the beads for a 5 nL/s flow
rate. Figure 5.8 a shows that all the beads visible on the left part of the tips are captured. For a
flow rate of 10 nL/s, some beads can be detected in the downstream flow (Figure 5.8 b)

confirming the expected behaviour.
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Figure 5.8: Photographs taken during bead capture. (a) Complete capture of the beads arriving from the left using a flow rate of 5
nL/s. (b) Using a flow rate of 10 nL/s leads to an incomplete capture of beads. Some beads may be observed after the retention system
(dashed circles).

5.2 Bead actuation principle

An important parameter to optimize the sensitivity of an on-chip immunoassay is the
number of magnetic beads compared to the number of Ag’s present in the sample solution.
Decreasing the number of beads is an advantage to reach a low detection limit. To allow
decreasing the number of beads while keeping good Ag capture probability, a rapid cyclic motion

of the beads perpendicular to the flow is of interest.

5.2.1 Bipolar configuration

As a first approach, a simple bipolar magnetic system using two soft magnetic tips
without permanent magnets was tested (Figure 5.9). The 2D FEM simulation of Figure 5.9 b,
shows a symmetric magnetic field with respect to the channel axis. In the experimental situation
of Figure 5.9 ¢, a 20 Hz alternating magnetic field is applied to the tips, but no bead motion can
be induced. Superparamagnetic beads are simply attracted towards the poles and form static plugs
on the channel walls, even if a time-varying field is applied. Such very dense bead plugs are
obviously not ideal for efficient perfusion with a liquid. Ferrimagnetic beads, having higher
coercivity form rotating chains in such a bipolar field configuration [106]. In the present work,
superparamagnetic beads are mandatory for release of the beads after an Ag’s capture prior to

detection.
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Figure 5.9: (a) Schematic view of the bipolar system with the magnetic tips (1), the microchip (2) and the external coil (3). (b) 2D
FEM simulation of the magnetic induction B for a bipolar magnetic configuration (without permanent magnets). Arrows represent
the force field acting on a magnetic bead. (c) Enlarged view of the region of interest in the microchannel. Two static magnetic bead

plugs appear in the bipolar system even when a time varying field is applied through the tips.

5.2.2 Quadrupolar actuation system

A simple actuation system is of importance in this work to allow easy integration into the
final prototype (see chapter 8). In this work, the strong magnetization of permanent magnets was
used together with the tunable field produced by the electromagnet. The relatively weak magnetic
field produced by the electromagnet is focused across the microchannel using magnetic tips
placed in close contact to the channel (see before) while two permanent magnets are placed at
several millimeters away from the magnetic tips. This configuration allows minimizing the

number of microfabricated elements to only two micrometer-sized tips.

Adding two permanent magnets to the bipolar system, as schematically shown in Figure
5.10, results in a magnetic quadrupolar configuration that fundamentally changes the actuation
properties. Using this configuration, it is possible to generate a cyclic motion of the beads across
the channel, i.e. perpendicular to the liquid flow. In our quadrupolar magnetic system, the
magnetic field produced by the permanent magnets in the region of interest is estimated to about

100 mT. Amplitude and frequency of the time-varying field between the soft magnetic tips can
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be adjusted by changing the current amplitude in the coil in order to modify the dynamic

behavior of the beads (see section 5.3).

Figure 5.10: Schematic view of the active region with indication of the magnetic field, when using (a) a positive and (b) a negative coil
current. (¢) Microfluidic chip and magnetic actuation system: soft magnetic tips (1) are inserted in the chip from the side, while two
(removable) permanent magnets are positioned on top of the channel. The time-varying field applied to the tips is generated by an

external coil (3).

Symmetric magnetic field configuration

Figure 5.11 shows a 2D FEM simulation of the magnetic field induction B = ‘E‘ for the
quadrupolar configuration. The magnetic force field acting on a bead, calculated using equation
(5.1) in the FEM simulations, is represented by arrows. By positioning the two permanent
magnets symmetrically with respect to the tips, the resulting total field has point-symmetry.
Beads are attracted to the corner of the magnetic tips where the field has a maximum. Inverting
the coil current shifts the field maxima to the opposite tip. The magnetic force drives the beads

alternatively across the channel with the frequency of the applied time varying field.
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Figure 5.11: 2D FEM simulation of the symmetric quadrupolar field configuration: Magnetic field induction B for a positive (a) and
negative (b) coil current (intensity in [mT]). The two permanent magnets are positioned at equal distance from the tips (symmetric

configuration). Arrows represent the magnetic force field exerted on a superparamagnetic bead.

The dynamic behavior of the beads is illustrated in the photographs in Figure 5.12. The
experiments show that the beads split into two distinct plugs. The two plugs cross the
microchannel in opposite directions when the current polarization in the electromagnet is

inverted. At low field frequencies, two dense bead plugs form temporarily on each side wall

(Figure 5.12).

Figure 5.12: Bead plug dynamics between the magnetic tips in a symmetric quadrupolar field configuration. The sequence of
photographs shows two distinct plugs of beads crossing the channel in opposite directions for a low field frequency (here 7 Hz),

formation of dense plugs on the side walls is observed.

The kinetic behavior of the plugs changes significantly for higher frequencies. Figure 5.13
shows plugs actuated at 60 Hz in a symmetric quadrupolar configuration. In this case, a large
portion of the beads stays in the middle of the channel. The bead chain orientation corresponds
to the field lines obtained by FEM simulation (see Figure 5.11). When the current polarization is
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changed, rotation of the bead chains is observed (Figure 5.13). Increasing the actuation frequency
up to the limit where beads do not have time to cross completely the microchannel, results in
plugs with larger cross section and higher porosity. This feature is advantageous for a better plug

perfusion and higher analyte capture probability.

nE

Figure 5.13: Sequence of photographs showing two distinct plugs of beads moving across the channel for an AC field frequency of 60

Hz. Chains form along the field lines and change orientation. Dashed lines represent the main orientation of the bead chains.

Asymmetric magnetic field configuration

In order to increase the sensitivity of fluorescent-based immunoassays or agglutination
tests, the number of Ag’s captured on the magnetic beads has to be maximized. For a given
analyte concentration range, this can be achieved by minimizing the number of beads in the
capture plug while keeping a high Ag capture probability. For that reason, we introduced a
slightly asymmetric positioning of the permanent magnets in our system. The resulting magnetic
actuation forces are higher on the left side of the tips compared to the right side (Figure 5.14 a).
With this configuration, beads are confined in a single dynamic plug moving between the tips as
shown in Figure 5.14b. In this way, the total number of beads for protein capture may be reduced
by a factor of two without reducing significantly the capture efficiency. The asymmetric
configuration will be used in the remainder of this thesis. Beads are retained in this confined

volume, even in the presence of viscous drag forces imposed by a solution flow.
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Figure 5.14: Asymmetric quadrupolar field configuration: (a) FEM simulations of field and force of the system with an asymmetric
positioning of the permanent magnets with respect to the tips. In the present case, the asymmetry results in an increase of the

magnetic force on the left hand side of the magnetic tips. (b) A single dynamic bead plug forms and moves in between the tips.

5.3 Analysis of the kinetic behavior of chains and clusters

Characterization of the dynamic plug of beads in the system is of importance for
optimization of the beads actuation and retention efficiency. In this section, the dynamic of the
plug as a function of the frequency and the field amplitude is discussed. The motion of beads
starting from a single bead behavior to larger clusters in a magnetic field is studied. The

importance to consider the clustering of beads in the plug dynamic is highlighted.

5.3.1 Dynamic properties of the actuated bead plug

For efficient analyte capture from a solution flow, a magnetic bead plug extending across
the microchannel needs to be generated. The shape and dynamics of the bead plug formed by
magnetic retention depends on the magnetic field parameters. Amplitude and frequency of the
time varying field between the soft magnetic tips are modulated by changing the current in the
external electromagnet. The constant magnetic induction of the permanent magnets is estimated
to 100 mT in between the tips. Figure 5.15 a and b demonstrate the plug behavior for time

varying field amplitudes higher than the static field (about 200 mT in the center region). Beads
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are attracted towards the tip corners, where the total magnetic field has a maximum, and form
two dense and diagonally opposite plugs. Changing the polarity of the coil current moves the field
maxima and results in a lateral shift of the plugs along the channel walls. 2D FEM simulations
show that the force acting on a bead is strongest near the tip corners (Figure 5.15 a and b).

For time-varying field amplitudes comparable to the static field strength (i.e. in the range
of 100 to 150 mT), the transversal forces are higher than the lateral forces. As a consequence, the
beads are no longer immobilized on a side wall of the channel, but cyclic motion across the
channel occurs (Figure 5.15 ¢ and d). This dynamic plug configuration is of particular interest for
the present application. All beads are confined in the area in between the tips, while crossing
from one side of the channel to the other and vice-versa, with the frequency of the applied field.
Finally, if the AC field is weak compared to the permanent field, static attraction of the beads towards the

channel walls near the tips is observed (Figure 5.15 e and f).
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Figure 5.15: Bead plug actuation (= 2 x 10* beads) in the microchannel in between the magnetic microtips. Arrows represent 2D
FEM simulations of the magnetic force field. a) and b): Dense plugs form for AC field amplitudes larger than the permanent field.
Alternating lateral displacement of the two plugs on the channel side walls is observed. ¢) and d): For comparable time-varying field
and permanent field strength, beads move across the microchannel with the frequency of the applied field. A single well-confined
dynamic plug is formed by a slightly asymmetric arrangement of the permanent magnets (higher forces on the left-hand side in the
present case). The applied time-varying field is sinusoidal. e) and f) Time-varying field < static field with a positive (¢) and negative (f)

current (10 mA). Beads are permanently attracted towards the channel walls.
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In Figure 5.16 a, the frequency of the time-varying field applied through the magnetic
tips is 20 Hz. At this frequency, nearly all beads move from one side of the channel to the other,
forming alternatively a dense plug on each side wall. Even if the bead plug extends temporarily
over the whole channel cross-section, the plug motion is discontinuous. Increasing the frequency
of the magnetic field to 70 Hz, results in continuous bead motion and a more uniform plug
distribution Figure 5.16 (b). At this frequency not all beads may cross the channel, and a
significant amount remains confined in the center region of the channel. This dynamic plug
moreover extends over the whole cross-section of the microchannel. Perfusion with analyte
solution of a plug showing this kinetic behavior is efficient, thus the probability for a bead to

encounter a target Ag increases.

Figure 5.16: Dynamic bead plug sequences in the microchannel for two time-varying field frequencies (sinusoidal, time-varying field
amplitude = permanent field strength). a) At 20 Hz, discontinuous displacement of the beads from one channel wall to the other with
the formation of discrete plugs close to the tips; b) At 70 Hz, continuous motion of beads in the center of the channel, resulting in a

more uniform plug distribution. The latter dynamic plug configuration allows efficient perfusion by the analyte solution.

5.3.2 Motion of single beads and clusters in the magnetic field

To fully understand the behavior of the beads in our device, the trajectory of a single bead
was analyzed to compare its predicted behavior calculated by FEM simulation and its
experimental behavior. Figure 5.17 a is a 2D FEM simulation of the magnetic actuation force
superposed by two dashed curves representing the trajectories of two single beads, shown in
Figure 5.17 b, c, respectively. The trajectories are obtained from a sequence of photographs

obtained using a high-speed camera. The time lapse between start and end position is 105 ms and
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121 ms, resp., for the sequence of Figure 5.17b and c, respectively. The trajectories of the beads

are clearly parallel to the force field shown in Figure 5.17a.

=

105 m:

Figure 5.17: Comparison of the FEM simulated forces with the experimental trajectory of single superparamagnetic beads. (a) 2D
FEM simulation of the magnetic induction. The white dashed lines indicate the experimental traces of the single beads shown in (b)

and (c) (two sequences of high-speed photo recordings).

For better quantification of the force, we have performed more elaborate 3D FEM

simulations and find a force ﬁmag = 6 pN acting on a single bead in the middle of the channel (see
Figure 5.18). A corresponding bead velocity of 0.6 mm/s can be calculated by equalizing the
magnetic actuation force to the hydrodynamic drag force. We compare the thus calculated force
and velocity with the experimental data, that are somewhat below theory. This difference may be
attributed to effects that cannot be properly taken into account in the simulation (e.g. variation of
the material properties and local saturation of the magnetic tips, incomplete saturation of the

beads, etc).
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Figure 5.18: Experimental and calculated velocity (left axis) and force (right axis) of single beads along the y direction.

This experiment shows that a 2D FEM simulation is adequate to predict the qualitative
behavior of single beads in the system in function of the different parameters (i.e. current, tips
geometry, etc.). A 3D simulation is needed to give an acceptable approximation of the velocity of
single beads.

The dynamic bead plugs shown in Figure 5.16 are not solely composed of single beads. In
the presence of a magnetic field, superparamagnetic beads form chains and clusters due to the
magnetic dipole interaction between the magnetic moments induced in the beads. Clustering,
however, has a strong impact on the bead velocity in a given magnetic field configuration, thus
the dynamic properties of the plug. It was also shown earlier that hydrodynamic interactions
between beads aid the capturing of magnetic beads and may have an impact on their
manipulation in a microfluidic device [156, 157].

Thus, interaction between beads in the presence of a magnetic field, in particular the
formation of chains and clusters, has to be considered for a realistic description of the system. In
the following, we analyze how this affects the characteristic parameters and performance of the
system compared to the previously described behavior of single beads [133]. As illustrated in the
image sequence in Figure 5.19 a, there is experimental evidence that the velocity increases with
the number of aggregated beads. The photographs show a single bead, bead chains with different
lengths and clusters moving across the microchannel in the presence of a magnetic field. The
relative distance of aggregates with different size increases in time, indicating their velocity
difference. These aggregates are schematically displayed in Figure 5.19b-d. Chains and clusters
are oriented parallel to the magnetic field lines. We determined experimentally the mean velocity

of different aggregates by analyzing image sequences taken with a fast video camera (Pixelink PL-
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B741U, Ottawa, USA). Quantitative data of the velocity for single-stranded chains comprising
up to 17 beads are reported in Figure 5.20 in section 5.3.3. In our system, the speed of a single
bead crossing the microchannel is typically 0.4+0.1 mm/s, whereas a doublet travels with a speed

in the range of 0.8 + 0.1 mm/s. Larger chains may move up to 3 times faster than single beads.

~ -— 4 beads
i - —+—3 beads
" —a— cluster
. -— 4 beads —-—
- *— 3 beads fibcec
0ms
Fmag
‘ \%
Fd

Figure 5.19: a) Sequence of photographs (time lapse 33 ms) taken with a high-speed camera showing bead aggregates of different size
crossing the microchannel in the presence of a magnetic field. An increasing distance in time indicates a higher velocity of the larger
aggregates. Three configurations are considered for theoretical analysis: b) a single bead, c) a single stranded chain and d) a cylindrical

cluster. F.,g and Fy are the magnetic and the viscous drag force, respectively.

5.3.3 Theoretical models for chain and cluster motion

In literature, the magnitude of the magnetic force F,,, and the viscous drag force F; are
generally considered for a single bead [95, 133]. In steady state conditions, both forces are equal
and the equilibrium velocity of a single bead can be derived. The particular dynamic behavior of
chains or clusters in a viscous medium under the presence of a magnetic field is often not taken
into account. It was shown previously that the velocity of a chain increases with the number of
magnetic beads for motion parallel to its axis [117, 158]. Sedimentation of magnetic clusters with
a relatively large number of beads was also discussed for motion parallel or perpendicular to the
symmetry axis [159, 160]. With the dynamic plug configuration in the present device, motion
perpendicular to the chain axis is of particular interest.

We consider the fluidic resistance of a cylindrical object as a general model for chains and
larger clusters. An approximation for the drag force on a cylinder moving perpendicular to its axis

was given as [117, 161]
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C,znva
Fd,cylinder ~ 2161—
ln(bj +C, (5.3)

where 4 is the length and 4 the radius of the cylinder, 7 is the viscosity of the medium and v is the
velocity of the bead. It was pointed out by Derks ez a/. that the dimensionless constants C;and C,
in eqn (5.3) depend on the experimental conditions [117].

Assuming that the magnetic force exerted on a chain of beads is directly proportional to

the number of beads,

=nkF
n mag,bead (54)

mag,chain
where n is the number of beads in a chain (with a=2rn, r is the bead radius) and equalizing this
force to the viscous drag force of eqn (2.16), results in the logarithmic dependence given by

equation (5.5).

v=Aln(n)+ B (5.5)

The fit of the experimental data based on eqn (5.5) is shown in Figure 5.20 (with A =
0.36 and B = 0.43). A similar behavior was found by Derks ez a/. for chains moving parallel to the
axis in a dedicated mm-sized magnetic bead manipulator with a static magnetic field
configuration [117]. Our findings show that this logarithmic law also holds for motion
perpendicular to the symmetry axis and on the scale of a microchannel.

Analytical approximations for the viscous drag force for chains of 2, 3 and 4 beads have
been derived by Burgers [161, 162]. These expressions take into account the distortion of the
Stokes field around one bead flowing behind another bead. A frictional coefficient A was
introduced that accounts for the fluidic resistance experienced by the chain, i.e. for the increase of
the drag force (Fiseas / Fichain = AaWith A, <1). As an example, the resistance coefficient for a bead

pair is given by [161].

1 r
A=50+) (5.6)
where 7 is the bead radius and /is the distance between the centers of the outer spheres of a chain
(valid for small 7// and random chain orientations). Assuming that beads are in close contact

(r//=0.5), due to magnetic attraction for instance, we obtain A5 '~1.33. For saturated beads, the

magnetic force is proportional to the number of beads, thus a pair of beads is expected to travel

85



Chapter 5 - Kinetics of the actuated bead plug

1.5 times faster than a single bead. According to the same model, we obtain ;' = 1.65 and A,
= 1.95 for 3 and 4 beads in close contact, respectively. Chains with four beads are therefore
expected to travel two times faster than single beads in a given magnetic field. It is interesting to
note that the effective fluidic resistance per bead decreases when their number in the chain
increases. Velocity values for 2, 3 and 4 beads have been calculated with this model and are
indicated in Figure 5.20. We find that the calculated values for small chains correspond well to
the logarithmic increase derived for the cylindrical model discussed above. From this result, we
conclude that a simplified cylindrical model based on eqn (5.3) is a valid approach to describe the
kinetics in this type of magnetic bead-based systems using the empirically determined constants
C;=3.8 and (,=-0.17. These constants differ from the values proposed by Burgers for a cylinder
(C=8 and C,=0.5) due to the pearl-like shape of the chains. [161, 163] .
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Figure 5.20: Velocity of single-stranded chains vs number of beads in the chain for motion across the microchannel in the magnetic
field. Error bars are related to the pixel resolution of the camera. The fit of the experimental data derived from a cylindrical model for
the chains (dashed line) shows a logarithmic increase of the velocity. Calculated values based on an analytical approximation taking

into account the real shape of the chains are also indicated (for 1 to 4 beads).
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6 Agglutination assay
on-chip

In this chapter, one of the first agglutination assays using magnetic beads is presented
using the integrated magnetic actuation system. A simple detection method based on the swelling

of the released bead plug after aggregation allows for quantitative detection of the targets Ag’s.

6.1 Evaluation of the capture efficiency by fluorescence
measurements

Actuation of the dynamic bead plug is expected to increase the exposure of the
functionalized bead surfaces to the analyte flow. Using a dynamic actuation of the beads, the
capture is not limited by the intrinsic diffusion time of Ag’s towards the beads. This important
feature results in improved capture efficiency. This could be demonstrated in a semi-quantitative
manner using fluorescent detection of fluorescein isothiocyanate FITC-conjugated anti-
streptavidin (Rockland, Gilbertsville, PA, USA) captured on the streptavidin-coated beads. The
principle of the test is schematically shown in Figure 6.1. Beads are first captured in-between the
magnetic tips. Subsequently, a solution of (FITC)-conjugated anti-streptavidin is flushed through
the plug of streptavidin-coated beads. Two cases were studied. (i) static plugs of beads
immobilized on the channel wall, and (ii) a dynamic plug of beads. Subsequent fluorescent
detection was always performed in a dynamic actuated plug in order to compare average signals
for both capture modes (Figure 6.2 a).
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Figure 6.1: Schematic of the experiment used to assess the capture efficiency of a dynamic plug vs. static plug. (a) beads are capture
and immobilized. (b) FITC conjugated anti-streptavidin is flushed through a static or a dynamic plug. (c) The fluorescent signal is

detected in a dynamic plug configuration.

Perfusion with the analyte solution was either carried out with a dynamic plug (actuated
at 70 Hz) or with static dense plugs (0 Hz), respectively. For the Ag capture, a volume of 250 nLL
analyte solution ([5 pg/mL]) was driven through the microchannel during 100 seconds. Figure
6.2b compares the two capture modes and shows an about 3-fold increase of the fluorescent signal
for analyte capture in the dynamic mode. Static bead plugs on the channel side walls clearly entail

weak perfusion by the analyte flow and reduced capture efficiency.
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Figure 6.2: a) The fluorescent signal is recorded as mean value in the dynamic mode after capture of the analyte. b) Increase of the
capture efficiency with the dynamic bead plug with respect to static plugs. FITC-conjugated anti-streptavidin capture on streptavidin

coated beads is detected for both configurations.

6.2 Agglutination test protocol

6.2.1 On-chip immuno-agglutination assay principle

The principle of the on-chip agglutination assay developed in this thesis is illustrated in
Figure 6.3. The assay comprises a 4-step protocol. Beads that have been grafted with specific Ab’s
for the capture of a selected target Ag or analyte are used for this purpose. First, a colloid of
functionalized magnetic beads is injected into the microchannel and immobilized on the side
walls at a well-defined location (static plugs, Figure 6.3 a). Subsequently, the analyte solution is
introduced. The magnetic parameters of the system are adjusted in order to generate a cyclic
motion of the beads perpendicular to the microchannel, while retaining them in a small confined
volume (dynamic plug, Figure 6.3 b). Actuation of this magnetic plug allows perfusion with
enhanced interaction between the analyte and the beads. Subsequent formation of aggregates is
achieved by confining the beads into a dense static plug on one channel side wall for a few
minutes (Figure 6.3 ¢). After switching off the magnetic field, the highly localized bead plug
dissociates. A quantitative measure of the analyte concentration is possible by analyzing the area
of the released plug after a defined lapse of time (Figure 6.3 d). No solution flow is applied during
the last stage. The swelling of the bead plug is directly related to the degree of bead aggregation

(size and amount of aggregates), thus to the amount of captured Ag’s.
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Figure 6.3: Principle of the microfluidic agglutination immunoassay: a) Functionalized magnetic beads are injected and magnetically
trapped in a microchannel. b) Perfusion of the confined dynamic bead plug with the analyte solution. ¢) After analyte capture, beads
are immobilized on one side of the channel to allow formation of aggregates. d) The magnetic field is switched off and the beads are

released. The area of the released plug is a measure of the amount and size of the aggregates.

6.2.2 Model agglutination protocol

The system is placed under an inverted microscope and prefilled with 15 mM PBS
(Phosphate Buffered Saline) solution. Bubbles trapped in tubes and fluidic connections are
removed through a venting bypass in the chip holder. The system has to be completely bubble-
free to control flow rates down to 1 nL/s in a reliable manner, i.e. without any hydraulic
compliance effect. Streptavidin-coated MyOne Dynabeads® (Invitrogen, Basel, Switzerland) with
a diameter of 1 um are used throughout the experiments. 2 uL of bead solution ([10® beads/mL])
is pipetted into the reservoir on the chip by using a microloader. At this stage, a current is applied
to the external coil, resulting in a static magnetic field in between the two soft magnetic poles
across the microchannel. The permanent magnets are not used at this stage. A fraction of the
bead solution (200 nL) is sucked into the microchannel with a constant flow rate of 5 nL/s by
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means of a high-precision syringe pump connected to the outlet (neMESYS Cetoni, Korbussen,
Germany). Observation under the microscope with a fast video camera shows that, using these
flow conditions and field parameters, all beads in the solution flow are attracted towards the tips
and immobilized by forming a dense and localized plug on each channel side wall. The amount of
captured beads is estimated to 2 x 10* beads. The surplus of the bead solution in the reservoir is
removed. Fluidic handling in suction mode through the outlet allows easy solution introduction
and exchange without replacing or refilling the syringe pump.

We take advantage of the strong affinity of streptavidin for biotin to develop a model
assay for agglutination on-chip. In our system, the analyte (or capture Ag) is biotinylated-BSA
(bBSA) (Sigma-Aldrich, Buchs, Switzerland) that may link to two streptavidin-coated beads,
thus forming doublets or larger aggregates. The analyte test solution is 15 mM PBS containing
bBSA concentrations in the range of 10 pg/mL to 10 ng/mL (0.15 pM to 0.15 nM). A surfactant
(0.5%, Tween 20) was added to reduce non-specific agglutination. The experimental procedure
for the agglutination assay starts by pipetting 2 puL. of analyte solution into the reservoir in the
chip holder. The portion of the microchannel in front of the magnetic poles is prefilled with
analyte solution (100 nL at 5 nL/s). Immediately afterwards, the two permanent magnets are
positioned on the chip holder and the time-varying magnetic field for the formation of the
dynamic bead plug is activated. Subsequently, 750 nL of analyte solution is driven through the
activated bead plug at a flow rate of 1 nL/s to allow analyte capture, resulting in a total capture
time of 12.5 min. Finally, the permanent magnets are removed and a static field configuration is
re-established in order to attract all beads in a highly confined volume on one channel side wall.
The beads are immobilized for 5 min to allow agglutination prior to detection.

Immunoassays, and in particular the detection method described in this paper, may be
very sensitive to temperature. All experiments were carried out at a temperature of 32 °C, as
measured by a small thermocouple probe. No additional temperature rise due to the magnetic

field generator was observed in proximity of the magnetic tips.

6.2.3 Detection principle of the immuno-agglutination

We performed on-chip immuno-agglutination assays using the above described protocol
for our model system. Agglutination occurs when a bBSA molecule captured on the surface of a
bead binds to another bead. The suspension after agglutination is a mixture of dispersed
aggregates with different size. Doublets, triplets and larger clusters are observed. In order to

determine the detection limit and sensitivity, the amount of aggregation may be analyzed by
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counting beads individually under a microscope [132]. We found that swelling of the released
plug due to electrostatic repulsion can be used in our assay for quantitative detection of low
analyte concentrations. According to the Stokes-Einstein equation, the diffusion coefficient D for
spherical Brownian beads is inversely proportional to the radius 7 of the bead [164]. We would
therefore expect that agglutinated beads will diffuse slower than single beads, as observed in our
experiments. An analysis of the dynamics of the released plug reveals, however, that a simple
diffusion model is not applicable. Plug swelling in the first few seconds after field removal is
clearly faster than can be expected from a simple diffusion model for beads with a diameter of 1
pum. In order to clarify this phenomenon, we changed the ionic strength of the solution. In de-
ionized water, swelling of the plug occurs nearly two times faster than in 15 mM PBS in the
initial phase. At low ionic concentration, the Debye screening layer related to the surface charge
of a bead will extend to a larger distance. Electrostatic repulsion is more important in this case
[165]. We therefore speculate that electrostatic interaction of the beads is at the origin of the fast
swelling of the plug during the first seconds after field removal.

The space occupied by the magnetic plug increases in time as a function of the degree of
agglutination once the magnetic field is switched off (no flow in the channel). No aggregation
due to magnetic forces is expected in zero-field using superparamagnetic beads. A reference test
without capture analyte reveals a negligible level of non-specific agglutination in our assay. Any
change in the kinetic properties of the plug can therefore safely be attributed to agglutination
between beads due to Ag capture. It is not possible to distinguish to which extent the size
variation of the released plug is related to direct or non-specific agglutination. However, our
system presents the advantage of the ability to perform an iz sifu reference measurement just prior
to exposing the bead plug to the analyte. In this way, we may reduce the effect of non-specific
agglutination on the test read-out. Figure 6.4 illustrates the release of a plug after incubation with
different analyte concentrations. Figure 6.4 a and Figure 6.4 b show released plugs that have
been perfused by buffer solution ([bBSA]=0) or with a solution containing 2.5 ng/mL (35 pM)
bBSA, respectively (total volume 750 nL). The photos were taken 15 s after switching off the
field, when the size of the plug almost remains constant. Figure 6.4 a and b demonstrate
qualitatively how the plug swelling decreases for increasing bBSA concentration, i.e. the plug area
A is smaller for a higher amount of agglutinated beads. For quantitative measurements, the area
of the released plug is determined using standard image processing. Grey scale photographs are
converted into binary images with black pixels corresponding to regions where beads and clusters
are observed. The total number of black pixels on an image is taken as a measure for the plug size.

Figure 6.4 ¢ compares the swelling of the plug as a function of time for a reference plug (i.e. after

92



Chapter 6 - Agglutination assay on-chip

perfusion with buffer solution, [bBSA] = 0 ng/mL) and a measurement obtained after perfusion
with 1.25 ng/mL (17.5 pM) bBSA. Plug area measurements have been compared after 15 s. In
the case shown in Figure 6.4 ¢, the size of the agglutinated plug is about 75% of the reference

plug. Experimental parameters are the same for all measurements (same buffer and temperature).
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Figure 6.4: Detection of the amount of agglutination by analyzing the area of the released plug. A streptavidin-bBSA model system
was used. a) and b) Photographs of the released plug after perfusion with a buffer solution ((bBSA]=0 ng/mL, reference test) and an
analyte solution ([bBSA]=2.5 ng/mL i.e. 35 pM), respectively. The photos are taken 15 s after switching off the field. ¢) Plug area as a
function of time (number of black pixels after image treatment, magnetic field off at t = 0). Measurements have been recorded
subsequently after perfusion with a reference and an analyte solution (0 ng/mL and 1.25 ng/mL bBSA, respectively). Error bars

correspond to the standard deviation of three subsequent recordings.

The size of the released plug directly depends on the number of retained beads and a new
batch of beads has to be introduced into the microchannel before each measurement. While the
number of beads may not be exactly the same, a reference measurement in buffer solution is easily
performed each time before introducing the analyte solution, without replacing the beads. Thus,
exactly the same amount of beads is used for both recordings. When the plug areas are defined as
Ay and Apsa for the reference and the analyte measurement, respectively, considering the
normalized signal 7-A;pss/ A, allows reliable comparison for different analyte concentrations,
even if only relatively small changes at the rim of a plug have to be considered (for low bBSA
concentrations). This normalization was used to establish a dose-response curve (Figure 6.5).

Viscosity and ionic strength of the solution may affect the swelling of the released plug. In
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practice, however, the analyte solution is washed out and replaced by buffer solution during the
agglutination phase after protein capture. Detection is therefore always carried out in the same

conditions for the reference and the analyte measurement.

6.3 Dose-response curve

In order to demonstrate the feasibility of a sensitive agglutination assay, we established a

dose-response curve for the model assay. The signal 1-4,pq,/ 4, related to the area of the
released plug was determined for different bBSA concentrations. All measurements have been
recorded 15 s after switching off the magnetic field. Figure 6.5 shows the resulting dose-response
curve for bBSA concentrations in the range of 0.01 ng/mL (0.15 pM) to 10 ng/mL (150 pM).
This dose-response curve roughly displays a linear behavior in the low concentration range, as
shown in the inset. We can safely determine a detection limit of about 200 pg/mL (= 3 pM). The
signal for this concentration is more than three times the standard deviation above zero.
Saturation occurs for concentrations higher than 5 ng/mL (70 pM), where all beads are strongly
agglomerated and no swelling of the plug is observed after switching off the magnetic field.

The capture efficiency of the dynamic bead plug was evaluated by a merely geometrical
consideration. With the described magnetic field configuration, the plug appears to oscillate in a
nearly horizontal plane. The thickness of this plane was estimated by microscope observation to
about 10 um. Compared to the height of the microchannel (100 um), we would therefore expect
that about 10% of the analyte solution perfuses the dynamic plug, limiting the capture efficiency
theoretically to a maximum of 10%.

The Ag capture efficiency may also be a function of the plug actuation frequency and the
flow velocity. Both parameters have an impact on the probability that an Ag encounters a bead in
the analyte flow. Agglutination tests ((bBSA] = 1.25 ng/mL, flow rate of 1 nL./s) showed that the
signal was the same for actuation frequencies above about 15 Hz. For frequencies of 5 Hz and
below, the signal decreases by at least a factor of 3. At such low frequencies, perfusion is poor
because of the temporary formation of dense plugs on the side walls of the channel. Also a test at
a flow rate of 0.5 nL/s reveals an about 2-fold decrease of the signal compared to the normally
used flow rate of 1 nLL/s due to the reduced Ag-bead interaction.

An off-chip assay was carried out in order to compare the Ag capture efficiency with the
on-chip assay. For this, test solutions with two different bBSA concentrations were prepared
([bBSA] = 200 pg/mL and 650 pg/mL, i.e. 3 pM and 10 pM). The off-chip incubation assay was

performed in an Eppendorf tube with an incubation time of 12.5 min (the same as for the on-
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chip assay). After off-chip incubation, the agglutinated beads were introduced into the chip for
agglutination during 5 min and subsequent detection. The parameters of the on-chip assay were
as described before. Signals obtained for 200 pg/mL were comparable for both assays, while for
650 pg/mL the signal obtained with off-chip incubation was about 2 times higher. However,
signals obtained with this combined off-chip incubation/on-chip detection protocol are prone to
large errors, mainly due to the relatively high uncertainty in the number of beads introduced into
the chip. The low signal-to-noise ratio results in a deterioration of the detection limit. As
explained before, errors of the full on-chip assay are much smaller, due to the possibility to

perform an iz situ reference measurement on-chip.
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Figure 6.5: Dose-response curve for an agglutination assay on-chip using a streptavidin-bBSA model system. Analyte capture was
performed with a dynamic bead plug. The signal is the normalized area of the released plug 15 s after switching off the magnetic field
(1-AbBSA/Aref). Error bars correspond to the standard deviation of three nominally identical recordings. The dashed line is a guide
to the eye. Inset: For low concentrations (< 3 ng/mL), a quasi-linear response is observed. A lower detection limit of about 200

pg/mL (= 3 pM) can be safely estimated.

An important reference related to the present assay is the work performed by Baudry et al
[12]. The paper describes a magnetic bead agglutination assay with ovalbumin-IgG as biological
model system. This assay was carried out in bulk format. Each sample was first incubated for 1

min and then a field was applied for 5 min. Despite this biological model system has lower

95



Chapter 6 - Agglutination assay on-chip

affinities, the performance of this assay appears to be somewhat better (detection limit 1 pM os 3
pM, for the bulk assay in [12] os the present chip-based assay, respectively). However, it was the
purpose of this work to demonstrate the feasibility and potential of a full on-chip agglutination
assay. The overall assay time of our chip-based assay is clearly below the duration of a typical
ELISA protocol (1-2 hours). Several parameters of the system, such as the effective cross-section
of the capture plug, may be further optimized to improve the performance of the described assay.
The main advantages of the present on-chip assay are a reduced bead and analyte consumption,
low constraints in solution handling and the possibility to perform in situ reference

measurements.

6.4 Enhancing the capture efficiency

Up to now a quadrupolar magnetic configuration using two permanent magnets (Figure
5.10) was employed. This system is characterized by a nearly in plane configuration of the
magnetic tips and permanent magnets with respect to the microfluidic channel. Due to this flat
configuration, the resulting dynamic plug of beads moves in a quasi horizontal plane. The
thickness of the plug was estimated to be below 10 pm using an optical microscope. Due to the
relatively low filling of the microchannel cross-section, a large proportion of the Ag’s are probably
flowing above or below the plug without being captured. In order to increase the contact surface
of the beads during actuation and increase the filling factor of the cross section, a modified system
was designed and tested. The system uses a single permanent magnet placed about 5 millimeters
above the microchannel resulting in a non-planar tripolar configuration. This method allows
tilting the plane of actuated plug with respect to the flow as shown in Figure 6.6. The magnetic
tips of the tripolar system have a reduced thickness of 50 um and are placed in contact of the glass
slide.

Using an optical microscope, it is possible to show and measure the thickness of the tilted
actuated plug of beads. Figure 6.6 a schematically shows the configuration with a permanent
magnet above the microchannel. in Figure 6.6 b the focal plane was adjusted to the upper part
and in Figure 6.6 c to the lower part of the plug. According to the measurement, the plug is

filling about 50 % of the channel cross-section.
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Figure 6.6: (a) 3D schematic view of the tripolar system using a single permanent magnet (1) above the microchannel used to tilt the
magnetic field lines. (b) Cross sectional view of the microchannel (2), the glass slide (4), the permanent magnet (5) and magnetic tips

(3) arrangement. Photographs of tilted plug with the focal plane on the upper part (c) and lower part of the bead plug.

Figure 6.7 shows a comparison between the quadrupolar and the tripolar actuation
system. A nearly horizontal plug is shown in Figure 6.7 a-c corresponding to the quadrupolar
configuration while in the tripolar configuration a tilted plug is observed (Figure 6.7 d-f). The
dynamic behavior of the beads (velocity) in the quadrupolar and tripolar system is similar in both
systems as the permanent magnetic flux density (generated by the permanent magnet) in the

active region was kept constant (about 100 mT).
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Figure 6.7: Comparison of the “flat” quadrupolar actuation system. a) Photograph from the top and b) schematic view of the actuated
plug in the microchannel. ¢) Due to the flat arrangement of the permanent magnets and magnetic tips, the beads fill only about 10 %
of the microchannel cross section. d) Photograph, (e) schematic top and (f) cross-sectional view of the actuated plug in the tripolar

system. This plug actuation system uses a single permanent magnet placed above the microchannel in order to tilt the actuated plug of
beads.

Experiments were performed in order to assess the increase of the capture efficiency for
an agglutination assay. Figure 6.8 compares the signal of a static (Figure 5.9), a dynamic
(quadrupolar system) and a dynamic tilted (tripolar configuration) plug for two bBSA
concentrations (i.e. 0.6 ng/mL and 1.2 ng/mL). An about three times increase of the signal
(swelling of the plug, Figure 6.4) between the dynamic and the static plug is observed. Moreover,
a two times increase of the signal is observed with the tilted plug compare to the horizontal plug

which indicates a better capture of the Ag’s on the beads.
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Figure 6.8: Assessement of the capture efficiency. Signal comparison (swelling of the plug, Figure 6.4) of a static (bipolar), a dynamic

(quadrupolar) and a dynamic tilted (tripolar) plug for two bBSA concentrations (i.e. 0.6 ng/mL and 1.2 ng/mL). A two times increase
of the signal with the tilted vs. the non-tilted plug is observed.
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7 Dendritic amplification
on magnetic beads

In this chapter, the feasibility of a heterogeneous on-chip assay using a fluorescence
dendritic amplification scheme is demonstrated with our actuation system. The possibility to
implement an on-chip dendritic amplification mechanism with a magnetic bead-based assay is
verified. The lateral magnetic forces move the beads through three parallel laminar solution flows.
In this way, beads may be alternatively exposed to a solution of fluorescently labeled streptavidin
and a solution of biotin-conjugated anti-streptavidin, allowing a layer-by-layer dendritic

amplification which generally takes up to few hours off-chip [126].

7.1 Dendpritic amplification principle

The principle of a dendritic amplification mechanism is to amplify the fluorescent signal
subsequently to the formation of a sandwich immunocomplex in a heterogeneous immunoassay.
For this purpose, a biotinylated detection Ab is used and a dendritic structure is built onto the
immunocomplex using fluorescently labeled streptavidin molecules and biotinylated Ab’s. The
principle of a dendritic amplification (DA) on magnetic beads is schematically illustrated in
Figure 7.1 and Figure 7.2. The assay starts with the formation of a standard sandwich
immunocomplex. For that purpose, beads coated with a capture Ab are introduced on-chip from
inlet I-1 (Figure 7.2 a-b); subsequently a sample solution containing the Ag’s is flushed through

101



Chapter 7 - Dendritic amplification on magnetic beads

the retained beads and Ag’s bind to the beads (Figure 7.2 c). A biotinylated detection Ab is used
to complete the sandwich (Figure 7.2 d). At this step, the amplification procedure may start.
During the amplification, three parallel solution flows are introduced in the microchannel (see
Figure 7.3 a): (I-1) buffer solution, (I-2) fluorescently labeled streptavidin (F-S) and (I-3) biotin
labeled anti-streptavidin (bAS) . The buffer solution serves both to avoid diffusion between the
solutions 1 and 3 and to perform washing steps during each displacement of the beads from one
side of the channel to the other. In Figure 7.3 b beads are in the flow of solution 1 and therefore
a molecule of F-S may bind to a molecule of bAb. Beads are then moved from solution 1 to
solution 3 and several bAS (up to three) may bind to one streptavidin molecule (Figure 7.3 ¢).
Moving the beads back from solution 3 to solution 1, F-S can bind to the bAS (Figure 7.3 d).
The dendritic amplification is achieved by cyclically moving beads from solution 1 to solution 3
and vice-versa. An increasing number of F-S and bAS form a dendritic molecular structure, thus

increasing the fluorescent detection signal.

_&_Bead-Ab * Ag L biotin-Ab (bAb)

Figure 7.1: Schematic principle of the initial steps for achieving DA on-beads. (a) The protocol starts with the formation of a
standard sandwich immunocomplex introducing the reactants from the open reservoir (I-1): (b) Beads coated with Ab’s are introduced
and retained in the microchannel. (¢) The sample containing Ag’s is flushed through the beads and the Ag’s are captured on the bead
surface. (d) Biotinylated Ab’s (bAb) are then introduced and bind to the Ag’s.
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# Fluorescent Streptavidin (F-S) 2, biotin-Anti-Streptavidin (bAs)

Figure 7.2: (a) The first step of the DA consists in introducing three parallel solution flows: (I-2) fluorescently labeled streptavidin (F-
S), (I-1) buffer solution, and (I-3) biotin labeled anti-streptavidin (bAS). (b) Beads are in solution (1) and the F-S binds to the
biotinylated Ab (bAb). (c) Beads are laterally moved to liquid (3) and up to three bAS may bind to one streptavidin molecule. (f)
Beads are moved back to liquid (1) and several F-S bind to the bAS. Cyclic repetition of steps (c) and (d) results in an amplification of

the fluorescent signal.

7.2 Chip design and fluidic protocol

7.2.1 Chip design

The dendritic amplification (DA) on magnetic Beads requires a microfluidic chip with
three inlets to inject the different reactants involved in the DA process and one outlet. The
PDMS chip for the DA was fabricated using the same technology as for the agglutination chip by
adapting the design of the SU-8/silicon master. The microfluidic platform is unchanged.

The main requirement is to limit the diffusion between the three liquids before being in
contact with the magnetic beads. For that reason, the intersection point of the three channels is

placed close to the magnetic tips (at a distance of 200 um) as shown in Figure 7.3.
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e el

Figure 7.3: The DA-chip design consists of three inlets and a single outlet. The intersection point of the three channels is placed in

proximity of the magnetic tips to reduce the interdiffusion of the three liquids.

7.2.2  Fluidic manipulation protocol

The liquid manipulation for the DA on beads is more complex than for an agglutination
test, as three reactants have to be injected in parallel. A system using several open reservoirs
generally results in unwanted flows because of small differences in height of the liquid. Therefore,
a configuration using three syringes and a single open reservoir was chosen for the injection of the
three parallel flows (see Figure 7.4). Using the chip holder describe in chapter 4, it is possible to
inject liquids directly in the chip reservoirs by opening the venting holes in the chip holder. Then,

when the venting holes are closed, liquids may be driven using the syringes pumps.

Figure 7.4: Schematic view of the liquid handling for the DA on beads. One open reservoir (I-1) is used to inject beads, sample, and
detection Ab’s. In DA mode, two syringes are used to push the liquid from inlets I-2 and I-3 and the third syringe is used for suction
at the outlet (O-1.)

An assay starts with the complete filling of the microfluidic platform with buffer solution.

The buffer is injected from the outlet while the venting holes of inlets I-2 and I-3 are open. In
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the second step, beads are introduced in the open reservoir (I-1) and sucked in the microchannel
from the outlet (O-1). Subsequently, sample solution, detection Ab’s and buffer solution may also
be introduced following the same method (see Figure 7.5 a). Before executing the DA process,
the two reactants have to be introduced in the inlets I-2 and I-3. A solution of DyLight™ 649
conjugated streptavidin (Rockland Immunochemicals, Gilbertsville, USA) and a solution of
biotin conjugated anti-streptavidin are injected using a pipette from the open venting holes
directly in the inlet reservoirs. The open reservoir (I-1) is filled with buffer solution to separate
the two reactants (Figure 7.5 b). This technique allows to fill only small on-chip reservoirs with
active solution (5 nL) and filling the syringes connected to the system with buffer solution. After
closing all the venting holes, the three solutions are introduced simultaneously in the channel.
The two syringes connected to the inlets are set to push 1/3 of the total flow rate each while the

outlet syringe is set to suck all the three liquids (see Figure 7.5 ¢).

[] Buffer solution [ Biotin-anti-streptavidin
[ Beads, sample or detection Ab's [ ] DyLight™ 649-streptavidin

b3

o

Figure 7.5: Schematic illustration of the fluidic manipulation protocol used to perform a DA on magnetic beads on-chip. Before
starting an experiment, the whole system is filled with buffer solution from the outlet while the three inlets are open (I-1, I-2 and I-
3). (a) The open reservoir (I-1) is filled with beads and sucked from the outlet (O-1). Successively, sample and detection Ab’s are
introduced and flushed through the plug of beads. (b) A solution of DyLight™ 649-conjugated streptavidin and a solution of biotin
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conjugated anti-streptavidin are injected in I-2 and I-3, respectively by opening the top valve. The open reservoir (I-1) is filled with

buffer (c) The three liquids are introduced in the chip by pushing the liquid from I-2 and I-3 while sucking from 0-3.

For visualizing the laminar flow profiles, DyLight™ 649-conjugated streptavidin was
injected in inlets I-3 (Figure 7.6 a) and I-1 (Figure 7.6 b). Focusing of the florescent solution is
observed on the right-hand side of the channel while the non-fluorescent buffer solution stays in
the 2/3 left part of the channel. To monitor the diffusion of the DyLight™ 649 conjugated
streptavidin in the buffer solution, two fluorescent profiles are compared (Figure 7.6 b-c). The
first profile is taken directly downstream the intersection point of the three channels and the
second is taken 200 um below, at the bead location (Figure 7.6 b). Figure 7.6 ¢ shows that the

difference between the two profiles is weak due to the short diffusion time and the three liquids
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Figure 7.6: (a) Fluorescent picture of the chip with buffer in inlets I-1 and I-2 and DyLight™ 649 conjugated streptavidin in inlet I-
3. The dashed lines correspond to the channel walls and the white line is the position of the magnetic tips. (b) Fluorescent picture of
the chip with buffer in inlets I-2 and I-3 and DyLight™ 649-conjugated streptavidin streptavidin in inlet I-1. (c) Measurement of
the fluorescence intensity across the channel at the intersection point of the three channels (A) and at the beads location (B). Diffusion

of the DyLight™ 649 conjugated streptavidin in the buffer solution between A and B is low.
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7.3 Dendritic amplification on beads

7.3.1 Experimental protocols

For the dendritic amplification we use DyLight™ 649-conjugated streptavidin (Rockland
Immunochemicals, Gilbertsville, USA) (F-S) and anti-streptavidin (rabbit) Biotin Conjugated
(Rockland) (bAS). PBS buffer pH 7.4 with 0.5 % tween was used throughout the experiments. A
blocking solution of PBS with 1 % BSA and 0.5 % tween was used to limit the non-specific
adsorption on the beads.

Two experiments demonstrating the amplification phenomena of the fluorescent signal
were carried out. Direct DA on streptavidin-coated beads and a full sandwich immunoassay
followed by a DA. During experiments, beads are oscillated at 0.5 Hz resulting in a channel
crossing every second. A low frequency is used to avoid mixing of the three solutions.
Amplification is performed during 5 minutes and the fluorescent signal is recorded on the upper
part (I-3 side) of the microchannel. The fluorescent background signal on the upper part of the

channel is low as the fluorescently labeled solution is injected only in the lower part (Figure 7.5).

Signal amplification on streptavidin coated beads

As a proof-of-concept, the amplification of the fluorescent signal was first assessed
directly on streptavidin-coated beads. Indeed, the fluorescent signal is visible only if both the B-
AS and F-S reacts with the bead. As a negative test, anti-mouse Ab coated beads (300 nm,
Ademtech, France) were used because these beads shouldn’t bind to the bAS and F-S.

To perform this experiment, a solution of buffer with 0.01% beads is first introduced in
the inlet I-1, 250 nL of the solution is sucked and captured in the microchannel in-between the
magnetic tips (Table 7.1, step 1). A buffer solution of PBS 15 mM with 1% BSA and 0.4 %
pluronic is then flushed through the beads at 5 nL/s during 50 s. The BSA is used to reduce the
non-specific bindings between the Beads and the proteins in solution (Table 7.1, step 2). B-AS
and F-S are introduced into inlets (I-2 and I-3). During amplification, the three solutions are

flushed in the microchannel at 1 nL/s each resulting in a total flow rate of 3 nL/s in the main

channel (Table 7.1, step 3).
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Table 7.1: Experimental procedure for the solutions injections used to perform a signal amplification on streptavidin-coated Beads.
The experiment starts with the injection of the beads (step 1, I-2). The blocking buffer is flushed through the beads (step 2, I-2). The
amplification is performed by introducing B-AS (I-1), buffer (I-2) and F-S (I-3).

Steps/Inlets 1-2 I-1 1-3
1 Buffer Beads 0.01% Buffer
0 nL/s 250 nL,, 5 nl/s 0 nL/s
2 Buffer Blocking buffer Buffer
0 nL/s 250 nL, 3 nL/s 0 nL/s
3 bAS Blocking buffer F-S
1 nl/s, 5 min 1 nl/s, 5 min 1 nL/s, 5 min

Full on-chip sandwich immunoassay with DA

A complete sandwich immunoassay using DA was also performed. For this experiment, a
150 mM PBS pH 7.4 solution added with 0.5% tween was used. Using this buffer, a better
specific binding of immunocomplexes was observed compared to the PBS 15 mM previously
used. 250 nL. of Dynabeads® Pan Mouse IgG 0.01 % were introduced and immobilized in the
microchannel (Table 7.2, Step 1). These beads are 4.5 pm in diameter and because of their size,
they demonstrate a better retention stability during experiment compare to the 0.3 pm Ademtech
beads. Subsequently, 250 nL of buffer solution with 1 % BSA is flushed through the beads (Table
7.2, Step 2). The sample solution containing 0 to 100 ng/mL of target Ag (Mouse IgG) is then
introduced in the microchannel (Table 7.2, Step 3). The detection Ab’s (bAM, 1 pg/mL, Dako,
Denmark) are injected and bind to the Mouse IgG if present (Table 7.2, Step 4). A second
blocking step is performed (Table 7.2, Step 5). bAS and F-S are introduced into inlets (I-2 and I-
3). The three solutions are then flushed in the microchannel at 1 nL/s each resulting in a total

flow rate of 3 nL/s in the main channel (Table 7.2, Step 6).
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Table 7.2: Experimental procedure for the reactant injections used to perform a full on-chip sandwich immunoassay with a DA. Step
1 and step 2 are similar to the previous experiment (Table 7.1). Step 3 consists in injecting the sample solution containing 0 to 100
ng/mL of target Ag’s (Mouse IgG). The biotinylated detection Ab (1 pg/mL) is then injected during step 4 and directly followed by a
blocking step before the amplification (step 5). The amplification is then performed as previously by introducing B-AS (I-1), buffer
(I-2) and F-S (I-3).

Steps/Inlets I-2 I-1 1-3
1 Buffer Beads 0.01% Buffer
0 nL/s 250 nL, 5 nl/s 0 nlL/s
2 Buffer Blocking buffer Buffer
0 nL/s 250 nL, 3 nL/s 0nL/s
3 Buffer Mouse IgG, 0 - Buffer
0 nL/s 100 ng/mL 0 nL/s
250 nL, 3 nl/s
4 Buffer bAM, 1 pg/mL Buffer
0 nlL/s 250 nL, 3 nL/s 0 nlL/s
5 Buffer Blocking buffer Bufter
0 nL/s 250 nL, 3 nl/s 0 nlL/s
6 bAS 100 pg/mL Blocking buffer F-S 10 pg/mL
1 nL/s, 5 min 1 nL/s, 5 min 1 nlL/s, 5 min

7.3.2 Results of the dendritic amplification on beads

Signal amplification on streptavidin coated beads

To demonstrate the feasibility of the DA on magnetic beads, two types of beads were
used for a comparison of the fluorescent signals. The first type is a streptavidin-coated bead
(Dynabeads MyOne). Because of the streptavidin coating, these beads are able to bind the B-AS
and thus initiate the DA process on the beads. A strong fluorescent signal has therefore been
observed on the bead plug. The second bead type is coated with Anti-Mouse IgG. No binding of
B-AS or F-SA is supposed to occur on these beads as there are no biotin molecules at the surface
of the beads. Therefore, the fluorescent signal has to be weak (fluorescence is possible due to non-
specific adsorption) in comparison to the streptavidin-coated beads.

Figure 7.7 shows qualitatively the increase of fluorescence signal on the beads with time.
A clear signal is observed after five minutes of experiment on the streptavidin-coated beads, while
almost no signal can be seen on the anti-mouse Ab-coated beads showing the specificity of the

reaction.
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0 min 2.5 min 5 min

Figure 7.7: Comparison of fluorescent signal measurement on streptavidin -(positive) and anti-mouse Ab- (negative) conjugated

beads. The channel walls and the three parallel flows are shown on the first picture. (a) An amplification of the fluorescent signal is
observed on streptavidin-coated beads (in the rectangle) showing that the DA occurred. (b) Using anti-mouse Ab-conjugated beads,

no clear fluorescent signal increase is observed on the beads because there are no binding sites to initiate the DA processes.

Figure 7.8 compares the signal increases on streptavidin-coated beads and anti-mouse
Ab-coated beads. A clear amplification of the signal is seen for the streptavidin coated beads
demonstrating that the amplification occurs. No significant increase of the signal is observed on

the anti-mouse coated as expected.
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Figure 7.8: Fluorescent signal measured on the plug of beads with respect to amplification time. The fluorescent signal on streptavidin
coated beads increases as the amplification takes place while no clear increase of the fluorescent signal is observed on anti-mouse Ab-

coated beads. The error bars correspond to the standard deviation of three experiments.

Full on-chip sandwich immunoassay with DA

A complete sandwich immunoassay followed by a DA as described in Figure 7.1 and
Figure 7.2 was also carried out. Figure 7.9 shows the fluorescent signal increase during DA for a
sample at 100 ng/mL (positive) and 0 ng/mL (negative) of target Ag (Mouse IgG). The
fluorescent signal of the positive test is clearly higher after five minutes of amplification than the
negative test. However, a non-negligible fluorescent signal increase is also observed for the
negative test. This signal increase may be explained because of the non-specific binding of the
biotinylated detection Ab (B-AM) on the beads. These experiments show that because of the
amplification phenomena, the signal is extremely sensitive to non-specific binding. These
experiments confirm that an amplification mechanism may be used to amplify the fluorescent

signal on magnetic beads.
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Figure 7.9: Fluorescent signal for a complete sandwich immunoassay for 100 ng/mL (positive) and 0 ng/mL (negative) of mouse IgG.

The error bars correspond to the standard deviation on three measurements.

The DA amplification on magnetic beads was shown to be feasible using our magnetic
actuation system. The simple approach of moving beads through three parallel flows allows for
building a layer-by-layer protein structure on the beads in a very simple and straightforward
manner. Increase of the fluorescent signal with time on streptavidin coated beads demonstrates
the amplification mechanism. The full on-chip detection of 100 ng/mL of target Ag using a
complete sandwich immunoassay and a DA was demonstrated. Further work needs to be carried
out in order to decrease the unspecific binding of the detection Ab on the beads in order to

optimize the detection limit of the assay.
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8 Chip integration

One of the main goals of the European project DetectHIV [166] was the design of a
biosensor platform, which allows performing a magnetic agglutination test for the detection of
the HIV virus capsid protein p24 on a disposable chip. The platform comprises two different
modules for the retention of magnetic beads, the enrichment of doublets prior to the detection
and the detection of doublets and singlet’s by light scattering. In this chapter, the design and
fabrication of the final biosensor demonstrator of the DetectHIV project is presented. An
integrated chip comprising the magnetic actuation and the optical detection system developed at
the Danmarks Tekniske Universitet (DTU). The challenge of the integration was to make the
fabrication process of the two systems compatible. The microfluidic platform for the DetectHIV

prototype was directly adapted from the platform developed in this work.

8.1 Integrated chip

8.1.1 Magnetic and optical module

The magnetic actuation system was presented in chapter 4. It consists of a single channel
with an open inlet reservoir and an outlet connected to a syringe pump. The liquids have to be
driven in a pulling (suction) mode from the outlet to provide an open access for pipetting

solutions and bead suspension into the inlet.
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The optical detection system developed at DTU is schematically presented in Figure 8.1
a. The chip first comprises a part for 3D hydrodynamic focusing to concentrate the beads in the
middle of the channel cross section prior to the detection (see Figure 8.1 a). The right part of the
chip is made for the detection of the beads by light scattering (see Figure 8.1 b). The light of a
laser is guided towards the chip using an integrated SU-8 waveguide. The beads crossing the
laser beam modify the intensity of the scattered light. The scattered light is then measured using
the two symmetric detection waveguides and a photo multiplier tube. A FEM simulation of the

3D hydrodynamic focusing is shown in Figure 8.1 c.

a)

Figure 8.1: Optical detection system developed at DTU: (a) The microchip comprises a 3D hydrodynamic focusing (1) and an optical
detection module (2). The setup employs a laser as incident light source. The incoming and outgoing optical fibers are aligned to the
chip using structured grooves in the SU-8 layer. Scattered light is collected by on-chip waveguides and measured using a photo
muliplier tube. (b) The hydrodynamically focused beads modify the intensity of the scattered light as they pass the laser beam. (c)
Concentration isosurface of the focused stream obtained by numerical simulation for the 3D hydrodynamic architecture (courtesy of

G.S. Zhuang, T.G. Jensen and adapted from [167])

The fluidic requirements for the optical detection system are relatively complex as five
inlets are necessary to perform a fine 3D hydrodynamic focusing. Five solution flows are
controlled by independent syringe pumps and stabilization of the 3D focusing flows is a critical
step. For this reason, the five liquids have to be driven in pushing mode. This is a fundamental
difference compared to the magnetic module and makes a straightforward integration of the two

systems impossible.
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To solve this problem, PDMS valves were introduce on the integrated chip to connect
both modules and a hybrid system working in both pulling and pushing modes was developed in
collaboration with Bertin Technologies and DTU.

8.1.2 Integrated chip design and fluidic manipulation

Figure 8.2 shows the design of the integrated chip. The chip is made of a PDMS layer
and a glass slide with patterned SU-8 on top. The chip was designed to fit into a chip holder
similar to the one shown in chapter 4, Figure 4.8. The main channel network is molded in the
PDMS while the optical detection system is made from SU-8 (right-hand side of the chip).
Three mechanical valves using pins that press on the PDMS channel are used to control the
liquid directions during the experiment (see section 8.2). Two open reservoirs (R-1 and R-2) are
used for the introduction of beads and sample. The six inlets (I-1 to 6) are needed to perform 3D
focusing of the beads in the middle of the channel prior to the optical detection.

The meander-shaped channels are used to avoid a direct contamination between the
contaminated sample and the external chip holder. The patterned SU-8 is used for the fabrication

of the detection channel and the wave guides.

B sus PDMS /) magnetic tips

. valves

R-1

0-2

I-1 H I-6

0-1 1-4 I-5

Figure 8.2: Schematic view of the integrated chip. The main fluidic channel network is molded in the PDMS layer. Two open
reservoirs (R-1 and R-2) serve to introduce beads and sample solutions. Six fluidic inlets (I-1 to 6) are used to focus the beads prior to
the optical detection. Serpentine structures serve to avoid the contamination of the chip holder. The optical detection system is made

from SU-8. Access for the valves (V-1 to 3) and the magnetic tips is also shown.

The fluidic manipulation for the prototype is complex due to the requirement of the 3D
hydrodynamic focusing. Figure 8.3 illustrates the three main steps involved in the experimental

protocol. The chip is inserted in the microfluidic platform and prefilled by simultaneously
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injecting buffer solution with the seven syringes (see Figure 8.3 a). The beads solution is then
injected manually by pipetting in the reservoir R-1 and the reservoir R-2 is filled with the sample
to be analyzed. Subsequently, the beads are sucked in the microchannel from outlet O-1 and
immobilized in-between the magnetic tips (see Figure 8.3 b). Actuation of the beads is started
and the sample solution is flushed through the dynamic plug (see Figure 8.3 ¢). At the end, the
3D hydrodynamic focusing is started and stabilized and beads are released to be analyzed through

the optical detection module (see Figure 8.3 d)

B buffer solution [] beadsolution [l sample

Figure 8.3: Schematic of the fluidic manipulation sequence used to complete an experiment with the integrated chip. (a) After
insertion of the chip in the holder, the complete system is prefilled with buffer solution. (b) Beads are injected in the system by
sucking from outlet O-1 (valves V-2 and V-3 closed) and retained between the magnetic tips. (c) The sample solution is flushed by
sucking from outlet O-1 with valves V-1 and V-3 closed. The agglutination assay is performed and (d) the doublets or aggregates are
optically detected by releasing the beads through the 3D hydrodynamic focusing.

8.2 Chip and platform assembly

Fabrication of the PDMS chip is similar to the fabrication process of the magnetic
actuation system. The PDMS is injected into a mold made of aluminum and PMMA. A SU-
8/silicon master is placed at the bottom of the mold and is used for the casting of the channels
network and microstructured parts. The fluidic accesses and open reservoirs are made using 1 mm
pins and 2 mm pins in the mold, respectivly. The mechanical valve accesses are made by molding

a relatively thin membrane (1 mm) above the microchannel (see Figure 8.4 inset). The resulting

PDMS chip is shown in Figure 8.4 b.
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Figure 8.4: (a) Photograph of the PDMS mold. A SU-8/silicon master is used for the casting of the microstructures. Pins are used to
fabricate the fluidic connections and reservoirs. (b) Photograph of the resulting PDMS chip. The lower part of the chip corresponds to

the magnetic actuation system and the upper part is dedicated for the optical detection.

The final chip has to be easy to handle. Manual insertion of the magnetic poles and
optical fibers has to be done during the fabrication. Clamping of the PDMS and the SU-8/glass
slide is achieved by means of a PMMA case designed and fabricated by Bertin Technologies (see
Figure 8.5). The magnetic tips and optical fiber are directly glued on the glass slide.

magnetic tips
optical fibers

Figure 8.5: 3D schematic view of the assembled chip. The PDMS/SU-8/glass chip is clamped in a PMMA case with the magnetic
tips and optical fibers glued on the glass slide (courtesy of Julien Charpentier, Bertin Technologies).

The demonstrator platform was designed and fabricated by Bertin Technologies. Figure
8.6 shows a photograph of the final demonstrator with the integrated chip. A drawer serves to
slide the disposable chip in the platform, three linear motors actuate the integrated valves and a

permanent magnet may be manually positioned on top of the system.
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Figure 8.6: Photographs of the biosensor platform of the DetectHIV project with (a) the chip (1) on a drawer, before introduction in
the platform and (b) with the chip in the platform ready for an experiment. Linear motors are use to actuate the valves (2) and a
movable permanent magnet may be manually positioned on top of the system. A red laser is used to perform the detection by light

scattering (4) (courtesy of Julien Charpention, Bertin technologies).

This work was carried out in collaboration with Bertin Technologies and DTU.
Fabrication of the PDMS part of the chip was done at EPFL and was directly adapted from the
platform that was developed during this thesis. The demonstrator is ready to be tested and a
model agglutination assay based on the streptavidin and biotin interaction will be first

investigated.
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9 Conclusion and outlook

Magnetic bead-based LOC systems are gaining interest because of the numerous
advantages they offer compared to conventional systems. A major issue remains the transfer of
research devices to the market because of the relatively high complexity of the majority of systems
proposed in the literature. Integration of the magneto-microfluidic device developed in this thesis
was an important aspect of this work. In the frame of the DezeczHIV project, a magnetic actuation
system should be implemented into a biosensor platform prototype together with an optical
detection unit. We therefore focused our efforts on providing simple design rules and
experimental protocols for the retention device and the dynamic manipulation of magnetic beads

on-chip.

Magnetic actuation system

We have designed and fabricated an integrated system for superparamagnetic bead
actuation in a microfluidic channel. The combination of permanent magnets with a single
electromagnet allows simplifying the complexity of the system compared to previously existing
devices. Cyclic motion of superparamagnetic beads across a microchannel may be generated by
combining alternating and static magnetic fields in a magnetic quadrupolar or tripolar
configuration. Micromachined magnetic tips provide the high local field strength and gradient
necessary for retention and manipulation of the beads. Thanks to precise positioning and the
small dimension of the soft magnetic tips, it is possible to concentrate the beads in a highly

confined volume (below 1 nL) offering a efficient tool for immunoassays on-chip. We also
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emphasized the importance of considering magnetic bead interactions for a thorough design of
magnetic bead-based LOC devices. Indeed, in the presence of magnetic field, bead chains and
clusters may form that have an impact on the kinetic properties of the dynamic plug. Moreover,
we developed a fabrication process for monolithic closed SU-8 microchannels. This new approach
allows for versatile chip design rules and provides a simple approach to integrate external

elements, such as soft magnetic tips on microfluidic chips.

Magnetic agglutination assay

The present system may be of interest for many on-chip bio-analytical applications and in
particular for magneto-microfluidic immuno-agglutination assays. Indeed, when using beads with
functionalized surfaces, dynamic actuation of the magnetic bead plug increases the efficiency of
analyte capture in a sample flow. Moreover, when the magnetic field is removed, the
superparamagnetic nature of the beads prevents clustering and permits easy bead release from the
retention system for further processing and detection downstream. Standard detection methods
used for latex agglutination, such as turbidimetry, cannot be readily implemented on-chip. The
detection method presented in this work, based on the swelling of the released plug, is a simple
approach to quantify the amount of agglutination in a heterogeneous mixture of aggregates. We
could demonstrate the performance and potential of our approach by using a strepatavidin-biotin
based model assay. We determined a detection limit of about 200 pg/mL (= 3 pM). This is
several orders of magnitude lower than typical values for standard (non-magnetic) bulk assays and
comparable to a previously reported magnetic assay used to detect ovalbumin-IgG in bulk format
[12]. An important advantage of our chip-based assay is the possibility to strongly reduce bead
and analyte solution volumes (below 1 pl). Real testing using p24 Ag’s on-chip was not yet
implemented. Experiments and evaluation of p24 agglutination assays in microtiter plate format,
carried out in parallel in the frame of the DetectHIV project, revealed problems with the colloidal
stability of the anti-p24-coated bead suspensions. These biochemical issues have to be addressed

in more detail before implementing the assay on-chip.

DetectHIV project and platform

The previously described device is the basis for the fully integrated microfluidic system
developed in the context of the DetectHIV project, comprising an assay module and an optical
detection module of the agglutinated beads in a flow. In collaboration with the DetectHIV
partners Danmarks Tekniske Universitet (DTU) and Bertin Technologies, both modules have

been integrated in a single disposable cartridge. For the time being, the DefectHIV platform and
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the integrated chip have been fabricated and successfully tested for fluidic operations. It is now
too early to say whether the ambitious targeted detection limit of 0.1 pg/mL for the p24 protein
may be obtained. The optical detection method implemented in the integrated chip is based on a
cytometric principle, i.e. on detecting and counting of beads in the flow. Light scattering will be
exploited to discriminate between single beads and doublets linked by the p24 protein. This
method is expected to be more sensitive for detecting a low amount of aggregated beads (ideally
in the range of a few percent of doublets over singlets) compared to the simple plug swelling
based method presented in this work. We may therefore expect a significant improvement of the

detection limit with the final integrated biosensor system.

Dendritic amplification

Our development of a reliable magneto-microfluidic platform allowed the
implementation of several applications requiring the manipulation of magnetic beads in a
microfluidic channel. For instance, our magnetic actuation system allows moving beads across a
microchannel comprising a parallel flow pattern of different solutions, thus the beads can be
exposed to different reactants. This possibility to expose the beads repeatedly to different liquids
was exploited to demonstrate the feasibility of a heterogeneous immunoassay using dendritic
amplification. This resulted in the successful amplification of the fluorescent signal on
streptavidin-coated beads and the detection of 100 ng/mL of a model Ag (mouse IgG). At
present, the detection limit of this method is mainly limited by non-specific adsorption of the
proteins. It may be expected that careful work at the protein level may help to decrease the signal

of the negative test by decreasing the non-specific adsorption.

Further applications

In a similar approach, implementation of an ELISA test on-chip using three parallel
reactant flows would be of interest. By using the first half of the microchannel to form the
immunocomplex sandwich, it is possible to avoid non-specific adsorption on the walls of
detection Ab’s in the second half part of the channel where the detection is performed (see Figure
9.1). This method has a high potential to reduce the unwanted background fluorescent signal and

to improve the detection of low Ag’s concentration.
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(4) " Detection

Figure 9.1: ELISA on-chip. (a) Magnetic beads are first actuated in the half part of the channel cross section (A). The
immunocomplex is formed by injecting the solutions from the inlet (I-1): functionalized beads (1), sample containing Ag’s (2) and
enzyme conjugated detection Ab’s (3). (b) After forming the immunocomplex sandwich, beads are moved to the second half part of
the channel (B) where the detection takes place (4). Adsorption of detection Ab’s at the surface occurs only in the half part (B) of the

channel and therefore does not affect the detection signal.

The magneto-microfluidic platform was also used for the separation of magnetic beads
[135] and hydromagnetic 3D focusing is presently under evaluation. These applications
demonstrate the potential of our concept. This versatile method may be applied to other kinds of
on-chip immunoassays in future. We think that the possibility of integrating the microfluidic
agglutination assay on a disposable chip is a very promising and innovative approach for point-of-

care diagnostics or for use in resource-limited settings.
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