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Preface

Diving in the drafting of this preface, I have been giving some thoughts about what it is with

micro-technology engineers and biological matter; those scholars who grew in the comfort

of the (most of the time) deterministic fate of processing solid state and synthetic chemical

materials, like silicon, resins, metals, plastics, and decided to approach the sciences of life: a

world of randomness, complexity impossible to size, unattainable efficiency, as terrifying as

fascinating. I am one of them, and I have been for exactly 20 years today, when I graduated in

microelectronics and started right away a PhD in what at the time was still a rather pioneering

field. Since then, I have looked at myself, and dozens of those fools, from very close, and

I would allow myself to say that we all oscillate between these two states: the strive for

knowledge and understanding, and the obsession with control (or the lack of it), manipulation

and definition of that matter and its elementary particles. The challenge to apply to biological

matter what you have learned in the books and in the cleanroom and the many failures are

upsetting, and you are brought to think that this is just not for you and your forma mentis, that

it is altro da te, but you cannot but ironically realize that, instead, this matter is precisely you,

you are made out of it and its domains of research impact in so many aspects your own life, of

society, of health, and that it is absolutely worth the ache.

I shall mention that Pierre-Emmanuel is way less dark and conflicted than I am. Luckily for my

balance, the essence and habit of my exchanges with him are sparkles of optimism, seamless

capability to understand each other mind and the light of his sharp mind. He is one of those

students that you will miss for a long time after he got his title for not showing up anymore at

your office with the regularity that an advisor-student relationship mandated him. He is one

of those fellows you seek to share ideas and solutions and you would try to talk into becoming

your peer and your colleague.

Certainly thanks to his constitution, Pierre-Emmanuel did great, both in knowledge and in

matters of control of the biological elements in the samples we have been working with.

We have long being fascinated by the idea to manipulate and move particles in a flow chamber

by designing electrokinetic fields of force sufficiently strong to act on them singularly, deter-

ministically and specifically. Moreover, we believed in the need to spare the particles and the

biological elements from direct contact with the electrodes, to prevent damaging and artifacts.
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Pierre-Emmanuel succeeded in combining a cell arraying device to display single biological

cells in a bi-dimensional ordered fashion with a technique that selectively removes single

ones of them from the array and deliver them to the outlet of the device. As the impact of

manipulation is a primary concern, this study was supported by the analysis of the genetic

expression of delivered cells in terms of their stress and overall differences with respect to ref-

erence populations, providing an important contribution to the assessment of the advantages

and the limits of microfluidics designs.

He also applied his particle manipulation techniques to the field of in vitro molecular diag-

nostics and, in particular, immunoassays. He leveraged new control and micro-actuation

functions in fluids to counteract mass transport phenomena which normally limit sensitivity

and increase the binding time. He was able to define a system that could manage multiple

markers analysis in a very short time, thanks to the possibility to specifically address particles

with different properties. In the future, we hope to bring an evolution of his system to become

a fully automated point-of-care that combines sensitivity to low concentrations and speed to

response.

I am proud of Pierre for what he did of the opportunity of writing a thesis. We see less and less

thesis manuscripts where the candidate takes a step back and provides an actual intellectual

work based on his or her efforts and findings, reworking them, asking new questions and

putting the research in perspective. I hope you will enjoy it as much as I did.

Lausanne, 25 October 2021 C. Guiducci.
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Abstract

Microfluidic is an ensemble of technologies and methods that permits the handling and

analysis of minute volumes of samples in short timescales. Since its introduction it revealed a

remarkable potential to unveil novel biological mechanisms. The small volumes involved in

microchannels shortens reaction time and foster interactions between bioanalytes. Further-

more, the reduced footprint of the microfluidic channels also allows the integration of different

modules within the same chip, each performing a dedicated step of a complex procedure, in

what was defined as a lab-on-a-chip (LOC) platform. The use of 3D dimensional particles in

such devices serve a double purpose: the manipulation of biological sample such as single

cells in suspension and the introduction of microbeads that exhibits high surface-to-volume

ratios and hence improved analyte collection.

In this thesis, we present the development of new tools for the accurate manipulation of mi-

croparticles in microfluidic channels and their efficient exposure to flow. Microbeads or single

cells were immobilized on-chip via a combination of hydrodynamic and dielectrophoretic

(DEP) effects. Following their trapping, single-cells could be selectively released and recovered

off-chip for further expansion and characterization. A transcriptomic analysis of recovered

cells revealed marginal alteration of their molecular profile upon exposure to DEP forces

and thus validated the potential of our technology for the assessment of single-lymphocytes

properties. The efficient analyte collection achieved by microfluidic systems could benefit

the field of diagnostics through the introduction of two distinct platforms. The first em-

ploys DEP forces to carry out the simultaneous detection of two acute kidney injury markers,

NGAL and Cystatin C, in a minimally diluted buffer. High aspect-ratio three-dimensional

electrodes were integrated in a microfluidic channel and could generate sufficient forces to

retain functionalized beads against the flow of reagents for a 15 minutes-long incubation. The

second introduces a novel approach based on DNA barcodes and toe-hold mediated strand

displacement to perform the rapid readout of highly multiplexed immunoassays. The signal

acquisition takes place in a wide microchamber crowded with mechanical traps stopping the

beads at dedicated locations, its duration could be shorten down to 3 minutes per marker,

with a throughput approaching 20 markers per hour.

The obtained results demonstrated the potency of microfluidic platform for the manipulation

and analysis of microparticles in-flow and paves the way for the development of a novel
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Abstract

generation of highly integrated lab-on-a-chip systems.

Keywords: Microfluidics, 3-D electrodes, Dielectrophoresis (DEP), Hydrodynamic trapping,

On-chip incubation, Immunoassays, Kidney injury, DNA barcode, Toehold-mediated strand

displacement, Single-cell manipulation, mRNA sequencing.
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Résumé

L’emploi de canaux microfluidiques permet la manipulation et l’analyse d’échantillons aux

volumes réduits dans une échelle de temps très courte. Depuis leur introduction, ces canaux

ont démontré un potentiel prometteur pour la mise en évidence de nouveux méchanismes

biologiques. L’utilisation de faibles volumes d’échantillons favorise les interactions entre

analytes et en conséquence diminue la durée des réactions biochimiques. De plus, la petite

taille des systèmes microfluidiques permet l’intégration de plusieurs modules spécifiquement

conçu pour réaliser une tâche dédiée au sein d’une même puce microfluidique. Un tel système

est communément appelé un laboratoire sur puce (lab-on-a-chip en anglais). L’introduction

de particules tridimensionnelles au sein de ces plateformes se révèle pertinente dans deux

contextes différents : la manipulation d’échantillons biologiques comme des cellules en

suspension dans un canal ou le diagnostique clinique de pathologies à l’aide de microbilles

fonctionnalisées qui garantissent une collection efficace d’espèces à leur surface.

Dans le cadre de cette thèse nous discutons le dévelopement de nouveaux outils conçu pour

assurer une manipulation précise de microparticules dans un canal microfluidique ainsi

que leur exposition optimale à un écoulement laminaire. L’immobilisation de cellules ou de

microbilles est réalisé dans la puce microfluidique à l’aide de restrictions mécaniques ou

de forces diélectrophorétiques. A la suite de son immobilisation une seule cellule peut être

choisie et récupérée hors de la puce microfluidique pour des analyses plus approfondies. Une

analyse transcriptomique des cellules récupérées hors de la puce révèle un impact mineur

causé par l’application de forces diéléctrophorétiques, ce qui confirme la pertinence de notre

approche pour l’analyse des propriétés des cellules immunitaires. L’introduction de deux

platformes basées sur la capacité des systèmes microfluidiques à promouvoir les interactions

entre analytes nous a amené à la mise au point de nouvelles méthodes de diagnostique.

La première plateforme repose sur l’utilisation de forces diélectrophorétiques pour réaliser

la détection simultanée de deux marqueurs, appelés NGAL et Cystatin C, associés à une

insuffisance rénale aigue. L’intégration d’électrodes tridimensionnelles au sein des structures

microfluidiques assure la création de champs électriques suffisants pour immobiliser des

billes contre l’écoulement laminaire et autorise l’incubation de réactifs pour une durée de 15

minutes. Le second système propose une nouvelle stratégie basée sur l’utilisation de brins

d’ADN en tant que code-barre pour effectuer la lecture rapide d’un immunoessai réalisé au

préalable. L’acquisition du signal se fait dans un large canal microfluidique qui comporte des
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Résumé

structures dédiées à l’immobilisation des mibrobilles. Chaque mesure est effectuée en moins

de trois minutes, ce qui permet l’analyse d’environ 20 marqueurs par heure, une cadence très

importante dans le domaine du diagnostique.

Les résultats obtenus dans le cadre de ce travail de doctorat valident le potentiel des systèmes

microfluidiques pour la manipulation et l’analyse de microparticules au sein d’écoulements

laminaires et ouvrent la voie au dévelopement de nouveaux laboratoires sur puce hautement

intégrés.

Mots-clés : Microfluidique, Electrodes tridimensionnelle, Piège hydrodynamique, Incubation

sur puce, Immunoessai, Insuffisance rénale, barcoding moléculaire, Manipulation de cellules

isolées, Séquençage d’ARN messager.
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Introduction and theoretical
considerations on mass-transport

Specific molecular interactions are without a doubt a cornerstone of biology. They are ob-

served in all living organisms and involved in almost every biological pathway. Among many

others, one could mention the immune system that relies on antibodies to specifically tar-

gets pathogens molecules [1], or neural networks that involve binding of receptors such as

dopamine to regulate their activity [2]. In-vitro technologies also heavily rely on such inter-

actions for various applications. For instance, some DNA sequencing approaches employ

labelled oligonucleotides to bind their complementary strand and emit a fluorescent signal

[3]. The diagnostics field largely benefited from the specific interaction between antibodies

and antigens in immunoassays. The introduction of labels attached to antibodies grants

a simple and efficient detection of proteins in physiological buffers. The most successful

example of the tremendous potential of immunoassays is the development of Enzyme-Linked

Immunosorbent Assay (ELISA), introduced by Engvall and Perlmann in 1971 [4], that revolu-

tionized the biomarker detection with unprecedented sensitivity and reliability. Nonetheless,

it necessitates significant fluid volumes and long waiting times for the binding to occur [5],

hindering the analysis of rare samples. Furthermore, in-vitro techniques are often based on

steady incubation and fail to mimic the complex and dynamic environment encountered

within biological tissues.

The injection of low sample volumes in microfluidic channels can counteract both afore-

mentioned limitations, as it requires low volumes of analyte and can reproduce capillary

conditions frequently encountered in living organisms. Additionally, the reduction of the

reaction volume leads to a decrease in the reaction time and allows for the implementation

of high throughput parallel analysis. The miniaturization of the sensing sites also reduces

the sensor footprint and permits its integration in compact devices such as Point-of-Care

platforms (PoC). Microfluidic-based PoC devices aim at providing user-friendly and sensi-

tive diagnostics within a short duration and at low cost, a valuable asset in the context of

personalized medicine that will certainly play a significant role in the near future.
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The collection of analytes at a sensor’s surface is governed by complex equations that can

not be easily solved in a general configuration. The solution of Navier-Stockes’ equation in

microfluidic channels has been implemented in the case of simplified microfluidic channels

[6]. However, such resolution comes at a very computing-intensive price that is not compatible

with the development of complex microfluidic structures.

In this introduction, we will discuss the theoretical background that describes the collection

of analytes on different kinds of surfaces: a planar sensor or a population of spherical mi-

crobeads suspended in a microfluidic channel. The wide variety in the shapes and dimensions

of microfluidic channel hinders a simple comparison of different devices. However, a good

understanding of the dominant behaviors could be achieved with the introduction of dimen-

sionless numbers, powerful tools frequently employed in the field of fluid mechanics [7]. They

can effectively compare the relative influence of various physical phenomena [8] and help us

understand which parameters will play a significant in the analyte collection.

Figure 1 presents the simplified models we use throughout the entire introduction to charac-

terize the analyte collection on a planar or spherical sensor placed in a microfluidic channel.

A planar sensor of length Ls and width Ws or spherical sensors with a radius R are placed in a

microfluidic channel with a cross-section HWC in which a flow Q is injected. It is the simplest

model that still includes all the elements pertinent in our study, namely binding-reaction,

diffusion and convection.

Figure 1: Schemes of the planar and spherical sensors employed for analyte collection anal-
ysis A planar sensor with a width Ws and a length Ls is placed at the bottom of a microfluidic
channel with a cross-section HWC in which a flow Q is injected (right part). Spherical sensors
with a radius R are maintained in suspension in a similar micro-channel. In both cases, the
binding interaction between the probe and the analyte is characterized by the association and
dissociation constants kon and ko f f , respectively. Adapted from [7]
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1 Capturing a molecule

1 Capturing a molecule

The binding of the molecules to the sensing surface ultimately generates an output signal.

Assuming first-order Langmuir kinetics, the surface density of probes occupied at the sensor

surface Γ(t ) follows the equation:

∂Γ

∂t
= koncs(Γ0 −Γ)−ko f f Γ (1)

Where Γ0 is the surface density of probes at the sensor’s surface, cs the concentration of target

analyte near the sensor and kon and ko f f the association and dissociation rates of the target

on the probe, respectively. The probability that a binding event occurs depends on the number

of binding sites available (Γ0 −Γ). If the analyte is always provided in large amounts close to

the sensor, then cs = c0 where c0 is the bulk concentration of analyte, and one can solve the

equation 1 to derive the association transient regime.

Γ(t ) = Γ0
c0

KD + c0
(1−e−(kon c0+ko f f )t ) (2)

Where KD = kon/ko f f is the equilibrium dissociation constant that measures the propensity

of the analyte to detach reversibly from the probe. This system will tend towards equilibrium

for which the occupied probe density can be expressed as:

Γeq = Γ0
cR

1+ cR
(3)

Where cR = c0/KD compares the concentration of the target analyte with the dissociation

constant of the binding reaction. cR >> 1 will result in Γeq = Γ0, i.e. a saturation coverage

of the sensor’s surface with target molecules, while cR << 1 will lead to Γeq = 0, i.e. almost

no analyte attached to the sensor. Indeed, a binding event will be more likely followed by a

dissociation event rather than another binding event. It is interesting to notice that for low

concentrations, the number of molecules bound at the surface of the sensor does not depend

on the flow of analytes above the sensor but only on the dissociation constant of the probe.

The intuitive idea to increase the flow rate in the channel will thus prove itself irrelevant.

Another interesting quantity that can be derived from equation 2 is the time needed to achieve

steady-state, that can be written as:

τ= 1

ko f f +konc0
= 1

ko f f (1+ cR )
(4)
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Concentrated solutions (cR >> 1) require all the binding sites to be occupied with reaching

equilibrium. The equilibration time thus depends on how long it will take to bind all those

molecules. On the other hand, diluted solutions (cR << 1) do not need many binding events,

so that time to reach equilibrium is determined by the time it takes for the on- and off- fluxes

to compensate.

The number of probes at the surface of the sensor is an important figure of merit for analyte

detection. It contributes to the dynamic range of the sensor and its performance at low

concentrations. In the case of a planar surface, the number of binding site is given by:

Nbi ndi ng si tes,pl anar = Γ0LSWS (5)

With LS and WS the length and the width of the sensor, respectively.

Assuming that the surface density Γ0 is constant, a group of Nbead s with a radius R will provide

instead:

Nbi ndi ng si tes,bead s = Γ04πR2Nbead s (6)

binding sites. The number of beads in a volume V of solution can be expressed as in the

following, where cm is the massic concentration of beads in solution, defined as the mass of

beads per unit of volume of solution and ρbead the density of the bead’s material:

Nbead s =
mbead s

m1bead
= cmV

4
3πR3ρbead

(7)

In order to compare the relative amount of available binding sites in a planar or spherical

sensor, we introduce the figure of merit G . It is defined as the number of sites available on

spherical particles in suspension above a planar sensor divided by the number of binding sites

available on this planar sensor. It can therefore be expressed as:

G = Γ04πR2Nbead s

Γ0LsWs
= 3cm H

Rρbead
(8)
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1 Capturing a molecule

Figure 2: Plot of the G ratio as function of the microparticle radius The evolution of the G
ratio is plotted for 2 values of cm , 1% and 2%. The threshold to determine whether spherical
or planar sensors provide more binding sites, i.e. G=1, is plotted in blue.

Interestingly, this ratio is independent of the size of the planar sensor and only depends on

the spherical particles radius and their massic concentration. G >> 1 results in more binding

sites with spherical particles rather than with the planar sensor. Figure 2 depicts the evolution

of G as a function of R with a channel height fixed at 100 µ m and two representative values of

cm , 1% and 2%.

Beads of large diameters will provide less binding site per unit of volume compared to smaller

beads. Indeed, beads with a radius below 1 µm can provide as much as 50 times more binding

sites than a planar sensor of the same surface area. Furthermore, an increase in massic

concentration cm will naturally lead to an increase in the amount of beads and, therefore,

their binding sites. It will also result in an augmentation of the radius Req corresponding to an

equivalent binding sites number for both planar and spherical sensor (i.e. G=1), from 3 to 6µm

in the figure. Interestingly, the G ratio will also grow linearly with the height of the channel,

demonstrating the importance of high channels when working with spherical particles in

suspension. We can then conclude that microbeads can provide more binding sites and grant

a better dynamic range to associated sensors due to their high surface to- to-volume ratio.

They also offer better performance in terms of mass transport, a phenomenon that will be

explored in detail in the next section.
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2 Collection of molecules on the sensor

2.1 Diffusion-based transport

As analytes are captured by probes placed at the surface of a sensor, the concentration of

these analytes at the vicinity of the sensor decreases locally and causes the appearance of

a concentration gradient in the solution. According to the second law of thermodynamics,

the system will naturally tend to minimize its entropy and a net flux of molecules from high

concentration regions towards low concentration regions will appear. This phenomenon is

called diffusion, and the flux of molecules per unit surface jD is given by the first Fick’s law:

jD =−D∇c (9)

where D is the diffusion coefficient and∇c the concentration gradient in solution. As molecules

located close to the sensor’s surface are being consumed, a so-called depletion region develops

above and around the sensor surface. The path of molecules is directed by random motion so

that the time required by a molecule to travel a certain distance does not scale linearly with

distance. Consequently, the size of the depletion region δ increases with the square root of

time:

δ∼
p

Dt (10)

Considering a planar sensor placed at the bottom of the channel, the depletion region will first

grow radially for a time scale τdi f f ,H = H 2/D until it reaches the top of the channel, then grows

indefinitely inside the channel. It is interesting to note that, in such a system, the steady-state

is never achieved. The surfacic collection rate in the pure diffusive case can be expressed as:

jD = −D(c0 − cS)

δ
=−(c0 − cS)

√
D

t
(11)

The flux will endlessly decrease, and so will the analyte collection in the absence of flow. A

spherical collection surface, however, exhibits different properties as they can reach a steady-

state regime in similar conditions [9]. In a spherical geometry, the concentration of analyte at

a distance r from the center of the sphere can be written as: [9]

c(r ) = c0(1− R

r
) (12)
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2 Collection of molecules on the sensor

Where R is the radius of the bead. The diffusion flux per surface unit can be derived from

equation 9:

jD (r ) = ∂c

∂r
=−Dc0

R

r 2 (13)

Integrating this surfacic flux at the surface of the bead, one can obtain the flux of molecules

on the bead surface:

JD (R) = jD (R)4πR2 =−4πDRc0 (14)

While we would intuitively expect this flux to scale with the area of the bead, it only scales with

its radius R. Indeed, as the radius R increases, the area increases as R2, but the concentration

gradient decreases as 1/R. This result can be generalized in the case of adsorbing objects of

any shape placed in a channel with infinite height and width [9]. For a channel with a limited

height such as the one previously described, the depletion region will grow spherically until

it reaches the top of the channel and then horizontally. However, during this last step, the

cross-section of the channel is fixed and can not increase, preventing the establishment of

a steady-state regime as observed with spherical particles, where the size of the depletion

region increases until the flux of molecules crossing the boundary of the depletion region

compensates for the molecules captured at the bead’s surface.

2.2 Introduction of convection in the channel

The introduction of convective transport can stop the infinite growth of the depletion region

observed for a planar sensor placed in a channel with finite height. An equilibrium will be

achieved for a depletion region δs for which the flux delivered by convection will compensate

the diffusive flux through the upstream depletion zone. If at a given instant the depletion

region in the channel is δ(t) < δs the diffusive flux is too high and can not be balanced by

convective flux resulting in a spreading of the depletion region. If δ(t ) > δs , the diffusive flux

can not consume all the molecules brought by convection, and the depletion region will shrink.

In order to understand the relative importance of diffusion vs. convection in a microfluidic

channel, one can compare the time a molecule needs to travel the height H of the channel by

diffusion and the time it will take to travel the same distance due to convection, as illustrated

in figure 3.
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Figure 3: Scheme of the trajectory of a particle in a microfluidic channel with a height H A
particle placed in a microfluidic channel will need a time τdi f f to diffuse over the distance H.
The time it will need to travel the same distance H through convection is given by τconv .

The ratio of the aforementioned duration defines a dimensionless figure of merit referred to as

the Peclet number of the channel (PeH ) [7, 10] :

PeH = τdi f f usi on

τconvecti on
=

H 2

D
H 2Wc

Q

= Q

DWc
(15)

Where Q is the volumetric flow rate of particles injected in the microfluidic channel and Wc

the width of the channel. PeH is also called the first Peclet number; it brings insights about

the sensor’s range of influence. If PeH << 1 diffusion wins over convection, consequently, the

depletion region extends over the entire height of the channel and all target molecules are

collected by the sensor. If PeH >> 1 convection dominates in the channel, molecules are swept

downstream before they can hit the sensor. This results in the loss of most of the analyte. The

molecules that will effectively reach the sensor are located very close to the sensor, a region

where the fluid velocity v(z) can be derived from the Poiseuille flow and simplified to the

following formula:

v(z) = 6Q

Wc H 2 z (16)

Where z is the height above the sensor at which the fluid velocity is calculated. The thickness

of the depletion region δs in the case of high PeH can be derived in a similar way as equation

8



2 Collection of molecules on the sensor

15. The time τconv it takes for a molecule to travel past the sensor can be equaled to the time

τdi f f needed for a molecule to diffuse across the distance δs . we can thus deduce[7]:

τconv ∼ τdi f f ⇒
δ2

s

D
∼ LsWc H 2

6Qδs
(17)

Isolating δs we find:

δs

ls
∼

(
D H 2Wc

QL2
s

) 1
3 ∼

(
1

PeS

) 1
3

(18)

Where

PeS = 6
(LS

H

)2
PeH (19)

expresses the Peclet number associated with the sensor. PeS describes whether the depletion

region is large or small with respect to the sensor dimensions. PeS << 1 is typically experienced

by nanosensors such as nanowires, where the depletion region can be smaller the height of the

channel but larger than the sensor. On the other hand, common sensors with micron-range

size and operated at rather high flow rates exhibit both high PeH and PeS . In this latter case,

the surfacic flux at the sensor’s surface can be expressed as:

jD ∼ Dc0

δs
∼ (

PeS
) 1

3 (20)

Interestingly, the flux at the sensor surface only weakly depends on the flow rate in the channel.

A 1000-fold increase of the flow rate Q will only result in a 10-fold increase of the flux of

molecules at the sensor surface.

The introduction of microbeads as capturing objects instead of a planar sensor at the bottom of

the channel will tremendously complexify the resolution of mass transport equations. Hence,

we propose to derive an intuitive description of the mass transport behavior in the case of high

PeH and PeS . In that specific case, micron-sized beads are small enough to be assimilated to

planar sensors stacked upon the entire height of the channel [11]. Their respective depletion

regions will not overlap and therefore the collection rate in the presence of beads will scale

linearly with beads number. Consequently, they can collect significantly more molecules than

a simple planar sensor, ultimately increasing the output signal of the sensor and significantly

reducing the sample loss.
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3 Uniting mass-transport and binding kinetics

In the previous sections, we extensively describe the two main phenomena directing target

collection, namely mass-transport and binding kinetics. Both compete to assess whether

the reaction will be limited by the transport of molecules to the sensor or the binding event

occurring at its surface. Assuming that PeH >> 1 the flow of analyte at the sensor surface

brought by mass-transport is given by:

jD ∼ D(c0 − cs)

δs
(21)

Where cs is the concentration of probes at the sensor surface. The initial reactive flux can be

derived from equation 1 as:

jR ∼ konΓ0cs (22)

Assuming a quasi-steady binding we can balance the reactive and mass-transport flux to find

the concentration at the surface of the sensor[7]:

jR = jD ⇒ cs

c0
∼ 1

1+ konΓ0δs
D

∼ 1

1+Da
(23)

Where

Da = konΓ0δs

D
(24)

is the ratio of diffusive over reactive flux, also named Damkohler number. If Da >> 1 then

cs ∼ 0 and the reaction is limited by mass-transport. Each molecule brought by diffusion will

instantly be collected by the sensor. On the other hand, if Da << 1 then cs ∼ c0 and the binding

events are not frequent enough to bind the analyte if brought in the vicinity of the sensor.

It is noteworthy that the introduction of a spherical surface will have no influence on binding

kinetics in the channel but will enhance mass transport behavior, as shown above, resulting in

a decrease of the Damkohler number.
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4 Objectives and thesis outlook

The previous section discusses the behaviors directing the collection of analytes at a sensor

surface. The capture of target molecules mainly relies on the binding affinity of the probe

with the analyte, a parameter that cannot be easily modified without designing new probes.

The mass-transport aspect nonetheless can be largely impacted by the use of microfluidic

channels, thanks to modification in the channel geometry and applied flow rates. We also

demonstrated with simple calculations the benefits of using microparticles instead of planar

surfaces to collect analytes, both in diffusive- and convective-dominated configurations.

In this thesis, we introduce novel methods to handle and maintain microparticles, namely

decorated beads and single cells, against the flow in order to improve analyte collection

and, ultimately, the assay’s performance. Our systems present a wide variety of applications,

ranging from immunotherapy to point-of-care diagnostics.

Chapter 1 focuses on the development and optimization of microfabrication processes carried

out in the scope of the thesis. We present fast prototyping protocols that were implemented to

simplify the validation of new microfluidic layouts. We also extensively discuss the integration

of standing SU-8 electrodes within microfluidic channels. Finally, we introduce new hybrid

SU-8/PDMS valves granting an active valving option to our systems.

Chapter 2 covers the retention of microparticles against the flow. The immobilization is

performed thanks to hydrodynamic or dielectrophoretic (DEP) forces depending on the types

of microparticles, cells or beads, and on the flow level in the microfluidic channel. Importantly,

each layout offers the possibility to release microparticles after trapping with numerous

advantages, such as the opportunity to further study cells after on-chip incubation or to clean

the device from beads for further use.

Chapter 3 presents possible applications of our retention technology in the diagnostics field.

Two distinct platforms are introduced: a DEP-based device for the simultaneous detection of

acute kidney injury marker (AKI) in point-of-care settings and a hydrodynamic-based system

for sequential detection of multiple markers thanks to DNA barcoding. Both approaches

are extensively described and characterized. The first system performs the concomitant

assessment of clinical levels of two AKI markers, NGAL and Cystatin C, in a minimally diluted

buffer. The second technology demonstrates the successive hybridization and detachment of

DNA barcodes labelled with fluorophores at the surface of microbeads.

Chapter 4 focuses on the consequences of exposing single cells to flows in a microfluidic

platform. In order to precisely understand such aftereffects, we independently assess the

phenotypical impact of DEP actuation and injection in a microfluidic device on lymphocytes.

The conclusions of the RNA-sequencing protocol performed are illustrated and discussed.

Chapter 5 provides suggestions on how to further develop the projects presented in the scope

of the thesis and proposes a comprehensive list of research fields that could benefit from the

novel technologies introduced in this manuscript.
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1 Fabrication methods for particle ma-
nipulation in microfluidics

Disclaimer: The work presented in this chapter is partially adapted from the follow-

ing article:

Thiriet, P.-E.; Pezoldt, J.; Gambardella, G.; Keim, K.; Deplancke, B.; Guiducci, C.

Selective Retrieval of Individual Cells from Microfluidic Arrays Combining Dielec-

trophoretic Force and Directed Hydrodynamic Flow., Micromachines, 2020

My contribution: Conceptualization, methodology, validation, investigation, writing

and editing.

This chapter presents the microfabrication processes developed in the scope of this thesis.

Our work was based on established protocols that were tailored to our specific needs, namely

the efficient exposure of microparticles to flow. This chapter is divided in three main sections:

section 1.1 discusses the introduction of fast prototyping methods to validate the performance

of our microfluidic systems, section 1.2 presents the integration of 3D electrodes in microflu-

idic channels to embed actuators close to microparticles and finally section 1.3 describes the

development of hybrid PDMS/SU-8 valves for accurate handling of fluid.

1.1 Prototyping of microfluidic devices

The design of a complex microfluidic chip requires a careful optimization of the device layout.

Such optimization have been partially carried out through simulations [12], as discussed later

in this thesis. Another approach, explored in the scope of this thesis, consists in the iterative

fabrication of microfluidic prototype that can be experimentally validated. In this this section

we present two prototyping approaches that have been implemented.
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Chapter 1. Fabrication methods for particle manipulation in microfluidics

1.1.1 Fabrication of SU-8-based micro-channels

SU-8 is a negative epoxy-based resist allowing the patterning of high aspect ratio structure

[13], making it an ideal material for the design of 3D topologies. Good transparency properties,

bio-compatibility and chemical resistance favored its integration in numerous microfluidic

devices with biological applications [14, 15], and its critical dimension of 1 µm allows for an

accurate manipulation of cells [16].

We developed processes for the fabrication of SU-8 channels with a height ranging from 15µm

to 50 µm, allowing the optimization of microfluidic channels dimensions prior to integration

of more complex features such as standing electrodes.

Figure 1.1: Process flow of the fabrication of SU-8 microfluidic channel The resist is spin-
coated on the surface of a glass wafer, then exposed to UV light, baked and developed in
PGMEA.

Figure 1.1 describes the corresponding process flow. The photoresist (SU-8 25, Kayaku) was

spin-coated at a desired speed on a glass substrate. Glass was chosen as substrate material

due to its excellent transparency and chemical resistance. Following a softbake at 95°C, the

wafer was exposed to UV light. Then we carried out two post-exposure bake at 65°C and 95°C

in order to catalyze the cross-linking of the polymer. The un-crosslinked photoresist was

removed in a development step performed in Propylene Glycol Monomethyl Ether Acetate

(PGMEA). Finally the microfluidic channel was closed with PDMS cover.
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1.1 Prototyping of microfluidic devices

Figure 1.2: SEM pictures of SU-8 microfluidic channels Microfluidic channels having 15µm (a)
and 50µm (b) height microfluidic channels were produced in SU-8 to assess the performance
of the microfluidic layout

Figure 1.2 shows Scanning Electron Microscopy (SEM) pictures of SU-8 microfluidic channels

with a height of 15µm (Figure 1.2a) or 50µm (Figure 1.2b). Exposure dose and development

time were finely tuned to achieve an aspect ratio of 1:5 and the fabrication of trapping re-

striction as small as 5 µm, matching the state-of-the-art records [17] and demonstrating the

versatility of the SU-8-based prototyping to design novel microfluidic platform. This process

has been implemented for the validation of hydrodynamic traps performance, presented

chapter 2 section 2.2. Besides this SU-8 microfabrication protocol, we employed as well

PDMS-based microfluidic channels.

1.1.2 Fabrication of PDMS-based micro-channels

Following its introduction by the group of Prof. Whitesides in 1998, Poly Di Methyl Siloxane

(PDMS) has quickly become the standard material for microfluidic prototyping [18]. Its

unique properties opened new avenues in the bio-engineering field, revealing to the scientific

community the potential of microfluidic systems. One could, among others, mention the

introduction of Quake valves [19] or droplet microfluidics [20] that had a tremendous impact

in the field of diagnostics[21], single-cell analysis [22] or drug discovery [23]. PDMS exhibits

indeed good optical properties, biocompatibilty [24] and chemical resistance, and can be very

easily produced without the need of cleanroom equipment through soft lithography. Molds

are commonly made of silicon or photoresist and fabricated by standard photolithography. In

this section we explore both approaches for molds production and detail the obtained results

in the scope of microfluidic channels prototyping.

Silicon-based molds

As silicon was historically the gold standard material for microelectronics, it was naturally

one of the reference material for the first microfluidic platforms. Its surface functionalization

has been extensively studied, allowing easy biochemical modifications [25].The fabrication of

PDMS stamps with silicon molds is presented in figure 1.3.
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Chapter 1. Fabrication methods for particle manipulation in microfluidics

Figure 1.3: Process flow of the fabrication of PDMS microfluidic channels with Si molds The
silicon molds are etched through Bosch process, then liquid PDMS is poured on the mold,
cured at 80°C and stripped from the wafer.

Figure 1.4: SEM images of PDMS structures fabricated with Si molds While the large structure
could be efficiently transferred to the PDMS stamp (a) the transfer failed for smaller structure
due to excessive adhesion (b).

The silicon molds were fabricated as followed: a first photolithography step was performed to

pattern a positive resist on the silicon wafer. The un-protected area was then opened through

Bosch process (AMS 200, Alcatel) and the remaining resist was stripped in an oxygen plasma.

Prior to pouring the PDMS on the surface of the molds, the wafers were treated with oxygen

plasma and Trimethylchorosilane (TMCS) in order to reduce adhesion of the silicon with

PDMS. After curing for 2 hours at 80°C, the PDMS stamps were carefully detached from the

molds, activated in an oxygen plasma and bonded to a glass slide by gentle pressing. Such

approach was successful for the fabrication of large structures such as integration of inlets or
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1.1 Prototyping of microfluidic devices

outlets on a PDMS coverslip or control channels in a valve design (see section 1.3) as shown

in Figure 1.4a. However, we could not achieve a reliable fabrication of fine and high aspect

ratio PDMS structure, as shown in Figure 1.4b. This was caused by a strong adhesion of the

PDMS to silicon, despite the TMCS pre-treatment. To tackle this issue we produced SU-8

molds which should feature a milder adhesion.

SU-8-based molds

SU-8 can serve the double purpose of constituting the core material of 3D microfluidic struc-

tures and being suitable as molds for PDMS modules. Its high resolution, durability and

aspect ratio permits the fabrication of very reliable molds for a cost significantly lower than

silicon-based molds [26]. In this section we pursued our efforts to develop fast prototyping

methods and, to this end, we designed and fabricated high resolution PDMS microfluidic

structures with SU-8 molds.

Figure 1.5: Process flow of the fabrication of PDMS microfluidic channels with SU-8 molds
The SU-8 resist is spin-coated on a silicon wafer, patterned with photolithography and covered
with parylene for a reduced adhesion with PDMS.

Figure 1.5 details the fabrication process carried out to produce the SU-8 molds and PDMS

stamps. The molds fabrication is very similar to the SU-8 microfluidic fabrication already

presented. The desired thickness of SU-8 is first spin-coated and patterned through pho-
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tolithography before development in PGMEA. Before pouring the PDMS we introduced a step

of molds coating with a 500 nm layer of Parylene C in order to reduce adhesion of PDMS to

the molds [27]. The very conformal deposition of parylene ensures a proper covering of high

aspect ratio structures [28] and avoid the pre-treatment of the molds with TMCS, resulting

a consequent reduction of the total fabrication duration. Microfluidic structures fabricated

following this approach can be seen in Figure 1.6.

Figure 1.6: SEM images of PDMS structure fabricated with SU-8 molds High aspect ratio
structures can be reliably transferred to PDMS stamps with the SU-8 molds coated with
Parylene C.

The structures could be efficiently transferred from the molds to the PDMS. Despite an aspect

ratio of 1:4, more than 99% of the structures were still standing at the end of the fabrication.

The impact of Parylene C on the yield of standing structures has been assessed through the

production of SU-8 molds deprived of Parylene coating but undergoing TMCS pretreatment

prio to PDMS pouring. This resulted in a lower yield for the standing structures, around 95%,

which is still considerably higher than the yield obtained with silicon molds for high resolution

structures. The devices presented in section 2.2.3 for immobilization of single beads against

the flow were fabricated according to this method.

We investigated in this section three protocols for fast prototyping of microfluidic channels,

each presenting specific advantages and limitations. While allowing the best resolution in the

microfluidic designs, the SU-8-based microchannels suffer from its inherent complexity and

cost. SU-8 molds coated with Parylene consequently appear as the most suitable solution for

rapid prototyping of PDMS devices.

1.2 Integration of 3-D electrodes in a microfluidic channel

In order to exploit even further the new doors opened by the microfluidic area, researchers

have early on attempted to integrate electrodes within microfluidic channels, thus combining

the performance of microfluidic systems with electrical sensing and actuation technologies.

The results matched their expectations and numerous systems systems were designed, allow-

ing for the analysis of single-cells through impedance spectroscopy [14], electro-rotation [29]
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1.2 Integration of 3-D electrodes in a microfluidic channel

or dielectrophoresis. Cells could also be sorted in-flow depending on their dielectric properties

[30] or deflected by dielectrophoretic forces [31]. Adapting electrophoresis to microchannels

significantly enhanced the separation of chemical species [32].The most intuitive solution to

integrate electrodes in a microfluidic channel was to pattern planar electrodes at the surface of

the substrate, typically with a lift-off process [33]. The use of planar electrodes faces however

several limitations including a non-uniform electric field over the channel height [34]. Such

non-uniformity hinders the possibility to increase the height of the channel and consequently

limit the throughput of the system.

Three-dimensional electrodes overcome this issue as they can generate homogeneous elec-

tric fields. Such structures have been successfully designed by Martinez-Duarte et al. [35]

through pyrolysis of photoresist structures and employed to study bacterial reaction to an-

tibiotic treatment. Metal ion implantation in PDMS channels is also a promising path for 3-D

structures [36], but both solutions suffers from an intrinsic lack of accuracy hindering a high

resolution integration of electrodes inside the microfluidic channel. In this section we present

a method for a versatile but yet very accurate integration of three-dimensional electrodes

within a microfluidic channel.

1.2.1 Microfabrication process flow for 3-D electrodes integration in a microfluidic
channel

The process flow discussed in this part was originally published in our lab by Kilchenmann

and Rollo [37], it has been adapted in the scope of this thesis to embed electrodes within

microfluidic channels as shown in Figure 1.7.

First a 20/200/20 nm layer of Ti/Pt/Ti was sputtered on top of a glass substrate. Titanium is

used here as a intermediate layer to improve the adhesion between glass and platinum [38].

Planar metal lines were then patterned in a standard photolithography and ion beam etching

(IBE, Veeco Nexus IBE 350, Veeco) step. In order to minimize exposure of the planar metal

lines to the liquid in the channel the lines were passivated with silicon oxide. A 300 nm layer

of silicon oxide was sputtered over the entire wafer surface and etched in the 3-D electrodes

standing regions. Cylindrical pillars of SU-8 with a height ranging from 15 µm to 50 µm were

fabricated on top of the metal lines. Then the entire surface of the wafer was covered with a

20/200 nm layer of Ti/Pt. This metal layer is subsequently etched everywhere but on the pillars

sidewalls with a vertical ion beam etching. Finally a SU-8 photolithography is performed to

define the microfluidic channel.

The last SU-8 development appeared as the most critical step in the process, as a too short

development time will result in a clogging of narrow structures and a too long development

will lead to delamination of the microfluidic channels.
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Chapter 1. Fabrication methods for particle manipulation in microfluidics

Figure 1.7: Process flow of the fabrication of standing electrodes embedded in a microfluidic
channel Planar electrodes are partially insulated with silicon oxide, then a first SU-8 lithogra-
phy patterns the scaffold of the electrodes on the top of the open metal regions. The pillars are
covered with a metal layer that is etched everywhere but on the pillars sidewalls with ion beam
etching. Finally a SU-8 photolithography is performed to define the microfluidic channels

Figure 1.8 presents a set of layouts combining microfluidic channels and three-dimensional

electrodes. It clearly shows that we could consistently achieve a very accurate integration of

electrodes in a channel, with in some case less than 3 µm extrusion of the electrodes out of

the microfluidic. As discussed further in the thesis, this permits a close proximity between the

area of interest in the microfluidic channel and the electrokinetic actuator. The adaptability in

the design of the electrodes and microfluidic channels, only limited by the photolithography
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1.2 Integration of 3-D electrodes in a microfluidic channel

step, calls for the exploration of new layouts that could reveal novel behaviors. Such investiga-

tions were performed in the scope of this thesis and will be presented in the next chapters,

more specifically, section 2.2.2 discusses the introduction of this technology for selective

single-cell trapping and release and section 2.3 investigate the use of such electrodes for

microparticles manipulation within a microfluidic channel. Nonetheless, we are convinced

this technology can still provide a significant contribution to the bioengineering field.

Figure 1.8: Images of 3D electrodes embedded inside a microfluidic channel In each of the
three presented layouts the electrodes could be integrated in the microfluidic channel with a
micron-range accuracy

1.2.2 Characterization of electrodes

The characterization of the electrodes is a critical aspect in the implementation of standing

electrodes, as we need a quality control tool to verify that the current can access the metal side-

walls. Such investigation was carried out through the combination of impedance spectroscopy

and dedicated test structures on each wafer.

Impedance spectroscopy, a powerful tool for electrical properties assessment

Impedance spectroscopy is a label-free technique for non-invasive system characterization.

Originally developed for material science applications [39], it was successfully adapted to

probe electrical properties of biological systems such as cells [40] or bacteria. For instance

Rollo et al.[16] used it to sort activated T-lymphocytes from non-activated ones and Zhou et al.

[15] to monitor the differentiation of mesenchymal stem cells on chip. Impedance is obtained

from the response of the current to the varying frequencies of a low amplitude sinusoidal

voltage [41].

In the absence of faradaic process, a liquid/electrode interface can be simply modeled as a re-

sistance (R) placed in series with a capacitance (C), where the resistance accounts for the ionic

current within the liquid and the capacitance takes into account the charges accumulation at

the interfaces between the liquid and the electrodes, also known as the double layer capaci-

tance CDL . Such description is inherently incomplete, nevertheless it can predict accurately

the behavior of the liquid electrode. The impedance of such system can be expressed as:
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Z ( jω) = R + 1

j ∗CDL( jω)
(1.1)

From this equation we expect a main contribution of the capacitance at low frequencies

(before 100kHz) and a strong contribution of the resistance at high frequencies (above 100

kHz) as we can see on figure 1.9. The decrease of the impedance above 10 MHz is due to the

presence of parasitic capacitance effects [42] not included in our simple model.

Figure 1.9: Experimental plot of the impedance module of a liquid/electrode interface At
low frequencies the capacitance has the highest influence on the impedance module while at
high frequencies the resistance shows a stronger contribution.

Test structures layout and characterization

In order to validate the presence of a good electrical contact between the planar metal lines

and the metal sidewalls of the pillars we need to design a system that would behave steadily

in the absence of the aforementioned contact but shows some changes once this contact is

made. The double layer capacitance can be expressed as:

CDL = cDL A (1.2)

Where cDL is the capacitance per unit surface, typically 20 µF /cm2, and A the area of liquid

metal interface. In Figure 1.10 we present our test structure: we designed 3 sets of 3D electrodes

with various lengths and consequently different capacitance according to 1.2. When we

measure the impedance of such structures we expect to observe a different behavior at low
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1.2 Integration of 3-D electrodes in a microfluidic channel

frequencies in the capacitive region if the electrodes are actually connected, otherwise we will

monitor a constant impedance signal.

Figure 1.10: Layout of the impedance test structures Three sets of 3D electrodes are placed in
front of each other, the distance between the 3D electrodes is of 200 µm, the lengths of the
structures are of 1 mm, 2 mm and 0.5 mm, respectively. The electrodes are placed in a SU-8
well that is filled with PBS for the measurements. The height of the 3D electrodes is 15 µm.

Figure 1.11: Plot of the characterization of the impedance test structures The three plots
correspond to the different lengths of the "capacitors-like" structures. The measurements
were performed in PBS with a Agilent 4294A impedance spectrometer.
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Figure 1.11 presents the results of the characterization, the SU-8 well was filled with Phosphate

Buffer Saline (PBS) and the impedance was measured through the application of a 300 mV

voltage with a Agilent 4294A. We notice a clear difference in low frequencies signals, indicating

a change of capacitance. As the length of the structures increases, its area increases, resulting

in a increase of the double layer capacitance (Equation 1.2) and consequently a decrease of

the impedance (Equation 1.1). Such reduction is evident from Figure 1.11, validating our

approach to investigate the electrical contact between the planar lines and the 3D electrodes.

This section presents and discusses a method to validate our 3D electrodes performance, a

critical asset in the design of new microfluidic platform. It helps us troubleshooting whether

an unexpected behavior of the chip is caused by a defective contact between planar lines and

3D electrodes. Consequently such structures have been routinely tested throughout all the

thesis to discard chips exhibiting contact issues.

1.3 Hybrid SU-8/PDMS valves for hard photoresist-based microflu-

idics

Since their first introduction in the early 2000 [19], microfluidic valves such as Quake valves

have been successfully integrated in many lab-on-a-chip devices. They indeed allow to

parcelize nanoliters volume of liquid or to simply and selectively exchange buffers in a mi-

crochamber. Potential applications include highly multiplexed immunoassays for immunogen

detection [21], screening of drug candidate for hepatitis C [23] or investigation of single-cells

properties [43]. Those platforms benefit from minimal reagent consumption, low sample

processing and a high throughput in the analysis. However most of the aforementioned

devices relies on all-PDMS microfluidics, which implies that both the control and fluidic

channels are made of an elastic material. Our aim in this section is to present the design

and implementation of valves that can operate on top of hard microfluidic channels. The

fabrication protocol we developed is presented in figure 1.12.

The PDMS valving system placed on the top of the microfluidic channel is composed of

two layers: a control layer made of a thick PDMS layer and a thin membrane that will be

deflected in order to close or open the microfluidic channel. The fabrication of the molds

for the control layer is carried out with standard photolithography and dry etching (AMS

200 Alcatel) on a silicon wafer. As presented in section 1.1.2 earlier in this chapter PDMS

prepared at a ratio of 5:1 is poured over the silicon mold which has previously been treated

with trimethylchlorosilane (TMCS). The membrane is fabricated by spin-coating PDMS at a

ratio of 20:1 on a TMCS-treated silicon wafer, the speed of rotation is 2500 rpm and results in a

thickness of 15 µm. Both this PDMS membrane layer and the lid PDMS layer are partially cured

at 80 °C for 30 min and then aligned and bonded at 80 °C for 1.5 h. Finally, the PDMS coverslip is

treated with 3-aminopropyl triethoxysilane (APTES) and irreversibly bonded by incubating the

system at 150 °C for 2 h. This step presents some experimental challenges, since the alignment

of both the fluidic and control channels is carried out manually. Additionally, pressing the
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chip with the PDMS coverslip with too much pressure might lead to the adhesion of the

membrane with the bottom of the channel before the baking step, resulting in irreversible

bonding between the membrane and the microfluidic channel after curing, preventing the

valve form operating properly.

Figure 1.12: Fabrication of PDMS valves on top of SU-8 channels Molds are fabricated in
Silicon as presented in section 1.1.2. They are used for the molding of the PDMS control
channels, while the PDMS membrane is spin-coated on a blank wafer, transferred on the
control channel PDMS stamp and finally bonded to SU-8 microfluidic device trough APTES
bonding.

Figure 1.13 shows an efficient handling of the valves, the main difference with a standard

PMDS Quake valve configuration is the pressure that has to be applied to seal the valves. From

800 mbar for a standard valves it went up to 3500 mbar in our case. The application of a

pressure exceeding 4000 mbar would result in the destruction of the PDMS to SU-8 bonding.

Despite the increase in pressure we could not achieve a perfect sealing, yet the performance of

our valves was sufficient to ensure that no cells would flow through a closed valve (See section

2.2.2). Previous studies have proposed solutions to integrate valves within microfluidics
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that were fabricated with hard material, as in our case. Huang et al. [44] designed valves by

means of a PDMS layer sandwiched between two poly(methyl methacrylate (PMMA) channels.

Similarly, Lee et al. [45] integrated a PDMS membrane between two polycarbonate (PC) layers.

Figure 1.13: Operation of the hybrid SU-8/PDMS valves Pictures of the valves before (a) and
after (b) application of pressure to close the valve.

1.4 Summary and conclusion

In this chapter we presented a set of tools for fast microfluidic prototyping as well as complex

devices combining microfluidics with electrokinetics fabrication. Such solutions were devel-

oped with the aim to investigate interactions between particles and analytes in the context

of convective flow. The first step in such study is to perform immobilization of particles in a

microfluidic channels and this aspect will be discussed in the following chapter.
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2 Microparticle handling and reversible
trapping in microfluidic channels

Disclaimer: The work presented in this chapter is partially adapted from the follow-

ing articles:

Thiriet, P.-E.; Pezoldt, J.; Gambardella, G.; Keim, K.; Deplancke, B.; Guiducci, C.

Selective Retrieval of Individual Cells from Microfluidic Arrays Combining Dielec-

trophoretic Force and Directed Hydrodynamic Flow., Micromachines, 2020.

My contribution: Conceptualization, Methodology, Validation, Investigation, Writing

and Editing.

Thiriet, P.-E.; Medagoda, D.; Porro, G.; Guiducci, C. Rapid Multianalyte Microfluidic

Homogeneous Immunoassay on Electrokinetically Driven Beads., Biosensors, 2020.

My contribution: Conceptualization, Methodology, Validation, Formal Analysis,

Investigation, Data Curation Writing and Editing.

The study of the in-flow interaction between particle and analyte underlies some methods to

hold a particle against the flow. The immobilization of particles in a microfluidic channel for

continuous monitoring of their properties has been an important challenge in the microfluidic

field in the past two decades that fueled the introduction of many successful technologies

[46]. Mechanical trapping is probably the most straightforward strategy, its easiest form

being the use of microwells in which the particles will sediment due to gravity [47]. Another

approach, referred to as hydrodynamic trapping, relies on the use of mechanical restrictions

that can create a preferential path for the particle to stop [48]. More original methods were

proposed to meet specific biological requirements such as acoustic trapping [49] or optical

tweezers [50]. The retrieval of a target particle after the immobilization and study appears as

very promising yet still largely not achieved feature in microfluidic systems. In cells-based
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systems this translates into the possibility to recover cells from the chip for further expansion

and analysis, while in beads-based devices for diagnosis it grants a efficient cleaning of

the chip for later reuse. In this chapter we present and discuss the trapping and release of

cells and beads within a microfluidic channel thanks to a combination of mechanical and

dielectrophoretic mechanisms. More specifically, section 2.1 will present and discuss the

theoretical background of DEP forces operation for microparticles handling, section 2.2 will

describe the implementation of two different layouts for the mechanical trapping of cells

and beads, respectively. Finally, section 2.3 will focus on the use of DEP forces to manipulate

microbeads in a microfluidic channel.

2.1 Dielectrophoresis, a powerful tool for particles manipulation

Dielectrophoresis (DEP) is observed upon placing a polarizable particle in a non-homogeneous

electrical field. The electrical field gradient induces a polarization of the particle, thus creating

a dipole. This dipole, placed in a electrical field, experiences a net force called dielectrophoretic

(DEP) forces. The direction of this force depends on the relative permittivity of the particle

and its surrounding medium, quantified by the Clausius-Mossotti factor given in equation 2.1:

fC M (ω) =
ϵ∗p (ω)−ϵ∗m(ω)

ϵ∗p (ω)+2ϵ∗m(ω)
(2.1)

Where ϵm is the permittivity of the medium and ϵp the permittivity of the particle. If the

particle is more polarizable than its surrounding medium, i.e. the real part of the Clausius-

Mosotti factor is positive, then the negative charges will travel to the positive pole and the

positive charges will travel to the negative pole. This results in a orientation of the dipole along

the electrical field. The particle will then move towards the stronger field region upon effect

of the so-called positive DEP (pDEP). In case the polarizability of the surrounding medium

is higher the one of the particle, i.e. the real part of the Clausius-Mossotti factor is negative,

the particle will move towards the weaker field region due to negative DEP (nDEP). Both

phenomena are depicted in Figure 2.1.

The relationship between the force applied on a spherical particle, the Clausius-Mossotti

factor and the gradient of electrical field and the radius of the particle can be written as [51]:

FDEP = 2π ·ϵm ·R3 ·R[ fC M (ω)] ·∇E 2
RMS (2.2)
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Figure 2.1: Theoretical principle of dielectrophoresis Depending on the value of its permittiv-
ity compared with the permittivity of the medium, the particle will either be attracted by the
stronger field regions (pDEP) or the weaker field regions (nDEP).

Where FDEP is the DEP force, R the radius of the particle and ERMS the root-mean-squared

value of the electric field. It is interesting to point out the strong dependence of the DEP

force with the radius of the particle, greatly limiting the performances of DEP-based systems

for manipulation of particles below 500 nm [52]. Equation 2.1 reveals that the sign of the

Clausius-Mossotti depends on the frequency of the electrical field, one can then obtain, for the

same particle placed in the same medium, either a positive or a negative DEP effect depending

on the chosen frequency. The frequency at which the shift between pDEP and nDEP occurs is

called the crossover frequency, and its determination can contribute to the sorting of cells of

different kind, such as for instance stem cells [53].

The simplicity and versatility of DEP led to its adoption in the frame of numerous applications.

Its main contributions stand in the field of particles sorting, as it could be used for efficient

sorting of biological particles according to their size [54], shape, or dielectric properties [55].

Nevertheless, it was also successfully employed for protein enrichment [56], stream focusing

for in flow analysis [57] or spatial containment of functionalized beads [58].

2.2 Hydrodynamic trapping of particles and strategies for their se-

lective release

2.2.1 Hydrodynamic trapping

Hydrodynamic trapping is a method that permits the spatial arrangement of particles of a

specific size range in different regions of a microfluidic channel. Trapping sites are defined

by tight side-wall openings of low fluidic resistance where single particles are led to by the
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laminar flow. Particles captured with this method are continuously exposed to a flow of

analytes, allowing in the specific case of cells for delivery of nutrients and disposal of waste.

Previous works characterizing hydrodynamic cell-trapping systems have reported a trapping

efficiency—defined as the percentage of traps filled after injection of cells—between 75% and

99%. These methods have been used to capture multiple cell types [59] and, in some cases, to

localize rare cells [60]. They also proved to be valuable tools for investigation of single-cell

behaviors. For instance, Dura et al. [61] could conjointly place single dendritic cells and T-cells

and measure heterogeneity in the activation of T-cells.

In this section we will present two different layouts implemented for the trapping of cells

(section 2.2.2) and beads (section 2.2.3), respectively. The theoretical aspects of hydrodynamic

trapping are discussed based on the design implemented for single cell trapping presented in

figure 2.2.

Figure 2.2: Hydrodynamic trapping basic principle Depending on the ratio between
Qtr appi ng channel and Qby passchannel the probability of the cell to be trapped will vary.

The main figure of merit describing the system illustrated above is the ratio between the fluidic

resistance of the trapping channel and the fluidic resistance of the bypass channel. In order

to achieve an efficient trapping this ratio should be comprised between 1.2 and 1.4 [12, 62] (

equation 2.4).

1.2 < Rby passchannel

Rtr appi ng channel
< 1.4 (2.3)
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Adopting the common analogy adapting the Ohm’s law of electrokinetic to microfluidic chan-

nel [63] the above condition can be also expressed as:

1.2 < Qtr appi ng channel

Qby passchannel
< 1.4 (2.4)

Such ratio can be calculated for each specific design with a finite element simulation (see next

section). The flow in the restriction has to be slightly higher than in the bypass channel. Once

a particle is immobilized, the fluidic resistance of the trapping channel significantly increases

and prevents any further trapping event. It is important to mention that an excessive flow in

the restriction path will result in the trapping of multiple particles, while a too low flow will

fail in trapping most of the particles entering the channel.

2.2.2 Single-cell immobilization and selective release

The association of hydrodynamic trapping with single cells study appears as a suitable strategy

to achieve efficient exposure of cells to flow of analytes and therefore gain a better under-

standing of cellular behaviors [15], yet the possibility to retrieve a cell after its on-chip analysis

for further characterization or expansion can unveil novel biological mechanisms. For in-

stance, Kimmerling et al. [64] compared intra- and inter-lineage transcriptomes within a cell

population by capturing multiple generations of a single starting cell in subsequent traps. In

that study, the analysis of the transcriptome was performed upon the retrieval of the entire

lineage from the chip. The release of cells from their hydrodynamic traps was carried through

application of a backflow pushing the cell out of the trap. Yeo et al. [60] combined centrifugal

and hydrodynamic forces to isolate circulating tumor cells from a mixed cell population; to

enable release, each trap was connected to an independent backflow channel. This method

is suitable for collection of extremely rare cells such as circulating tumor cells, but it suffers

from very low throughput and poor scalability, as the number of cells that can be retrieved

is limited by the number of backflow channels that can be placed on the chip. Tan et al. [65]

could retrieve cells encapsulated in hydrogel beads, creating an air expansion on the trap site

generated with laser heating. This platform is limited by the complexity of the setup and the

damage to the cells that may be induced by heat. In this section we propose a technology

associating hydrodynamic trapping and DEP-based release in order to selectively trap and

retrieve single cells from a microfluidic device. The use of DEP actuation permits a selective

release of single cells while limiting the footprint of the platform.
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Layout description

The trapping units presented in figure 2.2 are arranged in a tree-like structure as shown in

figure 2.3a,b. This parallel layout avoids the clogging of the entire chip in case large debris

would enter the chip. The two valves located upstream allow control of liquid injection in the

chip while the two valves located downstream enable the recovery of single cells. (Figure 2.3c).

Figure 2.3: Cell trapping and release device layout (a) Picture of the microfluidic platform.
The chip features two symmetrical channels sharing the recovery well. (b) Scheme of the tree-
like structure implemented to reduce clogging concerns. (c) Microfluidic layout of the chip:
The SU-8 based microfluidic channels are shown in green, while PDMS control channels are
depicted in gray. When a cell enters the chip through inlet 1, it can be directed either towards
the traps for immobilization and observation or to the inlet 2 if it needs to be discarded. After
release for a trap, a cell can be recovered from the pool at outlet 2 or disposed through the
outlet waste

The selective release is permitted by the integration of 3D electrodes in the close vicinity of

each trap as shown in figure 2.4. Metal-coated SU-8 pillars will generate a electrical field

Figure 2.4: SEM image of a trapping and release unit The electrodes are integrated in close
proximity of the trapping site to allow for application of minimal voltage during release.
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gradient that will push the cells from their trapping location thanks to negative DEP. The

height of the structure is 15 µm, significantly more than the average diameter of the targeted

cell type, here T-lymphocytes with an average diameter of 10 µm. Such height was limited to

15 µm to avoid stacking of cells in the traps. The trapping unit dimensions were determined

thanks to finite element simulations of the fluidic and electric behaviors of the chip discussed

in the next section.

Simulations

In order to ensure that the fluidic resistance ratio introduced in section 2.2.1 will stay in

between 1.2 and 1.4, Comsol simulations were performed varying the dimensions of the

bypass channel (cf Figure 2.2). The size of the aperture in the restriction was indeed set at

5 µm to guarantee the trapping of the 10 µm diameter lymphocytes. The simulation results

reported in Figure 2.5 were conducted on a 3D model. The flow velocity in the channels was

simulated using the Laminar Flow module and a normal mesh size, the pressure difference

between inlet and outlet was set at 0.1 mbar and a no slip condition was applied on the fluidic

walls (Figure 2.5 a).

Figure 2.5: Simulation of the fluid velocity and electric field in a trapping region (a) Finite
element simulation of the fluid velocity in the microfluidic channel used to determine the
ideal length of the channel ensuring the trapping of a single cell (Inlet pressure: 0.1 mbar). (b)
Finite element simulation of the electric field in the channel. The field gradient is higher in
the trapping region of the cell, generating a negative dielectrophoretic (DEP) force sufficient
for the release of the cell from the trap (voltage difference between electrodes: 10 Vpp).

The electrical field was also simulated to observe the distribution of the electric field gradient

and then predict the direction and strength of the generated DEP forces. Figure 2.5 b shows

that the electrical field lines are distorted by the insulating walls of the trapping restriction,

resulting in the appearance of an electrical field gradient and subsequent DEP forces at this

location, which serves our goal to push the cell out of the trap.
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Results and discussion

In order to investigate the performance of our system for single-cell trapping and release,

T-lymphocytes obtained from the Centre Hospitalier Universitaire Vaudois (CHUV) suspended

in Roswell Park Memorial Institute (RPMI) supplemented with 10% fetal bovine serum (FBS)

and antibiotics were injected in the device. Prior to injection cells were washed two times in

PBS to discard dead cells and resuspended in RPMI at a concentration of 300’000 cells/mL.

Figure 2.6 presents the results for the trapping of lymphocytes. A lymphocyte is shown entering

the microfluidic channel and being gently trapped in the fluidic restriction, validating the

prediction of the Comsol simulation discussed above. The distance between the extruding

electrode and the immobilized cell was set to 15 µm in order to allow other cells to travel

throughout the channel without clogging risk. The percentage of traps filled a single-cell upon

injection was typically found to be around 90%, which is in agreement with the values found

in literature [66].

Figure 2.6: Trapping of a lymphocyte in a microfluidic trap The lymphocyte enters the
microfluidic channel (a) and is immobilized in the microfluidic restriction (b).

Upon trapping of the cell the DEP-actuated release was tested by turning on the electrical field

in the 3D electrodes. As discussed in the simulation section, the field gradient is higher in the

trapping region. As the cell polarizability is lower than the polarizability of the surrounding

medium the cell should be pushed towards the weaker field region i.e. out of the trap, by

negative DEP. Figure 2.7 illustrate such release employing a voltage of 10 Vpp at 10 MHz. The

optimization of the operation parameters was carried out both experimentally and theoreti-

cally. The frequency was maintained above 1 MHz to avoid electrolysis that could be observed

below that threshold and could lead to gaseous species formation. The minimal voltage value

experimentally-identified to trigger efficient release in our configuration is 8 Vpp. Hence, in

order to minimize the impact of application of electrical fields on cells, we maintained the

voltage applied to cells between 8 and 10 Vpp throughout this study.
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Figure 2.7: Release of a lymphocyte from a microfluidic trap The lymphocyte immobilized in
the trap is gently released upon application of a 10 Vpp voltage at a frequency of 10 MHz.

A really useful add-on to our platform would be to have singularly addressable electrodes

that would allow a selective trapping and release of cells. This was achieved through the

development of a printed circuit board (PCB) that directs the signal to the desired set of

electrodes. Figure 2.8 depicts the selective release of one lymphocyte. Such approach could

have some future application in context of screening and selection of cells responding to a

specific stimuli. [43].

Figure 2.8: Selective release of a lymphocyte from a microfluidic trap The cell at the top
is released, while the cell at the bottom is kept in the trap. The release is carried out with a
10 Vpp voltage at 10 MHz. A custom-made printed circuit board (PCB) enables the selective
release of a single T lymphocyte.

The most immediate approach to generate an electric field in a microfluidic system is to

place two electrodes at the inlet and exit reservoirs, respectively [67]. However, the large

distance between the electrodes and the active regions where the electrical gradient is needed

calls for high voltages [67], which comes with many drawbacks. For instance, (i) the need

to generate high-amplitude AC signals, (ii) the generation of heat and (iii) the induction of
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water electrolysis phenomena at the electrodes and consequent bubble generation, affecting

cell viability. The integration of electrodes very close to the trapping regions hinders these

limitations, as the signal amplitude can be greatly reduced. The 3D electrodes generate

homogeneous DEP forces across the height of the channel, which decreases the amplitude

of signal that we nee to apply. In fact, we could set the amplitude of the DEP signals to lower

values with respect to previous works that employ planar electrodes (10 Vpp of this work versus

20 Vpp [68]). Furthermore, we could afford to maintain the cells in their native medium (RPMI,

conductivity 1300 mS/m) for all our experiments without observing electrolysis, a substantial

advantage considering the constraints of cell biology. Since DEP forces are weakened by

high ionic strengths, most designs employing DEP to apply electrokinetic forces substitute

the native medium with a synthetic one with lower conductivity, also reducing electrolysis

problematic [53, 68]. Hence, by being able to retain cells in their native culture medium,

cellular stress is reduced, washing and centrifugation steps limited and general compatibility

with conventional cell-based assays achieved.

Figure 2.9: Operation of hybrid PDMS/SU-8 valves for cell handling and off-chip recovery
(a,b) Operation of a hybrid SU-8/PDMS valve used to control the flow in the microfluidic
channel. Trajectories of the lymphocytes in the channel is depicted in red. As SU-8 is stiff,
high pressure (3500 mbar) must be exerted on the above PDMS layer in order to close the
valve. When the valve is open, all cells are directed towards the main microfluidic channel (a),
while closing the valve will prevent them from entering the channel (b). Combining four of
those valves enables control of the injection and recovery of cells from the chip. (c,d) A single
lymphocyte exiting the chip and entering the recovery channel, where it can be pipetted and
further analyzed. This direct recovery in a well prevents the cells from sticking and being lost
in outlet pipes.
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Following release of a cell our interest stood in the off-chip recovery of this cell for further

analysis. To this end our device incorporated the valving system discussed in section 1.3. Our

hybrid SU-8/PDMS valves succeeded in guiding the cells throughout the microfluidic channels

as shown in figure 2.9a,b. Indeed, the application of a high pressure on the control channel

closed the valve sufficiently to stop the passage of cells. However, as the SU-8 fluidic could

not deform, the valve was only partially sealed, and a subcellular-sized aperture remained

between the SU-8 walls and the PDMS membrane. The residual flow through the valve was

used to drive the cells to the recovery well. Figure 2.9c,d show the recovery of a single cell

leaving the chip and entering the recovery well from which it can be simply pipetted out.

2.2.3 Trapping and release of beads

The scope of this section is to describe and discuss the layout and performance of a bead-

based trapping and release system. We aim at designing a platform that could efficiently

trap and maintain against the flow beads of large diameter in order to allow efficient analyte

collection. The cleaning of the device upon inversion of the flow in the microfluidic chamber

was also investigated.

Description of a single trapping unit

The bead-trapping layout is adapted from a publication of Di Carlo et al. [22], who was

among the first to introduce hydrodynamic traps for single particle immobilization. In this

publication the trapping site is composed of a 2 µm high opening within a 40 µm high U-

shaped PDMS structure located in a microfluidic channel. The integration of a small opening

in a wall to create a trap comes with many advantages, namely a low risk of cell damage

caused by shear stress and the possibility to pattern very fine restrictions as the molds defining

the opening is only 2 µm high [69]. However this comes at the cost of a higher complexity

in the microfabrication with the use of 2 molds for the PDMS production. This complexity

can be mitigated in our case via the integration of an opening in the middle of the U-shape

PDMS structure. As our target particles’ size is large the critical size of the molds is not a

critical concern. Furthermore, beads can not be harmed by the shear stress, impairing the

damaging risk. Figure 2.10 presents SEM pictures of the 50 µm high traps. Traps are arranged

in asymmetric rows to ensure an efficient trapping of beads, as a bead avoiding one trap will

have a high probability to be captured by the next one encountered downstream. The PDMS

pillar placed after the trapping site serves the purpose to clean the device from the beads

after use. Indeed, upon inversion of the flow in the chip, the beads will leave their traps but

will not be captured by the restriction that are "protected" by the pillar. This novel strategy

circumvents a common belief that totally passive trapping devices can not be cleaned and

reused. It is of significant importance as reusing the device for several experiment saves some

time- and cost-intensive steps.
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Figure 2.10: PDMS trap to capture and maintain large beads in a fluidic channel A single
trap (a) is composed of a 50 µm high U-shaped PDMS structure opened in its center and of a
"protective" pillar allowing the cleaning of the chip. Traps are arranged in asymmetric rows to
achieve a better trapping efficiency.

Results and discussion

20 µm polystyrene beads were resuspended in a solution of Phosphate Buffer Saline (PBS)

supplemented with 1% Bovine Serum Albumin (BSA) and injected in the microfluidic channel.

The BSA will passivate the surface of the device and prevent unwanted sticking of particles

in the system. The trapping efficiency, defined here as the percentage of injected beads

immobilized in a trap, was determined to be nearly 100%. Indeed, the high number of traps

we implemented on-chip, more than 50 rows of 15 traps, allowed to trap all the beads entering

in the chip (Figure 2.11a). Following bead capture, the flow was reversed and all trapping sites

could be emptied reliably as illustrated in Figure 2.11b. To the best of our knowledge, this is

one of the first device based purely on fluidodynamic effects allowing the release of previously

trapped beads. Such release is not as selective as the DEP-actuated release introduced in

section 2.2.2, yet the selectivity is not a critical asset in the context of cleaning a chip for

resusability.

Figure 2.11: Hydrodynamic trapping and release of beads in a PDMS chamber Beads can be
trapped with a high efficiency in the microfluidic restriction (a) and released upon application
of a reverse flow rate (b).
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2.3 DEP-based manipulation of beads

The capture of particles via hydrodynamic trapping offers many advantages such as its sim-

plicity, high efficiency and accurate spatial distribution explicited in the previous section.

However, it suffers from a poor flexibility in the trapping size of particles. Indeed, the microflu-

idic restriction will trap all particles above a certain size, without any possibility to tune the

trapping properties after fabrication . It is also limited by a non-optimal exposure of particles

to analytes in flow. When a particle is captured in the restriction, the flow passing in that area

is greatly reduced and consequently the exposure to analyte in the solution. To circumvent

such limitations we introduce in this section a method for in-flow trapping and handling

based on DEP forces. Such approach allows to maintain a high flow around the particle and to

adapt to the size of the particle of interest we want to study by tailoring the applied voltage.

The main impact of this method stands in the field of diagnostics, which can benefit from the

enhanced exposure to flow for a rapid detection of the target analyte.

2.3.1 Holding beads against the flow via DEP forces

In order to immobilize and then manipulate a particle held against the flow our aim is to

counteract the drag force created by the flow on the particle and given in equation 2.5 for a

spherical particle such as our polystyrene bead:

fdr ag = 6πηRV0 (2.5)

Where η is the fluid viscosity, R the particle radius and V0 the fluid constant velocity.

Figure 2.12: Effects of drag and DEP forces on a bead placed in a microfluidic channel
Illustration of the net force experienced when a bead approaches a horizontal or a diagonal
electrodes’ line, respectively resulting in the bead immobilization (a) or directed “surfing”
along the electric field.
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The force provided by the liquid has to be compensated by the DEP force given in equation 2.2.

To do so we incorporated an horizontal line of 3D electrodes shown in figure 2.12a. Since this

line is normal to the flow, the negative DEP force experienced by the particle is directed against

the drag force fdr ag . Provided that the DEP force is sufficient to compensate for the drag force,

the beads are immobilized upstream in the vicinity of the electrodes’ line. Furthermore, if the

row of electrodes is placed at a specific angle with respect to the flow, the DEP force will not be

directed against the drag force and we will observe a net force heading the bead in a specific

direction in a phenomenon we refer to as "DEP surfing" (figure 2.12b).

The horizontal lines maintain small cluster of beads against the flow and ensure a continuous

flow of analyte and reagents, thus allowing their binding to the beads’ surface. (figure 2.13a).

Beads following the surfing approach, however, are displaced along the diagonal lines and

end up accumulating in a specific region (figure 2.13b). Such aggregation is suitable in the

diagnosis context as the signal of a single bead is not sufficient for a reliable quantification

and the beads need to be clustered prior to signal acquisition [58].

Figure 2.13: DEP as a tool for on-chip incubation and accumulation of beads Extending the
single bead approach presented above to multiple beads, one can obtain either small clusters
for on-chip incubation close to horizontal lines (a) or large clusters in the regions where all
the surfing beads are immobilized against the microfluidic channel wall (b), indicated by a
blue rectangle. Beads are depicted in red.

Equation 2.2 establishes the dependence between the size of the beads and the DEP force

they will experience. Each line of electrodes can generate a different DEP force and can

consequently trap and displace specific beads depending on their size. In this way, beads

of different sizes can be driven to distinct regions on the chip (Figure 2.14). If beads of

different sizes are functionalized with different antibodies, our approach allows to perform a

multianalyte analysis with a single fluorescent channel.
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Figure 2.14: DEP discrimination of different-sized beads Illustration of the multianalyte
detection capabilities of our platform. Through the application of different electrical potentials
on diagonal lines, we can achieve the clustering of beads of different sizes in separate locations.

2.3.2 Device layout

The methods presented above were implemented in a microfluidic channel in order to carry

out both on-chip incubation and clustering of microbeads. The device layout is described in

figure 2.15. It consists of a single channel with two inlets and a single outlet featuring linear

arrangements of three-dimensional electrodes, patterned to obtain three incubation lines

(horizontal) and three accumulation lines (diagonal). We chose to integrate three of each

type of lines to have the opportunity to test the size-based separation but also to have at our

disposal extra lines in case one of them appeared to be defective. Both inlets and outlets

feature filters preventing the introduction of excessive dust.

2.3.3 Trapping results

The investigation of the trapping performance was carried through the injection of 6 µm

polystyrene beads in the device. The chip was primed with buffer solution (fetal bovine serum,

FBS, diluted five times in deionized water) in order to prevent unspecific bindings to the

channel walls. The beads were efficiently captured against a flow rate up to 3 µL/min as shown

in figure 2.16. The random arrival of beads on the horizontal incubation lines ensures the

creation of small clusters in which the beads can move around and capture the analyte of

interest. The optimal frequency for DEP actuation was determined experimentally and found
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Figure 2.15: Layout of the platform for beads incubation and clustering Presentation of the
chip layout. Beads and reagents can be successively injected through the two inlets visible on
the left. The device consists of three incubation lines upstream and three concentration lines
downstream, at the end of which the beads are accumulated in clusters (shown here in red).

to be 1 MHz. Voltages ranging from 5 Vpp to 20 Vpp achieved a good trapping of beads, with

as expected a better capture at higher voltages.

Figure 2.16: Results of the DEP-based on-chip capture of beads The incubation lines consist-
ing in 3D electrodes standing in a microfluidic channel (a) can successfully stop the beads in
flow in order to form small clusters circled in yellow (b).
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2.3.4 Surfing results

The study of the the "surfing" phenomenon was carried out using the same protocol as for

the incubation lines testing. We observed a deflection of the beads as they came close to

the diagonal lines. They “surfed” in-flow along the diagonal concentration lines until they

reached a region where they were trapped against the microfluidic wall as shown in figure 2.17.

Interestingly, provided the same voltage, the beads could be deflected at higher flow-rates

than the maximal ones determined for immobilization on the incubation lines. Indeed, the

force required to counterbalance the drag flow and immobilize the beads is greater than

the one needed to only deflect the beads. The surfing phenomena occurs over the entire

length of the lines, consequently a single defect in one of the pillars can result in drastically

reduced performance of the system. This underlines the critical importance of achieving high

yield in the fabrication process described in the first chapter of the thesis section 1.2.1. The

aforementioned clusters can be nicely disassembled by turning off the voltage on the surfing

lines, resulting in a efficient cleaning of the chip and the possibility to reuse it. The application

of different voltages on the surfing lines permitted to carry out a size-based separation of beads

as predicted in the previous section, beads of 2 µm and 6 µm were successfully separated and

clustered in different regions of the microfluidic channel in order to carry out a multianalyte

detection thoroughfully discussed in the chapter 3 section 3.1.5.

Figure 2.17: DEP surfing of beads and accumulation against the channel sidewall The
surfing lines are crossing the entire width of the channel and ending up very close the SU-8
microchannels walls (a). Beads can travel along those lines and finally arrive in the wall region
where they form large clusters such as the one circled in yellow (b).

2.4 Summary and conclusion

In this chapter we present and discuss several techniques for immobilization and exposure

to a flow of analytes of particles within a microfluidic channel, either based on the use on

mechanical restrictions or DEP manipulation. Both methods exhibit some limitations, for

instance hydrodynamic trapping can not easily cluster particles and DEP actuation with 3D

electrodes requires the use of advanced microfabrication methods. However, each approach
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matches a specific target application that will be discussed over the course of the next chapters,

namely the diagnostics of acute conditions with DEP-manipulated beads, the fast screening of

biomarkers with beads trapped in mechanical restriction and the study of the impact of DEP

forces on cells in our single-cell capture and recovery platform.
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based on microbeads

Disclaimer: The work presented in this chapter is partially adapted from the follow-

ing articles:

Thiriet, P.-E.; Medagoda, D.; Porro, G.; Guiducci, C. Rapid Multianalyte Microfluidic

Homogeneous Immunoassay on Electrokinetically Driven Beads., Biosensors, 2020.

My contribution: Conceptualization, Methodology, Validation, Formal Analysis,

Investigation, Data Curation Writing and Editing.

The current Covid-19 outbreak highlighted in a dramatic manner the need of sensitive, yet

affordable, diagnostic tools. In such a pandemic scenario massive testing appeared to be

an incredibly valuable solution to prevent the spread of the disease and to identify even

asymptomatic patients [70]. The two main approaches implemented for the detection of the

virus were gene amplification via Polymerase Chain Reaction (PCR) and lateral flow assays

(LFA), suitable for rapid testing. While PCR test are very robust and sensitive, they rely on bulky

equipment and expensive reagents [71]. On the other hand, LFA are very low-cost and user-

friendly, however they suffer from a limited sensitivity and accuracy [71]. Microfluidics could

help solve this paradoxical situation by providing a rapid, sensitive and affordable detection

of species with a compact device [72]. The small dimensions of microfluidic channels lead

to high surface-to-volume ratio, which fastens analyte collection and limit the amount of

reagents required to carry out assays. Furthermore, diagnostics tests are not always performed

in the urge of a pandemic scenario and most of the tests are actually carried out in the context

of health status monitoring or chronic conditions investigation, such as in the framework of

cancer detection and treatment. When a diagnostic is conducted without a precise idea of its

outcome, testing a large panel of of biomarkers increases the chance of accurate diagnosis [73].

However, testing a wide range of species comes at the price of a higher complexity and cost.

The aim of this chapter is to present two devices targeting the detection of acute conditions and
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a highly multiplexed biomarkers detection, respectively. Section 3.1 presents and discusses

a novel microfluidic point-of-care platform for the rapid detection of acute kidney injury.

Section 3.2 introduces a new approach for fast and versatile detection of multiple biomarkers

combining immunoassays with DNA barcodes.

3.1 Point-of-care system or Acute Kidney Injury detection

3.1.1 Context

Biosensors

The quantification of biological species is of tremendous importance for every branch of

biology, from diagnostics [74] to new drugs development [75], and from single-cell analysis

[43] to metabolic pathways understanding [76]. Biosensors convert molecular recognition

of an analyte into a quantifiable signal via a transducer. They are often characterized by a

standard curve that presents the measured signal as function of the concentration of analyte

in the sample [77] (figure 3.1). Such curve appears usually as sigmoidal, due to saturation

phenomena at high concentrations and unspecific binding at low concentrations. Biosensors

are commonly classified in two general categories: label-free assays and label-based assays.

Label-free assays, among which surface plasmon resonance [78] is an eminent example,

directly sense a change of signal due to the interaction of the analyte and the sensing surface

while label-based assays employ biomolecules as mediators to capture the analyte in the

sample [79], resulting in a more specific and robust detection of analyte. The most well-known

example of biosensors are immunoassays, that had a tremendous impact on the field of

diagnosis, with the introduction of the first pregnancy test in the seventies [80] and the recent

use of antigenic test in the context of the coronavirus outbreak [81].

Figure 3.1: Typical calibration curve of a biosensor The calibration curve plots the measured
signal as function of the target analyte concentration. It commonly presents a sigmoidal shape
exhibiting three different domains: unspecific binding regime for low concentration, linear
regime in what the dynamic range domain and saturation at high concentration since all the
binding sites are occupied.
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Immunoassays are biological techniques relying on the interaction of an antigen (analyte) and

an antibody for the quantification of the analyte of interest. A wide variety of formats have

been proposed and implemented to adapt to reagents available and to the desired dynamic

range [82]. The two most popular formats are sandwich assays and competitive assays. The

sandwich configuration relies on two antibodies that will bind to different epitopes of the

analyte. The capture antibody is first immobilized on a surface before exposure to the antigen

and subsequent exposure to a second antibody, the detection antibody. The antigen is thus

"sandwiched" between the two antibodies as shown in figure 3.2 left. The functionalization

of the detection antibody determines the output readout signal of the assay, it can be either

fluorophores in case of fluorescence-based assays [58], gold nanoparticles for optical assays

[83], or nothing for enzyme-linked immunosorbent assays (ELISA) [84]. Such tests are among

the most sensitive and reliable, nonetheless they are not suitable for the detection of small

antigens, as they require binding sites for both capture and detection antibodies. Competitive

binding assays, which are based on the competition of labeled and unlabeled ligands for

the access of a limited number of binding sites, can overcome this limitation as they require

only one antibody. They can thus perform the detection of small analytes or species that

do not have an couple of antibodies validated in a sandwich configuration. In such assay, a

determined amount of labeled ligand and a variable amount of unlabeled ligand (the analyte)

are incubated together with the antibodies (figure 3.2). The quantity of bound labeled analytes

is a function of the total concentration of labeled and unlabeled analytes following the mass

transport laws.

Figure 3.2: Illustration of two different formats of immunoassays Starting from the same
antibody immobilized on the surface of a biosensor the analyte detection can performed via a
sandwich (left) or competitive (right) assay.

Immunoassays on beads

Bead-based immunoassays play a central role in the microfluidic diagnosis field as a con-

sequence of the benefits they offer [85]. While planar assays takes place at the bottom of

channels, bead-based assays use the third dimension to offer large surface to volume ratios
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and enhanced collection of analytes in-flow as thoroughfully discussed in the introduction

of this thesis. Thus, 1 g of 100 nm diameter beads provide a total surface area of 60 m2

[86]. This results in an efficient binding of targets and ultimately in a high sensitivity of the

sensing system. Another asset of microbeads resides in their ease of manipulation within

a microfluidic channel. Upon injection they can be guided throughout the chip thanks to

pressure-driven flow [87], magnetic forces [11] or electrokinetics forces [88]. If the beads are

functionalized prior to their introduction in the microfluidic device there is no need to modify

the surface of microfluidic channels with capture ligands. This greatly simplify the packaging

process of the device, as microfluidic channels functionalized with proteins are very sensitive

to increase in temperature or exposure to chemical compounds, making the sealing of the

device challenging. Finally, a large variety of surface modifications are available for beads,

involving for instance biotin, amine-groups or thiol-chemistry [89], granting a high variety

in the platform applications. Indeed, one system developed for the detection of a specific

marker could easily be adapted for the detection of another molecule via a modification of the

capture antibodies carried on the bead’s surface.

Numerous platforms have successfully combined the use of microfluidic and bead-based

assays for medical diagnosis applications. For instance, Cui et al. [90] carried out an im-

munoassay on beads immobilized in small PDMS chambers in order to detect low concen-

tration of cytokines in patient serum. Yu et al. [91] developed a bead-based platform for the

simultaneous detection of several breast cancer markers. The two examples above are relying

on a bulky set-up to perform the detection, nonetheless beads also appear very suitable for

the diagnosis of acute conditions in the context of compact point-of-care systems.

Point-of-care systems

Point-of-care diagnostics (PoC) are essential to provide rapid diagnostic tools in remote

configurations [92, 93]. Three main applications stand for such platforms: Home testing

for minor conditions, testing for diseases in low income countries [58] and acute conditions

in intensive care units or ambulances [94]. The success of point-of-care systems in such

contexts relies on various requirements such as a low sample volume, little to none sample

preparation and short total analysis time. As they permit a rapid and reliable detection of acute

conditions, PoC systems have the potential to outperform the current detection techniques

implemented for numerous conditions, from cardiac strokes [95] to sepsis [96]. Despite a

complex implementation in the actual coronavirus crisis [97], point-of-care systems have a

bright future in the era of connected medicine and big data.

The benefits associated with the use of bead-based immunoassays make them ideal candidates

for the development of PoC devices. However, as single bead does not produce high output

signals, the gathering of beads into large clusters is required to obtain a sufficient readout

signal. The spatial handling of beads is commonly performed either through magnetic forces

[11] or by means of mechanical restrictions [87]. These approaches suffer from limitations

hindering their use in a PoC devices, namely, a difficult integration into a portable platform for
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magnetic devices and clogging issues for mechanical systems. The DEP-based manipulation

of beads via the generation of electrical fields gradient presented in chapter 2 section 2.3

appears as a promising solution for beads’ manipulation in a compact and highly integrated

system.

Acute kidney injury

The selection of the condition to target in this section has been carried out after careful analysis

of the need for rapid diagnosis and the availability of antibodies against potential biomarkers.

We found a very convincing case in acute kidney injury (AKI). AKI refers to a rapid loss of

kidney functions, due to nephrotic or ischemic causes [98]. It is a symptom that can be caused

by a large range of disorders and consequently is frequently encountered in intensive care

units. In developed countries, AKI occurs in 20% of hospitalized adult patients and 25% of

pediatric patients receiving intensive care [99], including patients infected with the recent

coronavirus [100]. One of the consequences of AKI is the disruption of homeostasis, inducing

an accumulation of waste products normally removed by the kidneys, which can lead to severe

damages throughout the body. If treated quickly, the effects of AKI are reversible, notably

through fluid resuscitation and medication [101] but they can lead to death of the patient

without proper intervention.

Currently, AKI is diagnosed through monitoring of the patient’s urine output volume and

measurement of the level of serum creatinine in blood [101]. Creatinine quantification suffers

from diverse limitations, for instance interference with drugs such as antiretroviral drugs [102],

variations in basal creatinine levels between patients, and, most importantly, a long delay

(36 to 48 h) between the occurrence of AKI and a detectable increase in serum creatinine

concentration [103]. This large window between AKI occurrence and detection leaves a long

period in which the patient’s kidney might suffer irreversible damage. Consequently, there is an

urge to implement novel assays with markers of AKI that spikes earlier in the blood. Numerous

potential alternative AKI biomarkers are currently investigated by research groups worldwide

[104]. Here we focused on two of the most promising ones, namely Cystatin C and Neutrophil

Gelatinase-Associated Lipocalin (NGAL). Cystatin C has been so far the most investigated of

the two. It is a molecule that can be found in all tissues and is produced by the kidneys. This

marker’s levels also appear less dependent on gender, age, muscular mass and liver functions

than serum creatinine [105]. It was proven to be an accurate for AKI detection in very diverse

situations and it spikes in the serum noticeably before serum creatinine [106]. While there

is not a clear consensus on the precise threshold for diagnosis, a Cystatin C concentration

above 1 µg/mL seems to spike 24 hours after kidney injury [107]. NGAL is a protein that can be

found in neutrophils and some epithelia including renal tubules. As AKI damages the kidneys’

epithelium, such disorder induces an increase of NGAL concentration in serum within four

hours [107, 108]. The threshold for AKI detection based on NGAL monitoring varies from 25

µg/mL [98] to 200 µg/mL [107] depending on the patient. The absence of temporal overlap for

the markers makes them very suitable for a combined diagnosis over a large timespan, thus
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reducing the risk of false negatives.

The critical requirements of timeliness in the diagnosis of AKI call for fast analytical devices

to perform the analysis of the relevant biomarkers such as NGAL and Cystatin C directly

within intensive care units or emergency facilities. The detection of such markers in clinical

settings relies on immunoassays carried out by means of bulky analyzers, such as Abbot

Architect i1000SR and c4000, used, respectively, for the quantification of NGAL and Cystatin

C. Commercial point-of-care (PoC) systems for the individual detection of these targets are

also available on the market, namely, the Triage® system of Alere Inc. for the detection of

NGAL through a lateral flow assay [109] and the Cube® of Eurolyser for Cystatin C levels’

quantification. None of the available platforms allows the simultaneous quantification of

Cystatin C and NGAL in a point-of-care settings. The aim of the next section is then to

distinguish patients presenting a early AKI or late AKI via a concomitant detection of their

Cystatin C/NGAL levels. To this end we rely on an immunoassay approach that could be

engineered into a point-of-care device.

3.1.2 System layout and operation principle

The aim of this section is to present how we could employ the DEP-actuated platform pre-

sented in section 2.3 for the rapid diagnosis of AKI. We will first describe the design of the

immunoassays and then focus on the detailed operation of the microfluidic system.

Antibodies’ conjugation to beads and to detection fluorophores

Polystyrene beads covalently coated in Streptavidin (Spherotec Inc.) were purchased at sizes of

2-µm diameter (binding capacity = 0.42 nmol/mg) and 6 µm diameter (binding capacity = 0.14

nmol/mg). The 2-µm beads were incubated with biotinylated Cystatin C monoclonal capture

antibodies (Cyst13-biotinylated, Novus Biologicals) and the 6 µm-beads were incubated with

biotinylated NGAL polyclonal capture antibodies (Human Lipocalin-2/NGAL-biotinylated

antibody BAF1757, R and D Systems, UK) for at least four hours. They were then resuspended

and incubated for 1–2 h in 1% bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MO, USA)

in 0.1 M phosphate buffer (PB, Sigma Aldrich, St. Louis, MO, USA) for blocking. After blocking,

beads were washed four times through a procedure of centrifugation, supernatant removal,

and resuspension in a solution of 0.05% Tween-20 (Millipore, Burlington, MA, USA) in 0.1 M PB.

After the final washing steps, beads were stored in 0.1 M PB at 4 °C. Both antigens for Cystatin

C (Human Recombinant Cystatin C, Novus Biologicals, UK) and NGAL (Human Lipocalin-

2/NGAL, CF, R and D Systems, UK) were acquired and used as is. Monoclonal detection

antibodies for Cystatin C (Cyst24-Dylight 550, Novus Biologicals, UK) were purchased with a

Dylight 550 fluorophore, while monoclonal detection antibodies for NGAL (Human Lipocalin-

2/NGAL Antibody MAB17571R, R and D Systems, UK) were labeled with a fluorophore using a

Lightning-Link Rapid Alexa Fluor 647 antibody labeling kit (Expedeon, San Diego, CA, USA).

Prior to experiments, antigen and detection antibodies were incubated together for 15 min in
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fetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO, USA) diluted five times in MilliQ water.

Operation of the microfluidic chip

Bead-based sandwich immunoassays were performed on our platform as illustrated in Figure

3.3. The fluorescently labeled detection antibodies (dAbs) were spiked in the sample prior to

injection in the chip. Before undergoing injections of reagents solutions, the chip was primed

with buffer solution (fetal bovine serum, FBS, diluted five times in deionized water) in order to

prevent unspecific bindings to the channel walls. (1) After priming, beads functionalized with

capture antibodies (cAbs) were injected in the device and held in suspended small clusters

(few tens of beads) upstream of the incubation lines, as illustrated in step 1 in Figure 3.3.

The number of captured beads was controlled through visual inspection. During this phase,

the microbeads–cAbs solution, 10 µL 0.5% (w/v) in 1 mL of diluted FBS, was delivered from

one inlet at 2 µL/min, the maximal flow that could be applied without beads escaping the

incubation region, while the incubation line exerted a holding force (20 Vpp, 1 MHz). The

obtained small beads’ aggregates were spatially confined by the DEP force, while kept in

slight agitation by the flow: This turbulent motion favors the convective transport of target

molecules. (2) After a sufficient number of beads was collected, the beads–cAbs solution flow

was stopped and the solution of antigen–dAbs complexes was immediately dispensed from

the other inlet at 2 µL/min. The antigen–dAbs solution was flushed in the chip for 15 min.

During this incubation step on-chip, the binding between the analyte–dAbs and the cAbs led

to the formation of the complete sandwich assay on the beads’ surface.

Figure 3.3: Presentation of the successive steps performed on-chip to operate the platform
The following steps are sequentially carried out: (1) beads’ loading, (2) incubation with detec-
tion antibodies and (3) release from the incubation line, (4) clustering in the concentration
region, and (5) discarding through the outlet. For the sake of clarity, the species bound to the
beads and the electrically activated arrays of electrodes are indicated for each step.
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(3) After incubation, the beads were released by turning off the electrical signal. Concomitantly,

the concentration line was activated (20 Vpp, 1 MHz) and the beads were led to “surf” in-

flow along the diagonal accumulation lines until they reached a region where they were

trapped against the microfluidic wall. (4) The beads carrying the sandwich assays were,

hence, accumulated to enhance the total fluorescence signal. We noticed that the so-obtained

clusters, imaged in CY5 fluorescence channel at 5000 ms exposure, presented a uniform

intensity profile per µm2 provided that their size was equal or larger than 50 µm2, that would

translate in about 100 beads. (5) Finally, the beads were released from this accumulation

region by deactivation of the electrodes’ line.

3.1.3 Real time monitoring of on-chip incubation

The first results obtained with the microfluidic system upon performing an immunoassay

was the real-time observation of the fluorescent signal on the incubation lines. While not

used for a quantification of the fluorescence levels, a step that was performed after beads

accumulation, it provided interesting insights regarding the binding between NGAL and the

capture Abs.

The on-chip incubation of antibody-functionalized beads with antigens and detection anti-

bodies took place on dedicated horizontal incubation lines. We maintained beads decorated

with cAbs against the flow and concentrated them in small clusters of about 10 to 20 beads.

Significant variability was observed in the size of the growing clusters, reflecting inhomo-

geneities in the flow lines within the microfluidic channel. Such inhomogeneities were mainly

caused by microfabrication defects or debris accumulation at the entrance of the chip. Then,

a solution containing the dAb–NGAL complexes was injected at a flow rate of 2 µL/min for 15

min. The binding of the dAb–NGAL complexes to the cAb-decorated beads was observed and

quantified in real time by fluorescence measurements of the CY5 channel (Figure 3.4).

Figure 3.4a illustrates the dependence of measured fluorescence intensity of the small clusters

on the concentration of NGAL in the injected solution. Such behavior could be quantified with

a minute-range resolution, as shown in Figure 3.4b. A steady increase of fluorescence signal

could be recorded after 15 min upon injection of NGAL–dAbs complexes at concentrations in

the range of 0.5–100 ng/mL. Interestingly, none of the plots were reaching a plateau, suggesting

the persistence of a transient binding regime. Different concentrations corresponded to similar

fluorescent intensities, e.g., 5 ng/mL and 10 ng/mL. Thus, they might have appeared perilous

to resolve due to a significant standard deviation. This variability in the clusters’ fluorescent

signal was caused by the varying size of the small clusters formed near the incubation lines.

Nonetheless, the purpose of the horizontal incubation lines was to allow for incubation to

happen in the most favorable conditions and not to enhance the readout of the fluorescence

intensity. This step took place in the accumulation regions.
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Figure 3.4: On-chip incubation of Neutrophil Gelatinase-Associated Lipocalin (NGAL)
biomarker. (a) Observation of the small beads’ clusters (circled in pink) before and after
15 min of incubation. The fluorescence signal arose from the binding of dAb–NGAL com-
plex to cAb-decorated beads dielectrically trapped in the regions upstream to the electrode
line. Three NGAL concentrations were injected in separate experiments, namely, 1 ng/mL,
10 ng/mL, and 100 ng/mL. (b) Fluorescence signal as a function of the incubation time for
different NGAL concentrations. After 15 min all concentrations provided a signal greater than
the control experiment, consisting of an injection of a solution in absence of NGAL molecules.
The error bars were obtained by measuring the fluorescent signal from 10 clusters.

We designed the DEP holding action at the horizontal incubation lines in a way that the

size of the clusters would be maintained sufficiently small (less than 20 beads) to keep the

accumulated beads in slight agitation. This approach allows for uniform binding of analytes

in-flow and access to the whole surface offered by the beads. In fact, in the case of large

clusters, the reagents would be depleted at the downstream portion of the aggregate, an issue

that was observed in previous works [58]. This limitation justifies the creation of two separate

lines for incubation and accumulation of beads.

Moreover, previous approaches employing DEP force to immobilize beads and expose them to

reagents relied on the use of planar electrodes to generate electric fields [110]. This approach

relies on a simple fabrication process but leads to the creation of high electrokinetic forces only

in close proximity to the chip’s surface that features the electrodes. Consequently, as we moved

toward the opposite side of the channel, the DEP force experienced by a bead decreased.

Vertical electrodes employed in our device, instead, generates a homogeneous electrical field

over the entire channel height, ensuring that all the beads entering the incubation region

experiences the same DEP force. The height of the channel was then no longer limited and

could be substantially increased, to 50 µm in this device and possibly larger, as only the
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microfabrication process dictates the extension of the microchannel height. Extending the

height of the channel helped us increase the reagent flow rate in the microfluidic chamber by a

factor of 10 or more compared to similar detection platforms [58, 110], improving the collection

of analytes by a factor 2 in the case of high Peclet number PeH and PeS (see introduction).

Another benefit deriving from the three-dimensional electrodes employed to generate DEP

forces is the use of minimally diluted solutions. Currently, as DEP forces are weakened in high

ionic strength solutions [53], most DEP-based microfluidic platforms are forced to operate

in extremely diluted (low ionic force) solutions, thus drastically limiting the actual detection

capabilities of their systems due to the consequent dilution of the analytes’ concentration

[110]. Indeed, diluting the sample of interest by a large factor will consequently reduce

the output signal. In comparison, our device successfully performed beads’ collection and

analyte binding in an only 5× diluted serum, a dilution factor commonly found in commercial

biomarker assays [96]. A slight dilution has proven to be even suitable for biomarker analysis,

as it reduces matrix effect while maintaining favorable binding conditions [111].

Furthermore, the integration of the incubation step on-chip appears as a key milestone in

the process of embedding our technology in a point-of-care device. In fact, it would limit the

variance and errors in the concentration readout that might derive from additional external

manipulations [112].

3.1.4 On-chip incubation vs Off-chip incubation

The step directly following on-chip incubation is the accumulation of beads in dedicated areas,

in order to obtain a larger signal and, thus, increase the system sensitivity. This section aims

to assess the impact of carrying out beads’ incubation and aggregation in our microfluidic

system. To this end we compare our approach both to an off-chip reagent incubation and to

the detection of the signal from single beads as illustrated in Figure 3.5.

Beads decorated with NGAL cAbs were incubated either on-chip on the horizontal incubation

lines with the antigen–dAbs complex, as described in section 3.1.2, or off-chip, by placing

the Eppendorf containing the beads and the complexes in a rotating mixer. The obtained

beads were then either clustered on-chip, as shown in Figure 3.6, or observed sparsely on a

microscope slide, and the corresponding fluorescent signal was acquired and plotted, as in

Figure 3.7.

The comparison between plots 1 and 2 of Figure 3.7 reveals the impact of measuring the

fluorescence signal of the microbeads in the accumulation regions on-chip vs. measuring the

fluorescence of single beads on plates. In fact, in both cases, the prior incubation of beads with

the analyte and dAb was performed identically off-chip in vials. We observed a signal increase

of 3.5-fold in the case of beads concentrated in specific locations on the chip, demonstrating

the validity of our approach to enhance the signal by locally increasing beads’ density to get
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Figure 3.5: Experimental protocol implemented to separately assess the impact on the
output signal of our platform of both on-chip incubation and accumulation of beads Ex-
perimental protocol implemented to separately assess the impact on the output signal of our
platform of both on-chip incubation and accumulation of beads.

a larger signal. Such amplification allows the detection of 1 ng/mL NGAL concentration in

5-fold diluted FBS, while this concentration could not be resolved by observing the fluorescent

intensity of single beads. Common approaches for beads’ accumulation involve the applica-

tion of magnetic forces [113, 114] or DEP forces [58]. The increase in signal that we found to be

a consequence of the beads’ accumulation is in line with what has been previously reported in

literature [113].

Figure 3.6: Images of beads clustered in the accumulation area (a,b) Brightfield (a) and
fluorescence (b) images of beads clustered after 15 min of incubation (NGAL concentration of
100 ng/mL) and concentration steps. A bright fluorescent signal is clearly visible in the accu-
mulation region circled in green. The blue circle indicates the region chosen as neighboring
background for the normalization of the cluster signal.
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On the other hand, the influence of incubation conditions on the attained signal could be

analyzed comparing plots 2 and 3 of Figure 3.7. In this case, the clustering of beads was carried

out in the microfluidic platform in both experiments, while the incubation was performed

either on-chip or off-chip. On-chip incubated beads reached the same level of antigen binding

as the off-chip incubated beads. This demonstrates that the on-chip process matches the

performance of a standard incubation in turbulent regime.

Figure 3.7: Calibration curves for on-chip incubation and clustering performance assess-
ment Calibration curves obtained for the aforementioned experiments. The measured relative
fluorescence signal is plotted as a function of the NGAL concentration employed for incuba-
tion. Plot 3 presents the dose-response of our system with both incubation and accumulation
steps performed on-chip and taken as the reference curve in the following discussion section.
Error bars were calculated over three acquisitions.

The integration of the incubation step within the microfluidic system is a key step in the design

of autonomous lab-on-chip platforms. Recent approaches emphasize the need to maintain a

certain level of agitation for beads during incubation, in order to maximize the interaction

between beads and target analytes in the solution [11, 115, 116]. Indeed, a local increase of the

convection phenomenon in close vicinity of the beads would reduce mass transport issues

and speed up the supply of analyte. The incubation step we implemented on the horizontal

lines appears to be as efficient as a standard turbulent off-chip incubation, even though it was

previously reported that turbulent incubation performs better than exposure to continuous

flows [117, 118]. Our solution thus succeeded in providing an incubation as efficient as the

gold standard off-chip methodology.

The NGAL concentrations that could be detected with our device ranged from 1 to 100 ng/mL,
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with a limit of detection of 1 ng/mL, calculated using a three-times standard deviation ap-

proach. However, as the concentrations expressed in the calibration curve refer to the five

times diluted serum, this interval can be translated into a 5–500-ng/mL detection range in

non-diluted serum. This interval covers the clinical NGAL concentration values observed

in healthy patients (around 80 ng/mL) and patients suffering AKI (above 300 ng/mL) [108,

119]. Furthermore, the standard deviation calculated with our platform appears to be small

enough to distinguish healthy patients from ill patients. Indeed, the clinical procedure for AKI

diagnosis, defined as an increase of more than 100% of the NGAL basal concentration [108,

120], is resolvable with our platform, which makes our device suitable for the rapid diagnostics

of kidney injury. In order to compare the performance of our platform with a state-of-the-art

method, the same samples were tested by ELISA (Figure 3.8) , exhibiting similar performances,

with comparable sensitivity over a 1–100-ng/mL concentration range. Notably, the assay time

could be shortened down to 15 min with our platform, versus 4 h required to run the ELISA

test.

All experiments carried out within this section of the thesis were run in 5 times diluted serum

sample (FBS: fetal bovine serum). As none of the previous studies employing DEP to perform

immunoassay on beads relies on serum [58, 110], we are the first to implement the detection

of analytes with DEP in a representative medium.

Figure 3.8: NGAL detection performance comparison between our immunoassay on chip
and a commercial ELISA kit The total assay time is about 4 hours for the ELISA kit (R&D
biosystems, UK) versus 15 min with our on chip integrated protocol. In terms of performance
both assays can detect concentration ranging from 1 to 100 ng/mL (for 1 ng/mL the signal to
noise ratio is 4 for ELISA and 3 for the chip), and comparable sensitivity over that entire range.
Error bars were calculated over three acquisitions.
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3.1.5 Multiple biomarker detection

This section aimed to investigate the possibility to concomitantly quantify the concentration

of two biomarkers on a single chip. The two chosen analytes, NGAL and Cystatin C, spike

into serum at different stages of the kidney injury [107]. Three hypothetical scenarios were

defined based on clinical data: a “healthy” patient who presents basal levels for both NGAL (75

ng/mL) and Cystatin C (250 ng/mL), an “early-stage” patient presenting a spike in NGAL (300

ng/mL) and basal Cystatin C levels (250 ng/mL), and finally a “late-stage” patient presenting

a spike in Cystatin C (1000 ng/mL) and basal NGAL levels (75 ng/mL). In order to decipher

the efficiency of beads’ separation, NGAL and Cystatin C detection antibodies were labeled

with fluorophores emitting in different spectral regions, respectively in CY5 and CY3 regions.

The spectral overlap between fluorophores was also investigated to ensure negligible spectral

overlap due to the fluorophore emission ranges as seen in figure 3.9.

The first step to carry out this experiment is to validate the detection of Cystatin C in an

independent configuration such as the one presented for NGAL in the previous section. Such

study was performed with 2µm-diameter beads decorated with anti-Cystatin Ab maintained

against a flow of 0.4 µL/min and provided the dose response curve presented in figure 3.10.

We observed a limit of detection of 0.5 ng/mL and a detection range covering concentrations

from 0.5 to 200 ng/mL, which translates into a 2.5 to 1000 ng/mL range upon taking into

consideration the five times dilution factor and suits the clinical requirement for detection of

AKI in patients [106]. Furthermore, the resolution at 50 ng/mL was calculated and estimated

to be of 11 ng/mL.

Figure 3.9: Spectral overlap of CY3 and CY5 signals from 6 µm NGAL and 2 µm Cystatin
C-decorated beads Beads were incubated for 15 minutes in vials in the late stage conditions
(NGAL concentration: 50 ng/ml, Cystatin C concentration: 1000 ng/ml) and the corresponding
signals of single beads were acquired in both CY3 (a) and CY5 (b) fluorescent channels.
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Figure 3.10: Cystatin C dose response curve Results of sandwich immunoassay performed on
the microdevice on Cystatin C samples. The flow rate during the incubation is set at 0.4 µL/min
and the beads used for this experiment have a diameter of 2 µm. The same molecule was
measured also in a multi-analyte configuration (Figure 6). In the present plot, the measured
intensities are lower, which could be explained by a decrease of the fluorophore performance
due to aging. Error bars were calculated over three measurements.

The simultaneous detection of NGAL and Cystatin C was carried out using two different

layouts, one using the DEP actuation to discriminate beads of different sizes and another

employing two channels for a spatially differentiated detection.

Size-based sorting of beads

A similar protocol as the one for single immunoassays can be applied to run two distinct

immunoassays in parallel on the same channel. No change in the device layout was necessary

from the original system. Two different beads’ populations (2-µm and 6-µm diameter) were

functionalized with cAbs for Cystatin C and NGAL, respectively. The beads–cAbs solution

was obtained by adding 10 µL 0.5% (w/v) 2-µm beads and 10 µL 0.5% (w/v) 6-µm beads in

1 mL 5-fold diluted FBS. The incubation step was performed on two different lines (the line

upstream was activated by applying a 14-Vpp, 1-MHz signal and the line downstream by

applying a 20-Vpp, 1-MHz signal) in presence of a 0.4 µL/min flow, maximal flow that was

applied while holding the small 2-µm beads against the flow. The line upstream was set to

exert a weaker electric field so that beads of larger size were trapped by the first line, while

the smaller ones could pass through, to be successively trapped by the second line, with a

59



Chapter 3. Multimarker diagnostic approaches based on microbeads

trapping efficiency of 90% and 70% for the 6-µm and the 2-µm beads, respectively. After

beads’ clustering, incubation was performed flushing a solution containing the analyte–dAbs

complexes of both Cystatin C and NGAL, with the dAbs labeled with CY3 and CY5 fluorophores,

respectively. Following incubation, the two beads’ populations carrying the two distinct

sandwich assays were released and concentrated at different locations on-chip. To do so, the

two accumulation lines were activated (line upstream electrical stimulus: 14 Vpp, 1 MHz; line

downstream electrical stimulus: 20 Vpp, 1 MHz), and the flow was set to 0.8 µL/min, maximal

flow allowing accumulation of 2-µm beads. The two distinct clusters were imaged in CY3

and CY5 fluorescent channels with 5000-ms exposure times. An average of 20 experiments

(incubation, accumulation, and beads’ release) could be performed before the appearance of

clogging issues preventing the chip from further use.

Figure 3.11a shows the achieved spatial separation of beads based on their size, with the

6-µm and the 2-µm beads, respectively, appearing as in red or green. The performance of this

multianalyte approach is quantified in Figure 3.11b for the three patients described above. As

the fluorophores emitting in CY3 and CY5 regions were different in brightness, the comparison

between the absolute fluorescent signals was not relevant.

Figure 3.11: Simultaneous detection of NGAL and Cystatin C for acute kidney injury (AKI)
diagnosis (a) Superposition of two clusters acquired, respectively, in CY5 fluorescent channel
(NGAL label) and CY3 channel (Cystatin C label). This picture was taken in the case of an
“early” patient (NGAL: 300 ng/mL, Cystatin C: 250 ng/mL). (b) Fluorescent signal acquired for
CY3 channel (Cystatin C detection) and CY5 channel (NGAL detection), respectively, in cluster
2 (downstream, accumulating 2-µm beads capturing Cystatin C) and cluster 1 (upstream,
accumulating 6-µm beads capturing NGAL). Three cases were investigated, corresponding to
the clinically relevant situations: an “early-stage” patient with high NGAL and normal Cystatin
C concentrations, a “late-stage” patient with high Cystatin C and normal NGAL concentrations,
and a “healthy” patient with normal NGAL and Cystatin C concentrations. Error bars were
calculated over three measurements.

For the CY5 channel (Figure 3.11b, red), corresponding to the fluorescence of 6-µm beads

capturing NGAL collected in cluster 1, the detection of the NGAL spike in the “early” case

scenario appears to be clearly resolved. The presence of some signal in cluster 2, shown in
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Figure 3.12, for all scenarios suggests that some 6-µm beads could cross the first electrical

barrier and get trapped at the downstream location. This contamination, evaluated at 20% of

the signal obtained in the 6-µm beads’ clusters, was due to defects in the electrical contact

between some of the vertical pillars and the planar electrodes, leading to the leaking of beads

through the lines and unwanted gathering in the downstream region, which could be reduced

by an optimization of the microfabrication process. The signal produced by NGAL beads

appears lower than the one observed with a similar concentration in the previous section,

which was due to the smaller flow rate used in this experiment for incubation, 0.4 µL/min vs.

2 µL/min.

Regarding the CY3 channel (Figure 3.11b, green), corresponding to the fluorescence of 2-µm

beads capturing Cystatin C accumulated downstream in cluster 2, the detection of the Cystatin

C spike in the “late” case scenario can be resolved vs. normal conditions. Contamination can

also be noticed (Figure 3.12) in cluster 1 for all scenarios. We estimated that contamination

were equivalent to 25% of the signal obtained in the 2-µm beads’ clusters and arose from a

tendency of small beads to stick together and with large beads, therefore, forming clusters

while incubating on horizontal lines. Those clustered beads then behaved as larger beads and,

thus, accumulated in cluster 1. Such effect could be mitigated through the introduction of a

surfactant in the reaction solution. Moreover, assuming that the assay will be calibrated to

result in comparable fluorescence signals corresponding to physiological basal levels of NGAL

and Cystatin C (healthy patient), a 20% variability due to contamination would not prevent us

from detecting a 100% increase in one of the marker concentrations, as an effect of an AKI

condition.

Figure 3.12: Cross-contamination analysis in the multianalyte experiment Fluorescence
signal acquired for both CY5 channel (NGAL detection) and CY3 channel (Cystatin C detection)
in cluster 1 (upstream, red cluster in Figure 6a, accumulating 6 µm beads capturing NGAL)
and cluster 2 (downstream, green cluster in Figure 6a accumulating 2 µm beads capturing
Cystatin C). The three cases presented here are the same as those described in Figure 6. In
order to calculate the error bars, three acquisition were performed.

Our technology permitted the efficient discrimination of healthy, "early AKI" and "late AKI"

patient through the quantification of NGAL and Cystatin C levels. Despite this achievement

we still observed a non negligible level of contamination that could be partially mitigated

61



Chapter 3. Multimarker diagnostic approaches based on microbeads

thanks to the solutions proposed above. We came up with a different layout that maintain the

level of performance in the assessment of NGAL and Cystatin C concentrations while greatly

reducing the noise due to contamination.

Channel-based sorting of beads

The main difference between this novel layout and the one presented in the previous section

stands in the method employed to differentiate beads labelled with different antibodies. In

the previous design beads were sorted by DEP forces based on their size; conversely, in this

second version, two sets of beads are injected in two separated channels. A common inlet is

used to inject the analyte concomitantly in both chambers (figure 3.13). Assuming that the

flow at the three inlets are carefully balanced we expect to have little to no contamination

from one channel to another, thus we can use beads of same diameter, here 6-µm, as they are

more suitable for manipulation by DEP forces.

Figure 3.13: Layout of the platform for beads injection and incubation in two separate
channels Beads are injected through dedicated inlets and reagent are injected through the
central inlet The device consists of two channels each composed of three incubation lines
followed by three accumulation lines, for the formation of the beads clusters shown in red.

The experimental process we employed was very similar to the one previously implemented.

Two sets of 6-µm-diameter beads were functionalized with Ab directed against NGAL and

Cystatin C. Each set was injected through its dedicated inlets at 2 µL/min. The trapping and

clustering of beads at the incubation lines occurred upon application of 20-Vpp, 1-MHz signal.

Once the clusters reached a certain size we stopped the flow of beads and set a flow of 2µL/min
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of analyte–dAbs complexes of both Cystatin C and NGAL, with the dAbs labeled with CY3 and

CY5 fluorophores, respectively. After 15 minutes, the sandwich-immunoassays formed on the

two sets of beads trapped on the horizontal lines were released and accumulated at different

locations on-chip by applying a 20-Vpp, 1-MHz signal. The two distinct clusters were imaged

in CY3 and CY5 fluorescent channels with 5000-ms exposure times (Figure 3.14).

Figure 3.14 presents the results obtained in a typical experiment studying the detection of

NGAL and Cystatin C in early and late stage scenario of AKI with the two channels platform.

In both CY3 and CY5 channels the spikes of NGAL and Cystatin C, occurring in the early and

late case scenario, respectively, could be reliably resolved. Figure 3.15 shows a considerable

reduction of the cross-contamination between Cystatin-C and NGAL beads with this approach.

Even though the unspecific binding was proven to be low in figure 3.9, it appeared to have a

non-negligible contribution to the total fluorescent signal, that could be subtracted through

the use of a control experiment exposing the functionalized beads to the flow of detection an-

tibodies in the absence of analytes. However this approach suffers from two main drawbacks,

namely the use of an additional inlet that makes the microfluidic set-up more complex and

the addition of an additional channel that almost doubles the footprint of the device.

Figure 3.14: Simultaneous detection of NGAL and Cystatin C with a two channels device
(a),(b) Superposition of two clusters acquired, respectively, in CY5 fluorescent channel (NGAL
label) and CY3 channel (Cystatin C label). This picture was taken in the case of an “early”
patient (NGAL: 300 ng/mL, Cystatin C: 250 ng/mL). (c) Fluorescent signal acquired for CY5
channel (NGAL detection) and CY3 channel (Cystatin C detection), respectively, in the red
cluster (left side of the chip, accumulating 6-µm beads capturing NGAL) and green cluster
(right side of the chip, accumulating 6-µm beads capturing Cystatin C).

Both layout presented above could identify “early AKI” stage and “late AKI” patient via a

detection of both NGAL and Cystatin C in clinically relevant ranges [106, 108, 120, 121] within

15 min. As NGAL and Cystatin C spike in the serum at different stages of kidney failure [107],

our approach combining detection of both these biomarkers within one test allows for kidney
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injury detection within a large time window, from the very initial stage to after 48 h, reducing

the risk of inaccurate diagnosis and improving survival rate in patients experiencing AKI. Our

device could perform the detection of analytes within 15 min requiring a serum volume of only

50 µL, which seems compatible with its integration into a point-of-care platform available at

the intensive care unit and requiring a small amount of blood to perform the analysis [96].

Figure 3.15: Cross-contamination analysis in the multianalyte experiment with two chan-
nels. Fluorescence signal acquired for both CY5 channel (NGAL detection) and CY3 channel
(Cystatin C detection) in cluster 1 ( red cluster in Figure 3.14a, accumulating 6-µm beads cap-
turing NGAL) and cluster 2 (green cluster in Figure 3.14b accumulating 6-µm beads capturing
Cystatin C). In order to calculate the error bars, three acquisition were performed.

Previous approaches aiming to simultaneously carry out multiple biomarkers’ detection

mainly relied on the use of fluorophores incorporated within the beads [122, 123]. A technology,

developed by Luminex, associates a barcode defined as a ratio between two fluorophore dies

in the bead to each analyte of interest [124], thus allowing for efficient detection of distinct

markers in a flow cytometry setup [125]. Despite its performance, the main limitation of this

solution is the need to integrate at least two fluorescent filters within the readout platform for

barcode reading. This requirement severely hinders a potential integration of this technique

in portable devices. Nonetheless, as beads in our DEP-based platform are resolved spatially

according to their sizes or spatial arrangement, the readout can be performed with a single

fluorescent channel that can be easily integrated within a PoC device [96]. Another option to

optically quantify multiple species circumventing the need for multiple fluorescence channels

was proposed by Falconnet et al. [87], who introduced a digitally encoded silicon disk, on

the top of which immunoassays would be performed. However, as each barcode has to

be observed singularly, the silicon microparticles cannot be accumulated to increase the

overall sensitivity of the system. Our method, instead, allows both multimarkers analysis and

amplification of the outcome signal. Our platform is, thus, the first of its kind, featuring (i)

optimized analyte collection, (ii) multiple biomarkers’ detection, (iii) signal amplification, and

(iv) optical readout by means of a single fluorescence channel.
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3.2 Oligo-based platform for fast screening of multiple biomarkers

The aim of this section is to present and implement a platform for the rapid screening of

multiple markers. As the presence of a single marker can be related to various disorders

[126], a diagnosis based on multiple analytes could importantly contribute to better diagnosis

performances [127]. Microfluidic offers numerous benefits in the context of multi-markers

detection, such as limited reagent volume per test [128], efficient incubation [129] and the

possibility to integrate many testing sites within a very small footprint [21]. For instance,

Migliozzi et al. [130] developed a microfluidic platform for rapid and sequential detection of

10 molecules in an immuno-fluorescence set-up. In a work relying on the powerful Quake

valve approach presented in section 1.3, Volpetti et al. [131] could successfully detect five

biomarkers in a proof-of-concept configuration and possibly up to 384 biomarkers with a

single device. While the previous section investigated the rapid detection of biomarkers

in a compact device, this section explores the use of oligonucleotide labels to perform the

quantification of a large number of species in the same assay.

3.2.1 General concepts and state-of-the-art

The main concept of this section is to carry out a standard sandwich immunoassays on

beads but the fluorophore on the detection antibody is replaced with a DNA strand barcode

specific to this antibody. The injection of the complementary DNA strand associated with a

fluorophore would permit a quantification of this biomarker level. Furthermore, provided

that we can eliminate the fluorescent signal associated with this barcode, we can repeat

this operation to quantify another marker with the same fluorescent channel. Figure 3.16

illustrates the concept in the case of two analytes, where a single bead is decorated with

different antibodies. It is interesting to mention that the aim of this approach is not to perform

incubation of analytes and antibodies on-chip but to carry out out a rapid and sequential

readout of beads following incubation. We will discuss here the use of barcodes combined

with immunoassays and possible methods for the removal of fluorescence signal following

quantification.

Figure 3.16: On-beads analyte detection thanks to DNA barcoding A sandwich immunoassay
is performed on the surface of the beads (a), then fluorescently-labeled DNA strands are
sequentially injected (b) and discarded (c).
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DNA barcoding for immunoassay

The association of immunoassays with DNA barcoding has been introduced in the last years in

an attempt to combine the best of both methods, namely the high specificity of immunoassays

and the signal amplification permitted by molecular biology [132]. The most successful exam-

ple of such approach is called immuno-PCR. Proposed in 1992 by Sano et al.[133], it consists

in the replacement of the detection enzyme in a standard enzyme-linked immunosorbent

assay (ELISA) by a biotinylated DNA strand coupled to the antigen/antibody complex through

a streptavidin molecule. Such approach allowed a tremendous improvement of the detection

performances of the assay, with 105 increase in the limit of detection of the system. Since its

proposal immuno-PCR has been sucessfully employed for the detection of tumor markers

such as carcinoembryonic antigen [134], viral infections [135] or bacterial infections [136]. De-

spite its clear advantages in terms of sensitivity and reproducibility immuno-PCR suffers from

several limitations hindering its general adoption in the diagnosis field. Its main drawback

resides in the presence of high background signals caused by assay contamination during

washing steps or by the presence of unbound DNA strands after the DNA/Ab conjugations.

The numerous steps required to perform an immuno-PCR makes it a cumbersome procedure,

that necessitates many skilled operators and comes at a high cost [132].

A critical aspect of the combination of immunoassays with DNA barcode is the development of

methods to perform the coupling of nucleic acid strands to antibodies [137]. While remaining

cost effective, such methods should limit steric hindrance issues and maintain the reactivity of

the antibody with the targeted epitope of the antigen. The coupling can be carried out through

the implementation of non-covalent binding strategies, such as for instance streptavidin-

biotin coupling [133] or covalent binding approaches such as thiol-maleimide chemistry [138].

While many coupling strategies require a modification of the antibodies to add chemical

groups through enzymatic reaction [139] or chemical tagging [140], the use of the native amine

groups already present in the antibodies via N-Hydroxysuccinimide ester (NHS) chemistry

appears as a suitable solution [137].

Approaches to cancel out the fluorescent signal after its measurement

Once the sandwich immunoassays-complexes are formed and the first DNA strand binds

its complementary sequence, its fluorescent label ensures the detection of the first analyte.

Subsequently, the fluorescent signal related to this analyte has to be suppressed in order

to perform the quantification of the remaining markers. The most immediate approach to

separate the fluorescent DNA strand would be to increase the temperature, in order to perform

the melting of the double DNA strands, a process frequently carried out for Polymerase Chain

Reaction (PCR) [141]. Then, the next DNA strand can be injected in the microfluidic platform

as presented in figure 3.17. However, this approach comes with severe limitations, namely

the heating of the chip requires some heavy modifications of the experimental set-up and the

high temperature experienced in the device may be detrimental to the antibodies and proteins

already immobilized on the beads’ surface [142], that prevented its integration to our system.
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Figure 3.17: Use of heat as a possible solution for DNA double strands denaturation in the
microfluidic channel In a first step the full immunoassays are performed on the beads surface
(a), then the first fluorescently-labeled DNA strand is injected and the corresponding signal is
acquired (b). Upon application of a high temperature the fluorescently labelled DNA strand
detaches and is carried away by the flow while another DNA strand corresponding to another
marker is flown in the chip (c).

Another option to suppress the fluorescent signal would be to take advantages of the photo-

bleaching phenomenon. Photo-bleaching is a common yet non-suited irreversible degra-

dation of a fluorophore performance [143]. This irreversible modification is caused by the

degradation of covalent bonds within the molecule, that results in the transition of the fluo-

rophore from a single-state to a triplet state [143].

Despite being considered as negative phenomenon that has to be mitigated in most cases,

some researchers developed strategies to employ photo-bleaching as an ally, for instance

Axelrod et al. [144] developed fluorescence recovery after photo-bleaching (FRAP), a method

that allows to track cells or proteins over time. We propose here to also use the properties of

photo-bleaching to serve our need for fluorescence suppression. Following its injection and

quantification, the fluorophore attached to DNA is photo-bleached through the application of

an intense light beam as illustrated in figure 3.18.

Figure 3.18: Use of photo-bleaching as a possible solution for fluorescence reduction in the
microfluidic channel In a first step the full immunoassays are performed on the beads surface
(a), then the first fluorescently-labeled DNA strand is injected and the corresponding signal is
acquired (b). Upon application of an intense light beam the fluorophore photo-bleached and
another DNA strand corresponding to another marker can be injected in the chip (c).
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The last option we considered for the fluorescent signal elimination is the use of toeholds.

First introduced as information mediator for DNA-based molecular computing [145, 146],

toehold-mediated isothermal strand displacement relies on the use of a complementary

domain shared by two DNA strands to promote their hybridization. It takes place in the

presence of a double-stranded DNA structure presenting a short single-stranded overhang

region, named ‘toehold’. Upon exposure to an oligonucleotide complementary to the strand

having the toehold the shorter strand in the duplex will be replaced by this longer complemen-

tary invader strand, requiring no enzymatic mediation [147]. The relationship between the

thermodynamics of toehold hybridization and the kinetics of the toehold-mediated strand

displacement was formalized by Zhang et al. [148]. The use toeholds appear as a suitable

solution for fluorescence reduction (figure 3.19). The fluorescent DNA strand is 7 bases longer

than the one attached to the antibody and consequently does not bind entirely with it. Fol-

lowing fluorescence quantification the complete long complementary sequence (cleaning

sequence) is injected, resulting in a thermodynamically favored equilibrium that leads to the

cleaning of the beads surface from fluorophores.

Figure 3.19: Toehold-mediated isothermal strand displacement as a possible solution for
fluorescence reduction in the microfluidic channel. In a first step the full immunoassays are
performed on the beads surface, then a fluorescently-labeled DNA strand is injected in the
channel, hybridizes with its complementary sequence for signal quantification, and finally is
removed upon injection of a longer complementary DNA strand.

3.2.2 System layout and operating principle

The design and performance of the structures implemented to maintain beads immobilized

against the flow was presented in chapter 2 section 2.2.3. A reminder of the structure of a single

trap is provided in figure 3.20b. The choice of a trapping method that differs from the DEP

trapping presented above was motivated by the need to immobilize the beads against high

flow rates, that will contribute to fast exchange of reagents and therefore a high throughput for

biomarker quantification. The general layout of the microfluidic device is given in Figure 3.20a.

It consists of a single channel with 3 inlets and 1 outlet. One inlet is dedicated to the injection

of beads while the two others can be employed for the sequential injection of reagents. Both
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inlets and outlets features filters that prevent the introduction of excessive dust in the channel.

The sequential injection of fluorescent DNA strands permits to perform the detection with

only one fluorescent channel.

The injection of beads and reagents is performed thanks to three syringe pumps (Harvard

Apparatus, USA). The degassing is carried out applying a high pressure (600 mbar) at the outlet

with a peristaltic pump (Elveflow OB-1, France) with closing the inlets with syringes. Prior to

each experiment, the microfluidic devices are primed with a PBS solution supplemented with

1% BSA to reduce unspecific binding.

Figure 3.20: Layout of the platform for on-chip incubation of beads (a) Presentation of the
chip layout. Beads and reagents can be successively injected through the three inlets circled in
blue on the image and discarded through the outlet circled in red. (b) SEM picture of a PDMS
trap that can immobilize a single bead against the flow.

3.2.3 On-chip coupling of DNA probes with DNA-decorated beads

The experiments described in this section aimed at getting a good comprehension of DNA

strands hybridization within a microfluidic channel (figure 3.16) . To this end we directly

attached DNA strands to the surface of the beads via a biotin-streptavidin link. The beads

were injected and arranged in the microfluidic channel and the complementary DNA strand

was injected at different flow rates. The sequence of the capture and detection DNA strands

are provided in table 3.1.

Capture Detection

Sequence Biotin-CACAACAAAAAACAACAC Alex647-GTGTTGTTTTTTGTTGTG

Table 3.1: DNA sequences designed for the experiment described in Figure 3.21..

Figure 3.21 illustrates the real time monitoring of fluorescence on-chip and overtime. From

this plot we can deduce that the binding occurs very quickly, indeed, after 2 minutes the

fluorescent signal reaches a steady value for both flow rates of 10 µL/min and 20 µL/min.
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Furthermore, as we are operating at high flow rates and with micron-size particles, the system

is expected to present high Peclet numbers PeH and PeS . In this specific case we demonstrated

in the introduction that an increase in the flow rate has a negligible impact on the flux of

analyte at the bead surface, a theoretical finding that is corroborated by experimental results

showed in figure 3.21b. Since the DNA strands are available in large amounts we can afford

to lose a significant proportion during the on-chip incubation. The incubation duration is a

more critical parameter, and maintaining it very short (e.g. below 2 minutes), would allow a

rapid and highly multiplexed detection of many biomarkers.

Figure 3.21: Study of the on-chip hybridization of two complementary DNA strands (a)
Scheme of the beads used for this experiment. DNA strands were placed at the surface of
the beads thanks to streptavidin-biotin biochemistry. The beads were immobilized in the
chip and exposed to their complementary DNA sequence labelled with a fluorophore. (b)
Fluorescent signal as function of the incubation time for two different flow rate of reagents.
After 2 minutes the signal begins to saturate.

3.2.4 Study of fluorescent signal bleaching

Upon verification that the hybridization could be efficiently carried out on-chip we investi-

gated different strategies to suppress the fluorescent signal, to allow for subsequent injection

of fluorescently-labeled DNA strands. The heating strategy was not tested here due to its

inherent limitations, as a reminder, the risk to damage proteins due to high temperatures

and the complexity of the heating set-up. Consequently, we focused on the photo-bleaching

strategy. Two fluorophores, Alexa Fluor 647 and Alexa Fluor 546, were selected for this study.

Due to their high signal to noise ratio, they are widely adopted within the scientific community.

We could have chosen early generation fluorophores, e.g. fluorescein, that are known to be

more prone to photo-bleaching, but this would have been at the cost of reduced performances,

contradicts our ambition to develop high performance diagnosis tools. In order to observe

photo-bleaching beads were functionalized with DNA strands and incubated off-chip with

their complementary sequences. The beads were placed on a glass slide and the fluorescence

decay was monitored while the beads were exposed to the light beam of a 150 Watt UV lamp.
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The sequences of the capture and detection DNA strands for both fluorophores are provided

in table 3.2.

Capture Detection

AF 546 Biotin-TGTGGTGGGTGGGTGGTGT Alex546-ACACCACCCACCCACCACA

AF 647 Biotin-CACAACAAAAAACAACAC Alex647-GTGTTGTTTTTTGTTGTG

Table 3.2: DNA sequences designed for the off-chip photo-bleaching study.

Figure 3.22 presents the results of the photo-bleaching monitoring. In the case of Alexa Fluor

546 (figure 3.22a), fluorescence intensity remained above 50% after 10 minutes of exposure to

light. We could also notice an unexpected increase of the signal for the control experiment,

indeed, as the solution containing the beads was drying, the fluid movement caused the

bead to change their focal plane which resulted in a slight increase of fluorescence. Figure

3.22b shows a much stronger exponential decay in the fluorescence after 10 min, as the signal

reached only 3% of its initial value. Interestingly, even with minimal application of light (only

during exposure time) the signal in the control experiment the fluorophore is unstable and its

fluorescence decreases of 40% over time. The stronger photo-bleaching observed with Alexa

Fluor 647 matched previous results reported in literature [149]. To conclude we found out that

while Alexa Fluor 546 is too stable for photo-bleaching applications Alexa Fluor 647 could be

employed in the scope of our project for signal cancellation, even though the relative long

time necessary (10 minutes) for the bleaching to occur will limit the throughput of the device.

Figure 3.22: Monitoring of the photo-bleaching of Alexa Fluor 546 and Alexa Fluor 647 fluo-
rophores. Functionalized beads were exposed to strong UV light and the decay of fluorescence
was measured for both Alexa Fluor 546 (a) and Alexa Fluor 647 (b). The intensity of the light
source varies from 100% to 80% of its maximal intensity, during the control experiments the
sample is only exposed to the light when an image is acquired (100 ms every minute).
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3.2.5 Toe-hold-based approach

Considering the throughput-related limitations of the aforementioned photo-bleaching ap-

proach, the toe-hold based displacement is a very promising solution for rapid signal cancella-

tion. As the thermodynamic equilibrium favors the hybridization of long sequences, we expect

an extremely low reminiscent signal after injection of the complementary DNA sequence. The

validity of our approach was analyzed via a similar strategy as in previous section, namely

DNA strands were directly attached on beads and the detection and cleaning sequences were

sequentially added. The implemented procedure is illustrated in Figure 3.23.

Figure 3.23: Experimental validation procedure of the toehold approach Beads are first
decorated with capture DNA strands (a). Then as the detection DNA single strands are injected
the fluorescence at the surface of the beads increases (b). Finally the toehold DNA single
strand is injected, resulting in a decrease of the fluorescence signal (c).

The single stranded DNA sequences designed for the toe-hold approach validation are pro-

vided in table 3.3.

Capture strand Detection strand Toehold strand

Toehold 1

Biotin-

CACAACAAAAAA-

CAACAC

Alex647-

TTGGTGTGTGTTG-

TTTTTTGTTGTG

CACAACAAAAAACA-

ACACACACCAA

Toehold 2

Biotin-

TGTGGTGGGTGG-

GTGGTGT

Alex647-

AACCCAAACACCA-

CCCACCCACCACA

TGTGGTGGGTGGG-

TGGTGTTTGGGTT

Table 3.3: DNA sequences designed for the investigation of the toehold approach.

The beads were successively placed in contact with the detection and toehold DNA strands,

with a washing steps to ensure the discard of unbound species. The plot results in figure 3.24

confirm that the cleaning of the beads surface from fluorescent molecules could be achieved

with a high efficiency, with less than 2% signal remaining after exposure to the toehold DNA.
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Figure 3.24: Off-chip performance of the toehold signal reduction. Upon injection of the
detection single stranded DNA strand a high fluorescence signal is observed, such signal is
significantly reduced after incubation with the toehold strand.

We attempted to reproduce these results in an on-chip configuration using beads function-

alized with two different barcodes. The sequential injection of detection and toehold single

stranded DNA was performed with a flow switcher (MUX, Elveflow). The real-time monitoring

of fluorescence at the beads’ surface is presented in figure 3.25. First beads were arranged in

the mechanical restrictions, then the first fluorescent DNA strands were injected and bound

to the beads exhibiting their complementary sequence leading to an increase in the corre-

sponding fluorescence signal (figure 3.25a,c) . Then the corresponding toehold DNA strand

was flown on-chip, simultaneously with the second fluorescent DNA strands, resulting in a

signal decrease signal for a set of beads while the other population experienced an increase

in fluorescence (figure 3.25b,c). Finally the second toehold DNA strand was flushed over the

beads leading to a complete elimination of fluorescent signals on the beads’ surface. For

the CAC sequence the binding between the detection strand to its complementary sequence

occurred in about 1 minutes and provided a high outcome while the toehold mediated strand

displacement took place within 3 minutes. Interestingly, the injection of the first toehold could

be combined with the injection of the second detection DNA strand without any signal loss.

The TGT sequence binding revealed a slower binding kinetic, suggesting that the system is

reaction limited. The binding duration τ discussed in equation 4 associated with the TGT

sequence is indeed higher than the one the one of the CAC sequence, resulting in a slower

binding process. However, an improved design of the single stranded DNA sequence could

allow for all the DNA strands to match the performance of the CAC sequence. Such results

validate our approach to use the toehold-mediated strand displacement strategy for rapid

cancellation of fluorescent signals and sequential detection of multiple biomarkers.
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Figure 3.25: On-chip sequential injection of detection and cleaning DNA sequences. Func-
tionalized beads were immobilized in the microfluidic restrictions and exposed to the CAC
detection sequence, resulting in an increase of fluorescence at the surface of the correspond-
ing beads (a,c). Then, following the simultaneous injection of the CAC toehold sequence and
the TGT detection sequence, the fluorescence will increase for TGT-beads and decrease for
CAC-beads (b,c). Finally, the injection of the TGT-toehold will bring the fluorescent signal of
beads to their basal levels. Error bars were obtained by measuring the fluorescent signal from
6 beads.

After validation of the pertinence of the toehold assay in a simplified configuration we built

the complete assay as illustrated in figure 3.16 and tested it on-chip. To do so we performed

the conjugation of Cystatin C antibodies with the a single stranded DNA sequence given in

table 3.4. Cystatin C is not a target marker for this system, nonetheless it was employed in
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this study for convenience reasons as it has been extensively studied in the scope of this PhD

thesis and its behavior is well-understood. The conjugation was performed via an dedicated

oligo conjugation kit (ab218260, Abcam) relying on click chemistry with a ratio 1:5 between

antibodies and oligo.

ID Sequence

Conjugation CACAACAAAAAACAACAC

Detection TTGGTGTGTGTTGTTTTTTGTTGTG

Toehold CACAACAAAAAACAACACACACCAA

Table 3.4: DNA sequences designed for the conjugation of antibodies.

The sandwich immunoassay was performed off-chip with a Cystatin C concentration of 1000

µg/mL. After a 15 minutes incubation the beads were injected in the microfluidic platform

and exposed to detection oligo, resulting in a rapid increase of the fluorescent signal that

will disappear upon injection of the toehold single stranded DNA as shown in figure 3.26a.

The binding kinetics matches the one observed in the previous paragraph in the absence of

immunoassay (less than two minutes for DNA hybridization and separation), confirming that

the presence of antibodies does not introduce steric hindrance issues. To assess the dynamic

range of the assay a dose response study was performed off-chip (figure 3.26b) and validated

the efficient detection of cystatin C over a wide range detection range, from 100 ng/mL to

10’000 ng/mL.

Figure 3.26: On-chip and off-chip characterization of the full assay using single stranded
DNA conjugated to antibodies for the detection of Cystatin C (a) The sandwich immunoassay
was performed off-chip with a Cystatin C concentration of 1000 µg/mL and a 15 minutes incu-
bation step. Then the beads were immobilized on-chip and sequentially exposed to the CAC
detection sequence (increase of fluorescence) and the CAC toehold sequence (fluorescence
drop). (b) In order to asses the dynamic range of the assay a dose response response was
performed off-chip with a Cystatin C concentration ranging from 100 ng/mL to 10’000 ng/mL.
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This demonstrates the pertinence of our platform for fast and multiplexed biomarker screening

in a very low volume of patient sample. Indeed, beads targeting various analytes can be placed

for off-chip incubation in a low volume of sample, less than 100 µL, and depletes the sample

from target molecules. Subsequently, beads can be retrieved via centrifugation and injected in

our microfluidic device for readout. We estimate that this approach could permit the detection

of 10 analytes in less than an hour with a blood prick volume. Furthermore, the flexibility

granted by the combination of beads-based immunoassays and DNA barcodes permits the

implementation of highly personalized diagnosis. A practician could choose among a pool

of available beads which marker to test and run a screening tailored to the specific patient

symptoms. Our solution is thus more flexible than existing technologies relying on multiplexed

lateral flow assays such as the Alere Triage [109], for which the targeted markers can not be

modified after fabrication.

3.3 Summary and conclusion

In this chapter we present two bead-based approaches for the diagnosis of various disorders.

The first platform presented in section 3.1 is focusing on the detection of acute conditions. The

introduction of high aspect-ratio vertical electrodes within the microfluidic channel resulted

in an accurate manipulation of antibodies-decorated beads through a novel method named

“DEP surfing”. The incubation step was conducted in a dedicated area under a high flow rate,

ensuring an effective collection of analytes on the surface of beads, an important feature

for the detection of analytes at low concentration. We introduced the possibility to perform

in the same microchamber, while in two successive steps, sample beads’ incubation and

beads’ accumulation, controlled solely by electrical signals. We employed this approach to

the concomitant detection of two analytes, thanks to a size-based and channel-based beads’

separation technique: NGAL and Cystatin C could be simultaneously detected within 15

min in a minimally diluted matrix, and the detection performance matched the one of a

commercial ELISA kit. The combined detection of both biomarkers allows for the diagnosis of

AKI conditions at different stages, which could be greatly beneficial to patients in intensive

care units. The second device, introduced in section 3.2, targets a rapid and highly multiplexed

detection of biomarkers in low sample volume, for instance in the context of clinical screening.

We adapted the classical sandwich immunoassays with a new quantification procedure relying

on the sequential injection of DNA strands decorated with fluorophores, the elimination of

unwanted signal was successfully carried out thanks to an innovative use of toehold-mediated

isothermal strand displacement. The future of this project lays in the implementation of the

assays for the rapid detection of numerous markers.

76



4 Assessment of the phenotypic impact
of microfluidics and DEP effects on
single-cells

Disclaimer: The work presented in this chapter is partially adapted from the follow-

ing article:

Thiriet, P.-E.; Pezoldt, J.; Gambardella, G.; Keim, K.; Deplancke, B.; Guiducci, C.

Selective Retrieval of Individual Cells from Microfluidic Arrays Combining Dielec-

trophoretic Force and Directed Hydrodynamic Flow., Micromachines, 2020

My contribution: Conceptualization, Methodology, validation, investigation, writing

and editing.

The cell biology community has very early on sensed the tremendous potential of microfluidic

for cell-related applications. Indeed, most cell cultures have been carried out in petri dishes

or flasks over the last decades, reducing cell-environment interactions to its simplest form

and limiting cells functionalities and phenotypes. The introduction of microfluidic channels

permits to mimic more accurately the dynamic condition experienced by the cells in living

organisms. A good understanding of the relationship between cell culture parameters and

the micro-environment created in the microfluidic channel can greatly contribute to the de-

velopment of efficient platforms for cell culture [150]. The high versatility in the microfluidic

systems design allow to sequentially expose cells to sets of reagents and to precisely tailor

the dimensions and properties of the channel to manipulate cells with sizes ranging from

small lymphocytes [43] to large oocytes [151]. Among many other applications Vedel et al.

could study single-cell mobility behavior by means of a microfluidic device.The impact of

microfluidics on cell biology went far beyond the cell culture studies solely, as the technology

was also extensively employed for cell sorting and analysis. In such configuration microfluidic

channels were associated with various sensing approaches such as optical [152] or electrical

77



Chapter 4. Assessment of the phenotypic impact of microfluidics and DEP effects on
single-cells

readout [14]. The isolation of rare cells such as circulating tumor cells (CTCs) aslo greatly

benefited from microfluidic technologies with the development of several platform sorting

CTCs with a high efficiency [60, 153]. Gosset et al. [154] introduced a platform that could distin-

guish native populations of leukocytes and malignant cells through single-cell hydrodynamic

stretching. Kimmerling et al. [64] compared intra- and inter-lineage transcriptomes within a

cell population by capturing multiple generations of a single starting cell in subsequent traps.

DEP is one of the tools that can help unveil biological mechanisms in a label free manner.

As its relies on interaction between charges present in the cells and external electric fields it

provides information about the cells’ dielectric properties. Flanagan et al. [155] successfully

implemented a DEP-based system that could sort neural stem cells from their differentiated

progeny. Yang et al. [156] combined DEP actuation and immunoassays to perform accurate

capture of listeria bacteria. DEP could also be implemented in the scope of electro-rotation to

differentiate cell populations [29].

The on-chip analysis of single-cells has recently raised significant interest upon the appearance

of personalized therapies such as adoptive cell transfer [157]. Such approach relies on the

administration to the patient of its own immune cells selected for their anti cancer activity

[158]. The selection of immune cells in microfluidic devices via exposure to activation mediator

bears a high potential in the context of adoptive cell transfer therapies [43]. The possible

re-injection in a patient of cells following their selection in a microfluidic system reveals

the urge to understand the impact of such devices on the cells phenotype. Our platform for

single-cell handling relies on both fluidic restrictions and DEP actuation, consequently we

will focus in this chapter on their impact on cellular phenotypes. Lu et al. [159] studied the

functional impact of DEP on neural stem cells, suggesting short exposure of cells to DEP was

harmless to neural cells. Nerguizian et al. [53] on the other hand noticed that long exposure to

DEP forces would change the cell metabolism and RNA regulation. In this chapter, we propose

to investigate through mRNA sequencing the phenotypic impact of our DEP-based platform

on a T-lymphocyte population, a study that takes place in the context of the development of

new tools for immunotherapy.

4.1 Single cell sequencing

RNA sequencing analysis is commonly carried out to measure transcripts of a cell population.

However, it lacks the ability to discriminate different types of cells when analysing a bulk

population [160]. In order to get a more accurate picture of the cell phenotype with a cellular

resolution single-cell sequencing was introduced in the early 2010 [161], it has the power to

grasp cell heterogeneities within cell populations [162]. In the scope of this chapter, single-

cell sequencing tools were employed to assess the impact of our DEP-actuated microfluidic

platform for single-cell trapping and recovery. The sequencing was performed using the Drop-

seq method introduced by Macosko et al. [163] in 2015. The implementation of Drop-seq

relies on four main steps, here presented in figure 4.1. First, the tissue has to be dissociated
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into a viable single-cell suspension (i), then, each cell is encapsulated in a droplet containing

a bead carrying a unique DNA barcode (ii). In this droplet, the cell is lysed and its mRNA binds

to the primers of its associated bead (iii). Upon droplet breaking mRNA is reverse-transcribed

into cDNA to create a set of “single-cell transcriptomes attached to microparticles” (STAMPs)

(iv). The obtained STAMPs can then be amplified through PCR and sequenced to quantify the

transcriptome of the cells singularly thanks to the presence of the DNA barcode associating

each DNA strand with its origin cell (v).

Figure 4.1: Schematic description of the Drop-seq methodology The complex tissue is dis-
sociated into single-cell suspension (i). Each cell is encapsulated in a droplet with a DNA
barcoded bead (ii). After lysis of the cell the mRNA strands are captured by the microparticles
(iii). The emulsion is then broken and the mRNA is reverse-transcribed into cDNA (iv). The
obtained DNA strands are amplified through PCR and sequenced (v).
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4.2 Experimental design and methodology

4.2.1 Experimental design

Our approach of a system for single cell trapping and selective recovery has been described in

chapter 2. The aim of this section is to investigate the impact of our system on the cell tran-

scriptome. Indeed, as the cells recovered from the platform should be amenable to be further

analyzed or potentially expanded for adoptive transfer, the impact of the microfluidics opera-

tion and the applied electric field on cell function needs to be assessed. To globally inspect

the molecular changes to the cell, we analyzed their transcriptome using RNA-sequencing in

the framework of DEP manipulation. The experimental plan we implemented is presented

in figure 4.2. In order to determine whether the microfluidics setup or the applied DEP im-

pact their molecular properties, Jurkat T-cells were injected and either passed through the

microfluidics setup for an average duration of three minutes in absence or in the presence of

DEP forces. After retrieval, cells were collected and cultured off chip for three hours to permit

potential alterations by the DEP field or the fluidic forces to be represented transcriptionally.

Input cells that were solely cultured served as negative control (Input), while cells cultured for

three hours under Phorbol-12-myristate 13-acetate and Ionomycin activation (PMA/Iono),

globally activating transcription based on protein kinase C (PKC) activation and calcium ion

influx [164], served as positive control for global T-cell. Due to the low number of maximally

400 cells per sample and the high volume, 100 µl, of cell culture medium, we employed mRNA

capture beads to obtain the mRNA of the lysed cells and detected over 7600 genes across

the experimental conditions. The sequencing of the cells and analysis of transcriptomic was

carried out in collaboration with Joern Pezoldt from the Laboratory of Systems Biology and

Genetics in EPFL, the methodology of the sequencing is described in the following section.

4.2.2 Sequencing methodology

Library preparation

Recovered cells (approximately 400) were centrifuged at 600 g for 5 min and the supernatant

was replaced with 25 µl of PBS containing 0.01% bovine serum albumin (Sigma, Kanagawa,

Japan). Subsequently, 25 µL of lysis buffer was added, containing 0.1% Sarkosyl (Sigma), 5

mM EDTA (Life Technologies, Carlsbad, CA, USA), 0.1 M Tris (pH 7.5, Sigma) and 25 mM

1,4-Dithioreitol (DTT, Sigma), 800 units/mL RNase inhibitor (NEB, Ipswich, MA, USA) and 500

Drop-seq beads (Beads, Lot 120817, ChemGenes, Wilmington, MA, USA). All bead pelleting

steps were carried out at 1000 g for 1 min in 1.5 mL microtubes (Axygen, Union City, CA,

USA). Reverse transcription (RT), exonuclease I (ExoI) treatment and PCR were performed

as described by Macosko et al. with minor adaptations [163]. Lysed cells were incubated at

1400 rpm for 5 min at room temperature and subsequently washed twice with 1 mL of 6x

SSC buffer (Sigma). Reverse transcription was performed for 90 min at 42 °C in 50 µl of 1 mM

dNTPs (Clontech, Mountain View, CA, USA), 2.5 µM template switch oligo (see Table 4.1), 1250
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units/mL RNase inhibitor, 1x Maxima RT buffer and 10,000 units/mL Maxima H minus reverse

transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). Drop-seq beads were washed

twice with 0.5% SDS (Applichem, Omaha, NE, USA) in 10 mM Tris (TE-SDS), twice with 0.01%

Tween-20 (Sigma) in 10 mM Tris (TE-TW) and once with 10 mM Tris pH 7.5. The Drop-seq

bead pellet was then incubated with 50 µl of exonuclease mix containing 1x Exonuclease I

Buffer and 1000 units/mL Exonuclease I (NEB) and incubated at 37 °C for 45 min at 1400

rpm). Drop-seq beads were washed twice with TE-SDS, twice with TE-TW and once with

double-distilled H2O. Beads were amplified by PCR in 25 µL of 1x Hifi HotStart Readymix (Kapa

Biosystems, Wilmington, MA, USA) and 0.8 µM TSO-PCR primer (Table 4.1) at 95 °C for 3 min;

4 cycles of: 98 °C for 20 sec, 65 °C for 45 sec, 72 °C for 3 min; then, 16 cycles of: 98 °C for 20 sec,

67 °C for 20 sec, 72 °C for 3 min and an extension step of 5 min. Libraries were purified using

Ampure XP beads (at a ratio of 0.6x to remove small fragments), cDNA was quantified using a

Qubit HS kit (Thermo Fisher Scientific) and integrity was analyzed on a Fragment Analyzer

(Agilent). Libraries were prepared using in house-produced Tn5 loaded with adapters, as

described [165]. Size selected and purified libraries were sequenced paired-end on a NextSeq

500 system (Illumina, San Diego, CA, USA) in High Output mode following recommendations

from the original protocol (read 1—20 bp and read 2—50 bp) [163].

Figure 4.2: Experimental plan implemented to assess the impact of our microfluidic system
on cell phenotype Jurkat cells were either injected into the microfluidics chip (Chip-Ctrl)
or additionally subjected to the electric field used for accurate capture and retrieval of cells
(Chip-DEP). Controls were either the input cells (Input) or cells activated for three hours
under Phorbol-12-myristate 13-acetate and Ionomycin activation (PMA/Iono). Cells from
all conditions were cultured for three hours to permit transcriptional changes to take place
subsequent to treatment.
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ref ID Sequence

TSO AAGCAGTGGTATCAACGCAGAGTGAATrGrGrG

TSO-PCR AAGCAGTGGTATCAACGCAGAGT

Table 4.1: Primers used for reverse transcription and library preparation.

Data analysis

The data analysis was performed using the Drop-seq tools package on the EPFL SCITAS

HPC platform. After trimming and sequence tagging, reads were aligned to the human ref-

erence genome (hg38) using STAR (version 2.7.0.e) [166]. Following the alignment, the gene

annotation was added, bead synthesis errors were corrected, and cell barcodes extracted.

Subsequently, the BAM files containing the processed data were used to obtain digital gene ex-

pression matrices. Only cell barcodes with at least 50 UMI (Unique Molecular Identifier) were

retained. Downstream data analysis was carried out using R (version 3.5.0), with DESeq2 (ver-

sion 1.22.2) [167] for identifying differentially expressed genes in pair-wise comparison. Plots

were generated using the R package ggplot2 (version 3.0.0). The Gene Expression Omnibus

(GEO) accession number for the RNA-seq data reported in this thesis is GSE143190.

4.3 Viability assessment

The viability of cells upon injection in the microfluidic system is a critical parameter that

requires investigation prior to sequencing results analysis. To this end, we performed a

viability assessment of the lymphocytes through analysis of cDNA quality and mitochondrial

gene analysis, whose results are presented in figure 4.3. Figure 4.3a describes the amount

of cDNA that has been obtained after cell lysis and reverse transcription highlights. It is

important to notice that cDNA quality was similar across the conditions with marginally

higher yield for “PMA/Iono”-activated cells. Additionally, the hierarchical clustering of the

detected mitochondrial genes described in figure 4.3 revealed that cells processed with our

platform showed similar expression intensities as compared to unprocessed cells. Such

outcome confirms previous results on cell viability and dielectrophoresis, suggesting a minor

impact of DEP on cell viability under one minute of exposure to electrical fields [168–170].

However, such studies apply DEP force on cells suspended in low conductivity medium.

Performing experiments in high conductivity medium suggested a stronger impact on cells

with a decrease of the survival rate [171] that could be attributed to the formation of peroxide

within the cell culture medium [172]. In our case, despite the use of high conductivity medium,

the cells were exposed to DEP for a much shorter duration, explaining the relative low impact

observed on viability.
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Figure 4.3: Viability study of the lymphocytes exposed to the DEP-based microfluidic system
Jurkat cells were either injected into the microfluidics chip (Chip-Ctrl) or additionally subjected
to the electric field used for accurate capture and retrieval of cells (Chip-DEP). Controls were
either the input cells (Input) or cells activated for three hours under Phorbol-12-myristate
13-acetate and Ionomycin activation (PMA/Iono). Cells from all conditions were cultured
for three hours to permit transcriptional changes to take place subsequent to treatment.
a) Fragment analyzer profile of cDNA libraries. b) Hierarchical clustering of expression of
mitochondrial genes.

4.4 Transcriptional profiling of cells injected in our microfluidic

platform

The sequencing protocol described section 4.2.1 was carried out in the Laboratory of Systems

Biology and Genetics at EPFL. Outcomes graphs are depicted in figure 4.4. Principal com-

ponent (PC) analysis on all differentially expressed genes (DEGs) presented in 4.4a revealed

that the first PC1 segregated “PMA/Iono”-activated cells from all other experimental condi-

tions, whereas PC2 separated untreated cells from those subjected to the microfluidics chip.

Importantly, there was no defined separation between cells subjected to DEP (Chip-DEP)

or solely injected in the chip (Chip-Ctrl), suggesting minor transcriptional changes induced

by the application of DEP forces. Figure 4.4b shows the difference in gene expression in

various experimental conditions. The high concordance between “Chip-DEP” and “Chip-Ctrl”

was underscored by the observation that no DEG could be detected, whereas 75 or 61 DEGs
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were identified when comparing “PMA/Iono” cells to “Chip-Ctrl” or “Chip-DEP”, respectively.

Importantly, the number of DEGs when comparing “Chip-Ctrl” or “Chip-DEP” to the “Input”

conditions was substantially lower with 14 or 24, respectively.

Figure 4.4: Transcriptional profiling of cells injected in the microfluidic device (a) Principal
component analysis on all differentially expressed genes (number of DEGs: 117). PC1 segre-
gates “PMA/Iono”-activated cells from other experimental conditions, while PC2 separates
untreated control cells from those subjected to the microfluidics chip (b) Volcano plots of
mean RNA-seq FPM (Fragment Per Million) comparing indicated samples. The number of
DEGs is indicated.

Figure 4.5: Investigation of gene expression upon application of DEP forces Heatmaps repre-
sent expression of selected DEGs. Left: DEGs between PMA/Iono-stimulated and Input cells.
Right: DEGs common on comparing Chip-Ctrl and Chip-DEP to PMA/Iono-stimulated cells.
Experiments were performed in three independent biological replicates. DEG, differentially
expressed gene (absolute(log2[foldchange] >= 1 and padj. <= 0.05).

Figure 4.5 presents the singular gene expression profile for each of the above-mentioned cell

population. From this study it appears that genes associated with stress responses such as

heat-shock proteins, HSPA6 and HSP90AA1, chaperons like CLU and genes involved in stress

recovery responses including DNAJB1 and Ubiquitin (UBC) were significantly upregulated

only under “PMA/Iono” conditions (Figure 4.5, down). Interestingly, a minor proportion of

genes was upregulated for “PMA/Iono” and both Chip conditions, encompassing predomi-

nantly genes involved in cell proliferation including EGR1, SMC2, FOS and FOSB or activation
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TRAC and H3F3B (Figure 4.5, down). When comparing the genes consistently differentially

expressed between PMA/Iono-activated cells and cells injected into the chip, the vast majority

of activation and stress response genes was upregulated solely under “PMA/Iono” condition,

whereas CXCR4 expression was only upregulated in cells that were flown through the chip

(Figure 4.5, up).

4.5 Summary and conclusion

Based on these transcriptional profiling results, we conclude that the impact of injection into

and extraction from the microfluidics chip outweighs the changes wrought by the electric

field onto the transcriptional landscape of the cell under the implemented culture conditions.

This could be in part due to the very confined DEP, permitting the utilization of a low voltage

of 8 Vpp at frequencies of 20 MHz, thereby limiting the extent of transcriptional changes

observed in a previous study [53]. Furthermore, it was previously shown that the application of

negative DEP, as utilized in our system, does not alter the viability or differentiation capacity of

neuronal embryonic stem cells, even at long DEP exposure times of up to 30 min [159], which

exceeds by far the pulsed approach we implemented. Although the transcriptional alterations

instigated within our platform are minor, as compared to global activation of the cell, and

unavoidable when implementing microfluidic cell handling, special care should be taken

to minimize stressors such as high pressure or long retention times within the microfluidic

devices. Regardless, application of short-term DEP for accurate retrieval of cells does only

minorly impinge on the transcriptome at the obtained resolution. It is also worth to notice that

this is the first time phenotypical effects induced by microfluidics and DEP were characterized

separately, showing that the changes triggered by handling the cell in the microfluidic device

outweigh the changes caused by the electrical field.
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5 Perspectives

The work presented in the scope of this thesis highlighted various contributions in the de-

velopment of new tools for biologists and clinicians. The aim of this chapter is to describe

and discuss the future directions of the project we worked on and what might be the new

challenges to overcome.

5.1 DEP-based manipulation of beads

5.1.1 Towards a Point-Of-Care platform

The device presented in chapter 3 for AKI diagnosis is able to detect two biomarkers within

a short time. We aim to adapt the current system to make it fully autonomous and point-of-

care. The implementation of DEP-based actuation avoids the use of magnets, a good asset to

miniaturize the system in a compact case. However, our platform still relies on active pumping

to perform sequential injections of beads and reagents. In our path to automatize the tool

and limit operator-based handling of reagents we plan to implement two novel features to

our platform, namely capillary pumping and storage of dried beads in the chamber prior to

analysis.

Capillary-based immunoassays have proven their value to carry reagent in microfluidic chan-

nels [173–176]. They simplify the incorporation of reagents in the microfluidic channel and

allow for the development of compact and affordable point-of-care systems. In the scope

of our project, capillary pumping will be implemented as shown in figure 5.1. The sample

would be first delivered on a loading pad connected to the main channel, that is crowded with

micro-structured features to drive the flow at a desired speed, and will then migrate through

the channel. However, since the volume of the microfluidic chamber (around 5µL) is not

sufficient to run the entire assay, an absorbent pad will be integrated at the exit of the chip to

drag the liquid in the channel, a solution inspired by standard lateral flow assays. The flow

in the main channel depends on the pore size of the paper mesh, therefore, it has to be be

tailored to enable the efficient retention of microbeads in the incubation areas.

One of the main challenge in the integration of capillary pumping will be to maintain a steady

fluid velocity in the microfluidic channel during the entire duration of the assay. Indeed, fluid
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velocities in a capillary-driven microfluidic channel typically exhibit an exponential decay

[177].

Figure 5.1: New layout for capillary pumping in our AKI detection platform The sample is
injected through a loading pad, then fills the main channel and the capillary pump at a high
flow rate, and finally is dragged out of the system by the absorbent pad setting the flow rate in
the channel for most of the assay duration. Credit to Gloria Porro for the picture.

Figure 5.2: Microbeads dried in a trehalose solution The dried beads self-arranged themselves
regularly and appear to be homogeneously distributed on the surface of the glass slide . Credit
to Gloria Porro for the picture

Another relevant strategy in the context of automatizing our device is the pre-loading of beads

in the microfluidic channel. Drying reagents can be a pertinent strategy in the context of

point-of-care testing, since refrigeration might not be available in all settings [178]. Moreover,

drying prevents the degradation of proteins , ensures better performance of the device and is
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commonly encountered in the manufacturing of lateral flow assays to integrate the antibody-

coated microbeads in the conjugate pad [83]. It mainly relies on the use on hydrophilic

components, such as surfactants, proteins and/or saccharides, that act as releasing agents

and prevent the microbeads from sticking together. Figure 5.2 depicts microbeads dried in a

solution containing 60% of a sugar named trehalose, upon drying the microbeads formed self-

assembled structure evenly dispersed and could be resuspended without significant decrease

of their biological activity.

5.1.2 Low-volume sample detection

The ability to detect analytes with a low volume of sample is a critical asset of PoC devices

[179]. Indeed, non-invasive sample collection methods such as finger pricking are often more

suitable for testing in emergency settings as they require less skilled operators and little to

none infrastructures [178]. Low volume analysis is also a concern for scientists working with

small lab animals, such as mices, especially in their early development stages [180]. The

average volume collected in adult patients with a finger prick ranges from 50 to 100 µL [181].

After the 5-times dilution performed to ensure efficient manipulation of microbeads by DEP

forces, the obtained volume to be injected in our device would range from 250 to 500 µL.

Assuming that the average flow for beads incubation and accumulation in the chip is set at 3

µL/min and that the total analysis time is 20 minutes we can deduce that we need around 60

µL of diluted sample to carry out the assay. The current dead volume of the set-up is estimated

at 100 µL, mainly due to long tubing and large microfluidic connectors. It adds up to a total

analysis volume of near 160 µL per assay, which fits the volume provided by a blood prick.

Nonetheless, the total analysis volume could be reduced through optimization of the tubing

length and the microchannel design to enable the blood prick testing of younger patients, who

are known to provide significantly lower amount of blood sample, from 5 to 15 µL [182].

5.1.3 Generation of microparticles’ streams

The analysis of microparticles in-flow allows for high throughput data collection at the single-

particle level and can contribute to unveil the heterogeneities of cell populations [183]. The

performance of such systems is guaranteed by the accurate positioning of particles in the

microfluidic channels. For instance, the well-established Fluorescence Activated Cell Sort-

ing (FACS) technique relies on sheath flows to confine the cells on a specific path for laser

interrogation [184]. Despite its efficacy and accuracy, this hydrodynamic focusing approach is

complex and leads to bulky and expensive set-ups. The DEP-surfing concept introduced in

this thesis for the accumulation of microbeads for signal amplification appears as a potential

candidate for an easy focusing of microparticles. The DEP-based actuation permits indeed

the focusing of particles in a specific path in the microfluidic channel. This eliminates the

need of hydrodynamic-dedicated inlets and therefore simplify the microfluidic layout of the

device. We varied the size of the particles, their types, namely cells or polystyrene, and the

angle of the electrodes lines to validate that DEP surfing could be successfully implemented
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in numerous different settings to deflect particles toward a specific path. Among the fields

that could benefit from this innovation cell flow cytometry or droplet microfluidic raise as

promising candidates.

5.2 Oligo-based platform for multiple markers screening

5.2.1 Highly multiplexed detection of markers

The work presented in chapter 3 paved the road for the development of a highly multiplexed

diagnosis platform. The toehold approach permits the rapid exchange of reagents in the

microfluidic channel and thus to perform several tests in a short duration. Also, the number

of injections steps can be reduced by mixing the toehold, that removes the previously bound

fluorescent barcode, with the new one. We can estimate a total analysis time of 3 minutes per

marker, which translates in 10 markers in less than 30 minutes. In our protocol, the sandwich

immunoassay is performed off-chip prior to the injection of beads in the microfluidic channel.

All the immuno-complexes are thus formed simultaneously, and the injection of the beads

in the microfluidic device only serves the readout purpose. The incubation done in a single

mixture allows to perform the assay with a low volume of patient sample and for a time long

enough, about 20 minutes, to maximize the output signal. One can then forecast the analysis

of 10 markers with a patient sample as small as 100 µL and in less than 2 hours, that will appear

as a competitive solution compared to actual commercial systems.

Figure 5.3: Dose response curve for the off-chip detection of Galectin-3 The detection of
Galectin-3 is performed in a standard sandwich immunoassay configuration in PBS supple-
ment with 1% BSA, the limit of detection of the assay is about 500 ng/mL.
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One of the applications of this system could be the screening of cancer biomarkers for early

stage cancer diagnosis [185]. To this end we investigated the use of Galectin-3 (GAl-3) as a

potential first marker for our platform. Gal-3 acts as a galactoside-binding protein involved

in many biological processes such as cell adhesion, apoptosis, immunity and inflammation

[186, 187]. It was also associated with gastrointestinal cancer [188]. Figure 5.3 presents

the dose response curve obtained in a standard immunoassay configuration off-chip. The

concentration that we could quantify matches the ranges observed in clinics with patients

suffering from gastrointestinal cancer [189]. The combination of this marker with other

established gastrointestinal cancer markers such as carcinoembryonic antigen (CEA) or cancer-

related antigen 72-4 (CA 72-4) [190] would help improving the detection of these cancers in

their early stages.

5.2.2 A new approach employing aptamers

Aptamers are single-strand DNA molecules that can bind to target proteins with high affinity

and specificity [191]. Their nature as nucleic acids grants them a higher stability when com-

pared to antibodies that are prone to denaturation. Despite an expensive selection process

to determine the most suitable DNA sequence to bind the target, aptamers are cost-effective

compared to antibodies since they can be be synthesized with high reproducibility and at

very lost cost [192, 193]. On the top of those benefits aptamers would be particularly suited

for our platform as the DNA barcode used to identify each marker could be directly added to

the DNA sequence of the aptamer prior to synthesis, upon ensuring that such sequence will

not affect the conformation of the aptamer and its potency to bind the target epitope of the

protein. Such approach would eliminate the step of conjugation between the DNA barcode

and the detection antibody, and therefore substantially simplify the design of the immunoas-

says. However it is currently limited by the few available aptamers that have been tested in a

sandwich configuration and by the reluctance of the scientific community to abandon the very

successful antibodies [194]. The introduction of novel sequencing methods might simplify

and decrease the cost of the selection, paving the road for a broader use of aptamers in the

diagnosis field [195, 196].

5.3 Single cell handling platform

5.3.1 Reducing the footprint of a trapping unit to increase throughput

The single-cell immobilization and recovery device presented in chapter 2 section 2.2.2 can

only process up to 16 single-cells simultaneously. While this is sufficient to validate the method

of DEP-based actuation, it can not meet the requirement of most of single-cell screening

applications that requires simultaneous analysis of hundreds of cells [61]. To achieve a higher

throughput we propose to modify the trapping unit in order to reduce its footprint. The layout

of the novel chip is presented in figure 5.4. The miniaturization of the traps consists in the
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replacement of the long bypass channel by a U-shaped restriction as used in section 2.2.3 for

single beads immobilization. 3D electrodes are added asymmetrically up- and down- stream

to ensure an efficient release of cells. The asymmetry in the electrodes setting grants the

application of a diagonal DEP force on the cell to be released (figure 5.4b) and allows to change

its position with respect to the laminar flow lines. The reduced footprint of each trap allows to

integrate around 2000 traps within the same area of the previous generation of the device. In

order to actuate such a high number of traps electrodes interconnects have to be modified.

We propose to integrate a row-column register in a two-dimensional matrix as frequently

encountered in electronic circuits [197]. This methodology would allow to singularly address

each trap and would limit the number of connecting pads for the chip.

Figure 5.4: New layout for simultaneous trapping and selective release of multiple cells The
implementation of U-shaped traps permits the integration of multiple traps with a limited
footprint (a). Each trap is surrounded by 2 electrodes than are singularly addressable for a
selective release, the asymmetry in the electrodes locations with regards to the trap ensure the
creation of a diagonal DEP force to efficiently push the cell out of the trap.

5.3.2 Exposure to active components for in-situ single-cell analysis

The system presented in the section above could contribute to a better understanding of

single-cell biology. mRNA sequencing could thus be employed for single-cell analysis to

identify the activation state of single immune cells and thus have a better understanding of

patients immune response [198]. Another possible application of such device would be the

study of cell-cell interactions. Indeed, the ability to isolate cells in a controlled environment

to analyze their interactions is a key asset for immunotherapies that rely on the selection on

lymphocytes exhibiting specific properties against the tumor [199]. The U-shaped trapping

structure can be easily adapted for the trapping of cell pairs according to the methodology

proposed by Skelley et al. in 2009 [200].
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Conclusion

Many biosensors rely on the interaction between two biological species to produce a mea-

surable signal. The optimization of such interaction is thus crucial for the performance of

analytic systems. From the introductory chapter of this thesis it appears clearly that the

analyte collection at a probe surface strongly depend on incubation conditions. This thesis

introduces new methods to perform incubation of single-cells and microbeads in an in-flow

configuration inside a microfluidic channel.

The development of such platforms requires the improvement of existing microfabrication

techniques. As the fabrication of devices combining microfluidic channels and electrically

active components is long and tedious, we introduced several solutions for fast prototyping of

microfluidic channels to validate the device’s functionalities prior to fabrication of complex

chips. The standing 3-D electrodes previously established by our team were embedded for

the first time within the walls of microfluidic channel, allowing the introduction of extremely

versatile systems combining electro-kinetic and fluidic approaches. Finally, we placed sig-

nificant efforts to ensure the compatibility of our SU-8 microfluidic with standard PDMS

valving system. To this end, we presented for the first time PDMS-based valves on top of SU-8

microfluidics, a solution that can be adapted to combine PDMS valves with any hard material

microfluidic channels.

A prerequisite for on-chip incubation of microparticles such as cells or microbeads in a

microfluidic channel is the ability to immobilize particles against the flow of reagents. We

proposed several strategies to perform this retention. In the case of cells immobilization was

carried out in hydrodynamic traps, guaranteeing minimal stress for the cells, while the release

could be selectively achieved through DEP actuation for the first time in a standard culture

buffer. Two distinct approaches were investigated for the trapping of polystyrene microbeads

against a flow of reagents: the first relies on the use of DEP only for microbeads handling and

exhibits a high versatility in the obtained trajectories with the possibility to implement size-

based discrimination of particles. The introduction of high-aspect-ratio vertical electrodes

within the microfluidic channel permitted an accurate manipulation of beads through a

novel method named “DEP surfing”. The second approach is based purely on hydrodynamic

restriction and, while losing some of the flexibility offered by DEP actuation, it can withstand

higher flow rates and benefits from a simple microfabrication procedure.
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Conclusion

While studying on-chip incubation of particles the most immediate application appears to be

the diagnostics field, for which more binding events directly translates into an increase of out-

put signal. We explored this path with two microfluidic platforms, one DEP-based and another

hydrodynamic-oriented. The first system could be successfully implemented to perform the

simultaneous detection of NGAL and Cystatin C, two acute kidney injury biomarkers, within

15 minutes and in a minimally diluted buffer. In this platform the incubation was carried out

in a dedicated area and matched the performance of a standard incubation in a turbulent

regime. The combined detection of these two biomarkers allows for the diagnosis of AKI

conditions at different stages, which could be greatly beneficial to patients in intensive care

units. Furthermore, the technology we established could be easily readjusted for the detection

of more analytes through the use of beads of different sizes. Since our system relies on the

largely established biochemistry of antibody–beads’ conjugation and on-sandwich assays, it

can be easily translated to the analysis of other acute conditions or infectious diseases. The

second device aims at providing a new solution for the rapid screening of multiple biomarkers.

It replaces fluorescently labelled antibodies by DNA-barcoded antibodies that can be read

sequentially upon injection of their complementary DNA strands. Various options have been

explored for signal elimination following each readout, among which the use of toehold me-

diated strand displacement appeared the most suitable. It indeed grants an almost perfect

elimination of unwanted signals in very short periods and permits a theoretical throughput of

20 markers per hour.

Cell studies can also massively benefit from efficient incubation protocols, especially if com-

bined with retrieval protocols such as the one we introduced in chapter 2. However, prior

to any assay implementation of assays on-chip we needed to investigate the impact of cells

manipulation in a microfluidic set-up on their viability and phenotype to ensure that we

were not harming them. To do so we started a collaboration with the laboratory of Systems

Biology and Genetics at EPFL in order to assess the phenotypical impact of DEP actuation and

microfluidic channels on T-lymphocytes. Transcriptional analysis of recovered cells revealed

only marginal alteration of their molecular profile upon DEP application, underscored by

minor transcriptional changes induced upon injection into the microfluidic device. Therefore,

the established microfluidic system combining targeted DEP manipulation with downstream

hydrodynamic coordination of single cells provides a powerful means to handle and expose

individual cells to reagents within one device, and could be scaled-up to screen larger cell

populations.
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