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"What do you think success is?" asked the boy.
"To be kind." said the mole.
Charlie Mackesy, The Boy, the Mole, the Fox and the Horse

To the students who participated to this work.
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Abstract

Multicellular organisms require very well organized and finely balanced cell-cell communica-
tion, adhesion, coordination and programmed cell death to ensure the organisms homeostasis.
These functions rely on specialized receptors placed at the cells membrane whose binding to
their ligand triggers a defined response. Receptor-ligand interactions thus not only maintain
the cells physically adhered to one another, but also enable communication to ensure proper
organism function. Malfunction of the receptors to properly trigger the appropriate response
leads to imbalances in the organism and failure to exert specific functions. Our understanding
of these pathologies thus relies on the capacity to study such interactions. However, the
tools currently capable of placing two micro-sized objects such as beads or cells in contact
for a controlled amount of time and probe their state of adhesion are cumbersome, require
highly skilled staff and are low throughput. Additionally, controlled contact between cells is
of specific interest for cell-based cancer immunotherapies. Indeed the process of selecting
patient T-cells with high antitumor activity is currently a long and very expensive process,
limiting the generalization of such approach despite their proven efficacy. In this context, a
tool able to reliably pair T-lymphocytes with antigen presenting cells or tumor cells and rapidly
assess the specificity of the interaction could simplify the long process of T-cell selection and

facilitate in the long term the access to this kind of therapy.

This thesis tackles these challenges by developing a microfluidic tool combining two means for
the controlled trapping of micro-sized objects such as beads or cells to control their physical
contact in flow conditions and probe their state of adhesion. Because the forces derive from a
different phenomenon for each object, the effects are orthogonal and allow an independent

manipulation of the two micro-sized particles.

The first part of the thesis describes a novel method for the hydrodynamic trapping of beads
and cells relying on superimposed levels of microfluidic channels interconnected by microflu-

idic vias. This type of hydrodynamic traps enables the immobilization of objects without

A%
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influencing neighboring objects. This method is a cornerstone of the chip as the controlled
contact between two objects and the assessment of their state of adhesion can only be reliable
when forces acting on them do not have intercrossed effects. A novel microfabrication pro-
cess was developed to fabricate 3D channels in a totally transparent substrate. The trapping
mechanism of cells is first characterized in single traps to define the frame of operation that
ensures that no damage is done to the cells. The trapping of beads and cells and their ar-

rangement in large arrays of traps is then shown to demonstrate the capabilities of the method.

Second, a design of coplanar electrodes creating a three dimensional dielectrophoretic force
field directing to a single point against the flow is proposed. The DEP traps are used in combi-
nation with a DEP based deviation system to control the number of objects directed to the
traps. The device is used to demonstrate single object trapping and the creation of aggregates

composed of a controlled number of cells from two populations.

Finally, the two trapping means are combined to provide a device capable of performing
in flow cell-cell and cell-bead interaction with time of contact between the two objects con-
trolled down to the second resolution. The functionality of the tool is then validated by
performing an adhesion frequency assay with fibroblasts cells and fibronectin coated beads.
The extracted binding kinetics parameters are compared to literature showing good agreement
with previously reported values. The potential of such a tool in immunotherapy applications
is demonstrated by pairing human T-cell clones with cancer cells. The lifetime of the pairs is
measured and the effect of TCR-pMHC bonds on the latter is demonstrated. A measurement of
cellular avidity based on the lifetime of the pairs is then proposed by assigning a pair lumped
off-rate as metric. The characteristics of the device are finally discussed as well as future

developments and perspectives.

The developed device and method pave the way to faster devices for high-throughput T-cell
screening and applications in adoptive cell therapies.

Key words: Microfluidics, hydrodynamic traps, dielectrophoretic traps, cell-cell contact,

receptor-ligand interaction



Résumé

Les organismes multicellulaires requiérent une régulation trés fine dans leur communication
inter-cellulaire, adhésion, coordination et mort programmée pour assurer I'homéostasie de
I'organisme. Ces fonctions sont assurées par des récepteurs spécialisés placés dans la mem-
brane cellulaire, récepteurs dont la liaison a leur ligand déclenche une fonction cellulaire
définie. En effet, les liaisons récepteur-ligand assurent non seulement ’adhésion physique
inter-cellulaires ou cellule-matrice, mais permettent aussi le transfert d’'information. Des
récepteurs défaillants, ne déclenchant pas la réponse appropriée, mettent en péril la capacité
de I'organisme a fontionner. Notre compréhension des pathologies occasionnées par de tels
disfonctionnements dépend donc de notre capacité a étudier les interactions récepteur-ligand.
Cependant, les outils actuellement disponibles, capables de mettre en contact deux objets
micrométriques pendant une durée contrdlée puis d’évaluer leur état d’adhésion sont encom-
brants, trés lents et leur utilisation requiert du personnel spécialisé. L'interaction contrélée
entre deux cellules est particulierement intéressante dans le domaine de 'immunothérapie.
En effet le procédé de sélection de cellules T avec une haute activité antitumorale reste pour
le moment trés long et cotiteux, limitant I'acces a ce genre de thérapie malgré leur efficacité
prouvée. Dans ce contexte, un outil permettant de mettre en contact des cellules T avec des
cellules cancéreuses de maniére fiable et capable d’évaluer la spécificité de I'interaction pour-
rait simplifier le long processus de sélection de cellules T et faciliter 'acceés a de telles thérapies

sur le long terme.

Afin d’attaquer cette problématique, ce travail propose un outil microfluidique qui com-
bine deux moyens de piégeage d’objets micrométriques, comme des billes ou des cellules, et
capable de controler leur contact physique et d’évaluer leur adhésion. Comme les méthodes
de piégeage utilisées dans cet outil dérivent de phénomenes physiques distincts, leurs effets

sont orthogonaux et permettent une manipulation indépendante des deux objets.
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La premiére partie de cette theése décrit une nouvelle méthode pour le piégeage hydrodyna-
mique de billes et de cellules, basée sur deux niveaux superposés de canaux microfluidiques
et interconnectés par des via microfluidiques. Ce type de pieges hydrodynamiques permet
I'immobilisation d’objets sans que I'effet utilisé pour le piégeage n'influence pour autant les
objets environnants. Cette méthode est une pierre angulaire de I’outil développé car I'évalua-
tion de I'adhésion entre deux objets ne peut étre fiable que lorsque les méthodes de piégeages
n’'ont pas d’effets entrecroisés. Un nouveau procédé de microfabrication a donc été développé
afin de fabriquer des canaux tridimensionnels dans un substrat totalement transparent. Le
mécanisme de piégeage des cellules est tout d’abord caractérisé dans des piéges uniques afin
de définir le cadre d’opération qui garantit la manipulation de cellules sans les endommager.
Le piégeage et ’arrangement de billes et de cellules dans de grandes matrices de pieges est

aussi présenté afin de démontrer les capacités du systeme.

De plus, une forme d’électrodes coplanaires est proposée permettant de créer un champ
diélectrophorétique tridimensionnel dirigé vers un seul point contre le flux. Ces pieges DEP
sont utilisés en combinaison avec un systeme de déviation afin de controler le nombre d’élé-
ments par piege. Le piégeage d’objet uniques ainsi que la création d’agrégats de cellules de

composition controlée issus de deux populations de cellules distinctes sont démontrés.

Finalement, les deux mécanismes de piégeage sont combinés afin de fournir un disposi-
tif capable d’effectuer 'interaction cellule-cellule et bille-cellule avec une résolution dans
le temps de contact d'une seconde. La fonctionnalité de 'outil est validée par un test de
fréquence d’adhésion entre des fibroblastes et des billes couvertes de fibronectine. Les para-
metres de cinétique d’adhésion sont extraits de ce test et comparés a la littérature, démontrant
un bon accord avec les valeurs précédemment rapportées. Le potentiel du dispositif pour
des applications d'immunothérapie est démontré par la mise en contact de cellules T et de
cellules cancéreuses. La durée de vie des paires est mesurée et I'effet des liens TCR-pMHC
sur cette derniére est démontré. Une mesure de I'avidité basée sur la vitesse de dissociation
des paires est également proposée. Finalement, les caractéristiques du dispositif ainsi que les

futurs développements et perspectives sont discutés.

Le dispositif et la méthode proposés définissent une base de travail pour réaliser des dis-
positifs plus rapides et plus performants capables de sélectionner des cellules T pour des

applications de thérapies adoptives.

Mots clefs : Microfluidique, pieges hydrodynamiques, piéges diélectrophorétiques, contact

cellule-cellule, intéraction récepteur-ligand
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|§ Introduction

Multicellularity arose first 3-3.5 billion years ago and occurred 25 times independently through-
out the evolution. Only six occurences however lead to complex organisms to form plants,
animals, fungi, red, green and brown algae groups (Grosberg & Strathmann, 2007). Multicell-
lular organisms can benefit from the advantages of having a large size without suffering the
disadvantages of small surface to volume ratios. It allows to bypass the intrinsic limitations of
small surface to volume ration such as diffusion (Kaiser, 2001) while benefiting from functions
of increased complexity. They nevertheless require very well organized and finely balanced
cell-cell communication, adhesion, coordination and programmed cell death to ensure the
organisms fitness. These functions rely on specialized receptors placed at the cells membrane
whose binding to their cognate ligand triggers a defined function. Thus receptor-ligand inter-
action is a cornerstone of multicellularity, not only maintaining the cells physically adhered
together, but also enabling communication to ensure function and organism homeostasis.
Malfunction of these receptors to properly trigger the appropriate response leads to imbal-
ances in the organism and failure to exert specific functions. Our understanding of these
pathologies thus relies on the capacity to study such interactions. Cancer is a well known
example of cells failing to cooperate with their organism and has been observed in all groups
of multicellular organisms. Some researchers found evidence that cancer is associated with a
silencing of genes linked to multicellularity (Pennisi, 2018), favouring a selfish behaviour to
take advantage of the host organism to proliferate.

Endocrine, or long distance communication relies on the transfer of molecules from one
cell to another via the bloodstream. The ligand molecules, in that case hormones, are there-
fore broadcast to the entire body without specificity and ensure communication between
different parts of the body such as organs. Medium range or paracrine signalling is defined
when molecules diffuse locally from the secretory cell to neighbouring cells. The binding
between a receptor and a surface-bound ligand is part of the contact-dependent signalling
and as its name suggests requires the close contact between the two surfaces. Contact-based
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signalling is mainly ensured by transmembrane cell receptors that are not only responsible
for transferring information, but are also capable of physically maintaining two cells adhered
to one another (Alberts, 2010). Transmembrane proteins are divided into four main families:
integrins, selectins, cadherins and the immunoglobulin superfamily (Aplin et al., 1998). While
integrins typically bind to proteins of the extracellular matrix such as collagen, fibronectin or
vitronectin, the other families bind to ligands present on other cell membranes.

1.1 Transmembrane receptor-ligand interaction

Transmembrane receptors are complex proteins typically comprising three different domains.
The extracellular domain comprises the receptor binding part that specifically attaches to
the ligand. The membrane domain is hydrophilic and ensures the anchoring of the receptor
in the phospholipid bilayer membrane and the intracellular domain triggers the intracel-
lular signalling. A representation of a transmembrane receptor and the different domains
is provided in the inset of Figure 1.1. The cascade of events triggered by the binding of a
ligand to a receptor is illustrated in Figure 1.1 (Alberts, 2010). The receptor transduces a
binding event into a change of conformation of the intracellular domain. This triggers a
cascade of downstream signalling inside the cell, called a signal transduction pathway. This
cascade results in the migration of a transcription factor to the nucleus and the expression
of the associated gene, which defines the cell response to the stimulus, such as migration,
differentiation, division, secretion, morphological changes or apoptosis. Characterization of
receptor-ligand interactions is thus necessary to understand how they define the underlying
biologic processes and understand the associated pathologies. We can identify three main
strategies to characterize and measure receptor-ligand interactions, ranging from the early
events to later effects. The first method consists in characterizing the very first events of
receptor-ligand binding by measuring their binding kinetics parameters. The second strategy
relies on measuring the early downstream signalling molecules inside the cell. The third one
is based on the characterization of the cell reaction to the binding by measuring late events of

molecules production and cell behaviour.

1.1.1 Binding kinetics

Receptor-ligand binding parameters comprise the on-rate (k,,) which describes how fast the
complex forms, the off-rate (korf), or how long the bond lasts. The dissociation constant
(Kp = kofrlkon) represents the concentration of ligand necessary for half of the receptor to be
occupied at equilibrium. The association constant K4 is defined as the inverse of Kp and both

terms are routinely used to describe kinetics. The overall equilibrium equation describing the
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Figure 1.1: Schematic representation of the effect of a transmembrane receptor binding
to its associated ligand. A conformation change occurs in the intracellular domain upon
recognition of the ligand by the binding site which triggers an intracellular signalling cascade.
This latter results in the migration of a transcription factor to the nucleus and expression of
the associated gene(s) that defines the cellular response to the stimulus. The inset shows the
different domains of a generic transmembrane receptor.

relation between ligand L, receptor R and receptor-ligand complex RL concentration is the

following:

k[)l"l
R+L+=——=RL (1.1)

Koft

These values are typically obtained from so called 3D methods, that are defined by the use
of ligand and/or receptor in suspension for the kinetics measurement. 3D methods are valid
to model paracrine and endocrine signalling, but display two major obstacles to correctly
represent in-vivo behaviour in the case of contact-based signalling. First the binding kinetics
are measured in a force free system which does not represent the dynamic reality. Secondly,
one of the compounds is in solution which adds an orientation component to the equation
that is not present when the receptor and ligand are both anchored to surfaces. 2D methods
on another hand consider ligands and receptors anchored to surfaces and provide better

models for the characterisation of contact-based signalling (B. Liu et al., 2015).

Effect of a force

First-order forward and backward kinetics are described by a single energy barrier in the
potential landscape along the distance between the receptor and the ligand as represented

in Figure 1.2. A slip bond describes a type of bond whose energy barrier decreases upon
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application of a disruptive force and its result on the energy landscape is shown by the blue
line in Figure 1.2 and 1.3a. (Bell, 1978) proposed that lowering this energy barrier results in an

increase in the dissociation rate following equation 1.2.
kofr =k exp(FIFp) (1.2)

In this model, k° is the off-rate under zero force, Fy, is the force necessary to lower the energy
barrier by one unit of thermal energy k;, T with k;, the Boltzmann constant and T the absolute
temperature. This was later experimentally verified for numerous receptor-ligand complexes.
Other types of bonds were discovered such as the catch bond, whose off-rate decreases under

Distance

Figure 1.2: Representation of the energy landscape along the distance separating the receptor
and the ligand. The effect of a disruptive force is represented for catch bonds in red and slip
bonds in blue. Reprinted with permission from (Prezhdo & Pereverzev, 2009). Copyright 2009
American Chemical Society.

increasing force as represented by the red line in Figure 1.2 and 1.3a. Known example of catch
bonds include integrins and E-cadherins (Kong et al., 2009). The lifetime of an ideal bond is
not affected by a change in the force applied to it (B. Liu et al., 2015).

Model

The equations presented in this section can be derived assuming that a species of either
receptor or ligand outnumbers the other. This scenario neglects the depletion of the species in
excess upon formation of bonds. For a controlled contact time ¢ between the two surfaces and

given the surface density of the most abundant species m1,,,, and the least abundant m,,;,,

4
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Figure 1.3: a Evolution of the lifetime of a bond as a function of the disruptive force for catch
bonds and slip bonds. b Extraction of the off-rate parameter from lifetime and probability of
adhesion measurement

the probability of formation of a bond is given by the following equation (Chesla et al., 1998):

Mmaxkon
1- — kon + k t 1.3
mmaxkoff + Kkon 1 = exp(=(mmaxkon Off) ) (1:3)

p(t) =

With A, the effective contact area, the probability of forming 7 bonds out of the maximum

possible bonds formed A.m;;;, is given by the binomial distribution:

AcMmin n AcMpin—n
Pn= " (p()"[1 = p(n]~emn (1.4)

Given the n,,;; minimum number of bonds necessary to withstand the disruptive force
applied to test an adhesion between the two surfaces, the probability P, of observing an
adhesion event as a function of contact duration is expressed as:

Rmin—1

Pa=1- ) Pc() (1.5)
C=0

To obtain the binding kinetics parameter and characterize a bond, two objects are put in
contact during a controlled duration. Once the duration is elapsed, the two objects are pulled
apart using a disruptive force and the adhesion state, adhered or non adhered is observed. The
measure is made repeatedly and the probability of adhesion is approximated by the frequency
of observed adhesion. A fit of the frequency of adhesion as a function of contact duration
following equation 1.5 is made to obtain the parameters of interest (Chesla et al., 1998).

In the specific case where the surface densities of the entities are low enough to ensure that

5
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single bonds are formed after the contact, the off-rate can be directly deduced from the
measurements of the lifetimes of the complex. Indeed the probability P; of a bond formed at

time ¢ =0 to remain intact at time ¢ is defined by:
Pi(t)=exp(—korft) (1.6)

The probability P;(t) is approximated by the number of events with a lifetime larger than
t. The slope of the linear fit of log)¢(P;) then directly provides access to a measure of k, rf
(W. Chen et al., 2008) as illustrated in Figure 1.3b.

1.1.2 Early downstream signalling molecules

Downstream signalling pathways comprise many molecules and are highly complex. Rather
than a straight cascade, it includes a network with many branches while branches generated by
different receptors can be identical and overlap. These pathways include different proteins and
smaller molecules, called second messengers. Second messengers diffuse quickly in the cells
and are thus ideal when fast signalling is required, eventhough they are less specific. Calcium
ions Ca?* are a type of second messenger that are stored in the endoplasmic reticulum com-
partment. They can be released in the cytoplasm via the activation of ion channels to further
transmit a signal and are important in processes such as muscle contraction or neuronal trans-
mission. Proteins convey a signal via allosteric regulation, in which the binding of a molecule
induces a change in the protein conformation. An example is protein phosphorylation by
a protein kinase, or by exchanging one of its guanosine triphosphate (GTP) for a guanosine
diphosphate (GDP). Many phosphorylated proteins are protein kinases themselves, that gener-
ate a cascade of phosphorylation events. Signalling pathway often results in the migration of a

transcription factor to the nucleus and the transcription of the associated gene. (Alberts, 2010).

Different methods exist to study the signalling pathways, most of them relying on fluorescent
markers (Jeknic et al., 2019). Most traditional methods such as western blot and immuno-
cytochemistry require either cell lysis or cell fixation and have a poor temporal resolution.
Furthermore, these methods cannot be used for longitudinal analysis of cell behaviour. An
example of dynamic live-cell method consists in tagging a transcription factor and following
its localisation. With this method, a translocation to the nucleus indicates an activation of the
associated pathway (Cai et al., 2008; Paek et al., 2016). Kinase activity can be measured using
kinase transcription reporter (KTR), which are engineered fluorescent protein constructs that
translocate to the nucleus after their phosphorylation by a specific kinase. Thus the intensity
of the fluorescence of the nucleus is an indicator of the general activity of this specific targetted
kinase in the cell (Kudo et al., 2017). Kinase, protease and phosphatase activity can also be

located within the cell using Forster resonance energy transfer (FRET). FRET mechanism is
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based on the transfer of energy from a donor fluorophore to an acceptor fluorophore. The
light emission from the acceptor is extremely sensitive to the spatial proximity of the donor.
FRET reporters are protein constructs with tagged acceptor and donors. A change in the
protein conformation upon modification by a specific molecule changes the distance between
the acceptor and donor fluorophores. The activity of the molecule can be characterized by
a modification in fluorescence emission of the acceptor fluorophore with high spatial and
temporal resolution (Hellwig et al., 2008; Zhang et al., 2001). The cytosolic concentration of
second messengers like calcium can be imaged via fluorescent reporters, whose emission
intensity is increased upon binding of calcium ions (Gee et al., 2000; Hideharu & Haruo, 1994).

1.1.3 Late molecule production and cell behaviour

After translocation of the transcription factor to the nucleus and transcription of the associated
gene, different methods can be used to assess cell response to the stimulus. Transcriptomics
relies on the analysis of the produced ribonucleic acid (RNA) and its changes associated
with the stimulus (Kulkarni et al., 2019). After RNA translation, the produced protein can
be analyzed and quantified using enzyme linked immunosorbent assay (ELISA) (Tighe et al.,
2015), ELISPOT (Kalyuzhny & Kalyuzhny, 2005) or immunoassays methods (Wu, 2006). In
turn, optical microscopy methods can be used to asses morphological changes, migration,

differentiation or cell death following an interaction stimulus.

1.2 Characterizing cell-cell adhesion in immunotherapy

There is a growing interest for cell based therapies because of their curing potential of various
diseases. This type of therapy consists in injecting cells selected or engineered for their curing
potential to the patients (Heathman et al., 2015). In particular, adoptive cell transfer (ACT)
is a promising personalized approach for cancer treatment which consists in administrat-
ing activated autologous or allogenic T-lymphocytes with anti-tumor activity to the patient
(Garber, 2018). A first approach of ACT uses T-lymphocytes which are genetically engineered
to express T-cell receptor (TCR) or chimeric antigen receptor (CAR) with high affinity to the
tumor antigens. The challenge consists in finding the right antigen to target because aim-
ing at an overexpressed antigen can be dangerous as it can drive off-target recognition of
normal tissues and toxicity. Targetting neoantigens is a safer approach, as these antigens
result from somatic mutations in the tumor genome and are specific by definition. However,
this specificity also implies a highly personalized therapy to identify the mutations in the
genome that code peptides expressed by the major histocompatibility complex (MHC), for
which there is currently no reliable predictive algorithm (Garber, 2018). The identification and
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selection of the corresponding T-cells is currently made by co-culturing APC engineered to
express the peptides resulting from the mutation with autologous T-cells as shown in Figure
1.4. This process is not only time consuming but also very expensive, thus limiting the general-
ization of such approach despite their proven efficacy (Rosenberg & Restifo, 2015). Another
approach consists in isolating tumor infiltrated lymphocyte (TIL)s that are T-cells found at the
tumour site and presenting a large proportion of tumor specific TCR. These cells are however
exhausted and do not trigger an effective immune response (Jiang et al., 2015). The T-cells are
thus stimulated, isolated after co-culture with tumor cells to test for specificity and expanded
before re-injection in the patient for treatment (Rosenberg & Restifo, 2015).

In this context, a tool that allows researchers to reliably pair T-lymphocytes with APCs or
tumor cells and rapidly assess the specificity of the interaction could simplify the long process

of co-culture, facilitate in the long term the access to this kind of therapy and reduce its cost.
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Figure 1.4: Process of adoptive cell therapy based on the interaction between antigen present-
ing cells (APCs) engineered to express peptides resulting from somatic mutation with T-cells.
Figure from (Rosenberg & Restifo, 2015)

1.3 Tools for the controlled contact between two objects

3D methods are still widely used as a model to characterize 2D in vivo configurations because
of their ease of access. They comprise the widely used surface plasmon resonance (SPR)
method, in which light reflected from a surface coated with a receptor is sensitive to the quan-
tity of ligand bound to it as illustrated in Figure 1.5a. Dynamics of binding and debinding are
analyzed to extract binding kinetics parameters (Pattnaik, 2005). This cell-free system is fast
and easy, but it is argued that it does not properly reflect contact-based signalling situations
because of the reasons discussed above (B. Liu et al., 2015).

Numerous tools were developed to characterize the interaction between transmembrane

8
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receptors and their ligands in a 2D configuration. Bulk methods comprise centrifugation (An-
gres et al., 1996), flip-chip (Carmona-Fontaine et al., 2011) and acoustic force (Yerbury, 2022)
methods which are interesting when analyzing cell populations and when time resolution is

not critical (larger than a minute).

a SPR(3D) C Dual Pipette

micropipette

b Arm d optical Tweezers

trap center

|
Surface
near infrared laser light

Figure 1.5: Illustration of the tools for the analysis of receptor ligands interactions a with SPR
in a 2D configuration b using AFM (2D) ¢ using the DPA 2D method d using OT (2D) method.
Reprinted with permission from (Ungai-Salanki et al., 2019). Copyright 2019 Elsevier.

1.3.1 Single cell approaches

Even though cells share the same genetic material, expression of their genes varies not only
upon cell type but also within a cell population and define shape, function and activity. For
example the heterogeneous nature of tumor cells is well known and is responsible for cancer
drug resistance, recurrence and formation of metastasis. The 2D single-cell analysis tools
described below emerged as a solution to unveil heterogeneity in a cell population and some
examples of these tools are illustrated in Figure 1.5b-d. Atomic force microscopy (AFM) is
a precision tool of choice to measure the force characteristics of a bond. The principle of
this assay is represented in Figure 1.5b. With this approach a cell is picked and attached to
the tip of a soft microfabricated cantilever using either surface functionalization (Helenius
et al., 2008) or embedded fluidic system (Potthoff et al., 2012) and used to contact another cell
adhered to a substrate. The time of contact can be controlled before probing the adhesion

state and measuring the force resistance of the formed bond(s) through the deformation of

9
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the cantilever. Single bond detachment can be resolved thanks to the high force sensitivity of
the probe.

Alternatively, the dual pipette assay (DPA) makes use of two micropipettes to attach one
cell per pipette by suction as shown in Figure 1.5c. The pipettes can then be guided using
micromanipulators coupled to high resolution high speed imaging to probe the adhesion state
as a function of time of contact (Chesla et al., 1998). Variations of this method comprise the
adhesion of a red blood cell coated with the ligand to one of the cells. Indeed red blood cells
are soft and a precise force measurement of the bond can be deduced from their deformation.
Alternatively, a bead coated with the ligand can be attached to an aspirated red blood cell and
put in contact with the receptor presenting cell attached to the other pipette. In that case, the
thermal fluctuations of the bead are measurable because of the high deformability of the red
blood cells and indicate the adhesion state of the pair (W. Chen et al., 2008). It is then possible
to directly measure ko, and k, s ¢ from the adhesion state timeline.

Optical tweezers (OT) are another tool that makes the precise manipulation of objects possible
thanks to the attraction of particles towards the waist of a highly focused laser beam as shown
in Figure 1.5d. OT are then able to both push an object trapped in the waist towards a cell
adhered to a surface as well as pull on it with known force to probe the adhesion state and
force of adhesion (Thoumine et al., 2000).

Some work used a combination of the different methods for the characterization of contacts
(Ounkomol et al., 2010; Qian et al., 2004).

AFM, DPA and OT rely on a very soft spring linked to one of the cells to push and pull it to
and from another cell to allow a controlled force and time of interaction. They are thus highly
precise but provide a very low throughput and require highly skilled staff to perform the assay.
Comprehensive reviews on the subject are provided by Johnson and Harley, 2011; Kashef and
Franz, 2015; Ungai-Salanki et al., 2019; H. Wang et al., 2022. There is therefore a need for
other methods capable of regulating the contact between micro-sized objects and probing
their adhesion state. In fact, microtechnologies provide methods capable of manipulating

micro-sized object with high precision and will be discussed in the next section.

1.4 Microfluidics for the controlled contact between two objects

The semiconductor industry seek for always smaller transistors and more powerful computers
is the main drive for the development of new microfabrication technologies (Mollick, 2006).
Consolidated microfabrication processes have later benefited other fields, ranging from the
development of microelectromechanical systems to many other ones. Among them stands
microfluidics, which handles fluids using channels with micrometer characteristic dimensions.
Biology understood the potential of these methods for the precise manipulation of single
cells by means of structures in their very same order of magnitude. When used to handle a

10
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living suspensions in microchannels, microfluidic can perform different functions such as
the immobilization in arrays using obstacles (Di Carlo et al., 2006), filtering by size (Yamada &
Seki, 2005), exposure to concentration gradients of drugs (X. Liu et al., 2021), or encapsulation
in micro-droplets separated by oil phase (Sarkar, 2015). Micro-scale operation not only has
the advantage of requiring low reagents volume, but more importantly provides a fine control

over the environment that allows to mimic iz vivo conditions.

The different strategies used to place objects in close contact using microfluidics are reviewed
here. Because the main drive for developing these strategies comes from immunotherapy
applications, most of the examples presented use related cells or particles such as immune
cells, cancer cells, APC or antibody coated beads. Comprehensive reviews on cell-cell pairing

in microfluidic chips are provided by He and Hsu, 2021; Pang et al., 2021.

1.4.1 Compartmentalization

A first category of strategy relies on the compartmentalization of the particles in separate
environments. This strategy implies that the readout for a receptor-ligand binding event is
either obtained from downstream signalling or from cell behaviour. Indeed the method infers
that the adhesion state cannot be probed by pulling apart the two objects. The challenge
resides in the control of the loading of the compartment to obtain heterogeneous cell content
and the compartmentalization of cells can rely either on an open configuration or on closed
configuration. The closed configuration consists in obstacles placed in a microchannel to
form cages. The control over the content of the cages was tackled by using deformation or
sedimentation as loading mechanism. These works characterized the interaction by measuring
the killing efficiency of target cells, dynamics of calcium release in immune cells or engulfment
(Dura et al., 2015; Dura et al., 2016; Fan et al., 2021; Jang et al., 2015; Y. Li et al., 2017).
Another possibility to achieve precise positioning of particles includes the use of microwells
together with sedimentation in open configuration. A cell suspension is placed on a substrate
patterned with an array of wells of specific diameter and depth. With this approach the cells
are left to sediment and subsequently washed to leave only the desired number of cells per
well (Rettig & Folch, 2005). A very complete work presented by Y. Zhou et al. (2020) relies on
microwells of tailored sizes with a hierarchical loading to capture particles of different sizes in
a controlled manner. Such a device was used to pair a T-cell with a cancer cell and a capture
antibody coated bead. This latter was used together with a fluorescent reporter to measure the
cytokine production of the T-cells upon contact with the cancer cells. The T-cell movements
were also tracked and the target cell killing efficacy measured for correlation with cytokines
production. The measurements were done with cancer cells presenting different peptides to
assess the specificity of the TCR to them.

11
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Figure 1.6: Examples of compartmentalization strategies for the contact between objects. a
Example of closed configuration: two cells of different types are brought in closed contact in
cages placed in a microfluidic channel thanks to a loading strategy as proposed by Dura et al.
(2015). The fluorescent monitoring of intracellular calcium content was used to profile T-cells
reaction upon contact to T-cell activator molecules. Reprinted with permission from (Dura
et al,, 2015). Copyright 2015 Springer Nature. b Example of open configuration: microwells of
different sizes allow the precise loading of objects of corresponding diameter as developed by
Y. Zhou et al. (2020). The system was used to load a T-cell, a cancer cell and a capture antibody
coated bead for the analysis of cytokines production upon presentation of different peptides.
Reprinted with permission from (Y. Zhou et al., 2020). Copyright 2020 Elsevier.
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Droplets separated by oil phases are another mean of compartmentalizing cells that was
used by different studies to assess cell-cell interaction by measuring parameters such as
calcium signalling dynamics (Sarkar, 2015), cytotoxicity (Antona et al., 2020) or activation
sate (Segaliny et al., 2018). These method are very gentle with the cells and provide them an
environment close to physiological. They are thus well adapted for longitudinal analysis of
early downstream molecules, late molecule production and cell behaviour upon contact to
another cell. However they lack the possibility to perform serial cell interrogation and binding

kinetics analysis.
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1.4.2 Dynamic contact

Systems for the probing of dynamic and serial cell-cell and cell-bead interaction were devel-
oped in microfluidic chips. The methods starts by immobilizing the first type of object using
either monolayer adhesion (Ashby et al., 2022; Moura Rosa et al., 2016), hydrodynamic traps
(M. Duchamp et al., 2019; Stockslager et al., 2017) or hydrodynamic traps combined with
sedimentation (Ide et al., 2020). The second type of cell is flown on top of the first objects
and reduction in speed upon contact between the two objects, resistance to flow drag force,
pair lifetime or calcium signaling is monitored to characterize the interaction. These systems
are powerful tools to probe receptor-ligand interactions at higher throughput than the macro
methods presented above and allow the measurement of k, ¢ (M. Duchamp et al., 2019).
However they are limited in the a possibility to control contact time between the two objects,
which can be critical when the pairs need a minimum encounter time for binding such as
the TCR-peptide major histocompatibility complex (pMHC) bond (M. C. M. Duchamp, 2020;
Limozin et al., 2019).

1.5 Microfluidics combined with other forces for the controlled con-

tact between two objects

While they were established for the structuring of silicon, microfabrication technologies
were expanded to a variety of materials to meet the needs of other fields of research and
industry. Fabrication processes were thus adapted to dielectrics, metals, semiconductors
and magnetic material and the structuring of these materials opened the possibility of using
different phenomenon such as magnetics (Ko et al., 2001), dielectrophoresis (Demierre et al.,
2007), piezoelectricity (Maillard et al., 2021), piezoresistivity (Barlian et al., 2009), acoustics
(Guo et al., 2014), thermics (Vigolo et al., 2010) or optics (Thoumine et al., 2000). A significant
advantage of microtechnologies is thus the possibility to integrate multiple functions on a
microfluidic chip for cells manipulation such as the electrical characterization, separation
based on size or other physical properties, filtering, selective release or controlled exposure
to medium. These features were naturally used to create devices capable of performing the
controlled contact between two objects. For example, acoustic tweezers were also used to
form homotypic pairs of cells and assess the formation of gap junctional coupling via the
transport of fluorophore between contacting cells (Guo et al., 2014).

Dielectrophoresis (DEP) in particular is a force based on the non-uniformity of an electric-
field that impacts a polarizable particle. The electric field is created by electrodes and its
associated force can be switched on and off or modulated by the voltage applied to them.

These capabilities make this force a method of choice for the versatile manipulation of cells
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Figure 1.7: Examples of dynamic contact strategies. a Ashby et al. (2022) presented a device
used for the contact between T-cells and APCs. The APCs are left to adhere on the substrate of
a microfluidic channel. Then the T-cells are introduced and left to sediment for around 5 min,
before washing by increasing flow rates and the adhesion is characterized by the flow rate at
detachment. Reprinted with permission from (Ashby et al., 2022). Copyright 2022 John Wiley
and Sons. b A microfluidic chip comprising hydrodynamic traps and bypass channels was
developed by M. Duchamp et al. (2019) for the controlled contact between two objects. The
first type of object is immobilized in the hydrodynamic traps and the second type of objects is
brought in contact in flow conditions using a roll-over mechanism.
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Figure 1.8: Example of devices using DEP for the controlled contact between two objects.
Kirschbaum et al. (2008) used a DEP actuated deviation system and DEP cages in flow con-
ditions in a microfluidic channel to place T-cells in contact with antigen presenting beads.
Reprinted with permission from (Kirschbaum et al., 2008). Copyright 2008 Elsevier. b A CMOS
actuated manipulation by DEP cages was developed by Abonnenc et al. (2013) to bring two
cells in a common cage. Reprinted with permission from (Abonnenc et al., 2013). Copyright
2013 AAL

and of special interest for the controlled contact between micro-sized objects. The literature
associated to the use of DEP to pair objects is hereafter reviewed.

Kirschbaum et al. (2008) used dielectrophoresis based traps in a microfluidic channel to pair
T-cells with beads presenting the T-cell activator antibodies anti-CD3 and anti-CD28. The
early signs of interaction were analyzed through the physical adhesion of the pair once the
forced contact was released and the objects dragged by the fluid. The activation of the T-cells
was also assessed through the expression of activation marker CD69 at their surface after 16-24
h. This system was further improved by computer vision control to automatize the pairing
process (Godino et al., 2019).

Alternatively, a CMOS based array of electrodes able to generate dielectrophoretic cages and
displace object on a grid was used by Abonnenc et al. (2013) to pair immune and cancer
cells. The cytotoxic activity of the immune cells was assessed by monitoring the fluorescent
calcium content of the target cells. A hybrid method was proposed by Lu et al. (2015) to
form heterotypic pairs of cells using a combination of hydrodynamic and dielectrophoretic
trapping. The chip was however not developed in the goal of analyzing cell-cell interaction

but to electrofuse the two cells to form hybridoma.
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1.6 Scope of the thesis

Many approaches, both macro and micro sized, were developed to probe cell-cell interactions
while implementing different readout strategies. However a trade-off between time and force
resolution and throughput still has to be made when choosing the right method to probe an
interaction. Efforts in microtechnologies were made to satisfy both criteria, but there is still
a lack of microfluidic methods capable of controlling the time of contact between the two
objects to probe their interaction. Previous efforts were limited because they utilized the same
force manipulation methods for both cells in a pair.

In this context, this thesis proposes a microfluidic tool to control cell-cell contact using forces
deriving from a different phenomenon for each cell. The effects are thus orthogonal and allow
an independent manipulation of the two objects. Therefore a chip based on hydrodynamics
and dielectrophoresis derived forces is proposed to provide a chip with bi-modal handling of
two objects for the controlled contact between them.

First a novel method for the hydrodynamic trapping of beads and cells is proposed in chapter 2
as an alternative to the standard methods. This new trapping feature is developed to overcome
the intrinsic limitations of standard traps which are critical for cell-cell interaction. The
fabrication process is detailed and the method is characterized for the trapping of beads and
cells. Then the development of efficient traps based on dielectrophoresis is presented in
chapter 3 and a dielectrophoresis-actuated control system is proposed to achieve single cell
resolution. The systems capability is demonstrated via the formation of heterotypic aggregates
of cell of controlled size and composition. Finally, the two methods are combined in chapter
4 to control the time of contact between two objects as well as to probe their adhesion. An
adhesion frequency assay is performed between fibroblasts and fibronectin coated beads
and compared to literature to validate the device. As a proof of concept for the application
of the device to immunotherapy, T-cells are put in contact with cancer cells and their avidity
measured through the pairs lifetime. The work is summarized in chapter 5 that also discusses
the future perspectives. The appendices A to C provide supplementary information to the
main text and appendix D details an analysis of the structural colors emerging from the buried

channels fabricated using the process reported in chapter 2.
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4 Planar hydrodynamic traps and
buried channels

This thesis chapter is adapted from the recently published article: C. Lipp, K. Uning, J. Cottet,
D. Migliozzi, A. Bertsch and P. Renaud, “Planar hydrodynamic traps and buried channels for
bead and cell trapping and releasing”, Lab on a Chip, vol. 21 p. 3686-3694, 2021.

This chapter describes the development and characterization of planar hydrodynamic traps
and buried channels for the immobilization of objects in a microfluidic channel. It covers the
fabrication process, design, operation principle and application to beads and cells trapping.

2.1 Standard hydrodynamic trapping principles

Hydrodynamic trapping defines the use of flow-derived forces to precisely position and immo-
bilize an object suspended in a solution. A specific family of hydrodynamic trapping called
"contact-based trapping” consists in placing obstacles smaller than the object of interest in its
path. The flow shear or pressure derived forces maintain the object against the obstacle and
are counter-balanced by the normal forces generated by the obstacle. In the very large portion
of the contact based hydrodynamic trapping, the flow shear force maintains the object in
contact with the obstacle, which implies flow leaking around the trapped object and passing
through the trap. One can mention two standard configurations of contact based hydrody-
namic trapping: the pachinko and the serpentine array. The pachinko array is composed of a
large flow chamber paved with obstacles in such a manner that the incoming particles have a
large probability of encountering an obstacle. The obstacles are typically composed of two
pillars of various shape separated by a distance tailored to the object of interest (Figure 2.1
c), or composed of a C-shaped obstacle left with a thin horizontal gap for the fluid to drag
and maintain objects in the trap (Di Carlo et al., 2006) as illustrated in Figure 2.1 b. In the
former option, the height of the channel depends on the particle size to ensure single object

trapping. In the latter, one object occludes the gap and excludes other objects trapping once
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filled independently of particle size.

Alternatively, the serpentine array is composed of a single long channel which repetitively
splits in two paths. One of the paths has a small hydraulic resistance and comprises a restric-
tion that forms the trap. The other path is called the "bypass" channel and is longer than
the first path and of constant width, which generates a larger hydraulic resistance. The first
device of this kind presented by W.-H. Tan and Takeuchi (2007) is illustrated in Figure 2.1 a.
The particles arriving at the intersection have a larger probability of going to the trap than
to the bypass. It is trapped in the restriction, increasing at the same time its resistance and
blocking the path for the next particles that will continue their path until they encounter a free
trap. The channel height is limited by the particle size as a trapped particle will not obstruct
enough surface of the traps cross section for channel much larger than the particles and will
induce multiple particles trapping.

Both types of hydrodynamic traps are passive, in the sense that the trapping happens as soon
as liquid with particles flow in the channel. The selective release is possible using an external
laser locally heating and generating bubbles (W.-H. Tan & Takeuchi, 2007).
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Figure 2.1: Example of standard "contact based" hydrodynamic trapping principles. a The
serpentine array is composed of a channel regularly split in two branches, one of lower
hydrodynamic resistance and comprising a restriction to form a trap. (W.-H. Tan & Takeuchi,
2007), Copyright (2017) National Academy of Sciences. b Pachinko type array formed by
C-shaped obstacles comprising a thin horizontal gap to allow flow leaks around the trapped
object (Di Carlo et al., 2006). Reprinted with permission from (Di Carlo et al., 2006). Copyright
2006 ROYAL SOCIETY OF CHEMISTRY. ¢ Pachinko type array formed by obstacles with thin
vertical gaps smaller than the object of interest for the flow to pass around and maintain the
trapped object (Wlodkowic et al., 2009). Reprinted with permission from (Wlodkowic et al.,
2009). Copyright 2009 American Chemical Society.
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2.2 Strategy

The requirements for the development of hydrodynamic traps combined with dielectrophoretic

traps for the controlled interaction between two objects were the following:

1. The hydrodynamic traps should be able to trap cells and beads without causing damage
to them.

2. The trap diameter should be smaller than a typical cell, i.e. < 10 um.

3. The hydrodynamic traps should minimize their influence on the shape of the electric
field used for the subsequent DEP trapping.

4. The fabrication method should allow the integration of microfabricated electrodes
around the trapped cell for the generation of the electric field used for DEP manipulation
of the second object.

5. The hydrodynamically trapped object should have a maximum of its surface available
to be in contact with other objects.

6. The force maintaining the first object in the hydrodynamic trap should not have an

effect on the second object, meant to be manipulated by DEP.

7. The chips should be fully transparent for compatibility with manipulation under stan-

dard inverted microscopes.

Because the main force maintaining the objects in the traps of the standard configurations
described above derives from flow leak shear stress, these configurations do not fill the re-
quirement number 4. Furthermore, requirements number 3 and 5 are difficult to satisfy due
to nature of the obstacle of the standard configurations.

Based on these criteria, an alternative hydrodynamic trapping principle for single beads and
cells can be proposed. It relies on two superimposed levels of microchannels, interconnected
by round microfluidic vias smaller than the particle of interest. As the hydrodynamic flow
resistance rules the way liquid flows in the channels, particles lying in the streamlines passing
inside the vias will be stopped due to their size and will generate an infinite fluidic resistance,
virtually cancelling the lower hydrodynamic path. Once a particle is trapped, it is immobilized
in the top channel thanks to the difference of pressure at its interface, without any material
surrounding it and with maximal surface exposed for interactions with other particles or for
biological assays.

These planar hydrodynamic traps can be dynamically switched between different modes of op-
eration by simply tuning the pressure at the outlet of the microfluidic buried level, controlling

the magnitude and direction of the flow inside the buried channel layer.
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2.3 Fabrication process literature

The processes capable of fabricating planar hydrodynamic traps as described above are re-

viewed.

Membrane with pores

Kimura et al. (2011) used a commercially available perforated membrane by alkaline etching
to yield 5-8 um slanted pores in a 25 pm thick polyimide sheet. The sheet was sandwiched
between two chamber with immersed electrodes and the group used sedimentation assisted
by DEP to trap the cells in the orifices for electrofusion applications. The geometry of struc-
tures fabricated with this accessible process is however not tunable. Moreover subsequent

integration of electrodes in the vicinity of the pores would be difficult.

Deep etching in silicon

Nagai et al. (2015) presented a process for the fabrication of hollow microprobe array for
pick-and-place manipulation of cells. The use of deep reactive ion etching (DRIE) allows to
create pores through the wafer whose dimensions are then reduced to adapt to the cells by
deposition of SiO,. The pressure control is ensured by a polydimethylsiloxane (PDMS) channel
bonded on the backside. This elegant process is nonetheless not feasible on a transparent glass
substrate since high aspect ratios etch processes equivalent to DRIE are not easily achievable

for that material.

Layers of laminated photosensitive films

Cao et al. (2021) used stacks of photosensitive laminated SU-8 films together with PDMS
channels to create 3D structures of channels comprising a round trap connected to an under-
neath suction channel. The system was combined with electrodes on top and at the bottom
of the trap to characterize the impedance of immobilized object. Using a stack of dry films
photoresist is a versatile microfabrication process but has the disadvantage of comprising
many photolithography steps. Furthermore, 3-5 um diameter resolution necessary to trap
cells can be difficult to achieve while ensuring materials biocompatibility.

Laser modification

A 3D glass patterning method was reported that uses a femtosecond laser to locally change the
structure of a glass substrate. The illumination of the substrate operates a change of refractive
index and etch rate at the focal point: the etch rate in a 5 % diluted hydrofluoric acid (HF)
solution is indeed reported to be 5 um/min for the exposed glass whereas the etch rate of
unexposed glass is of 3um/hour(Bellouard et al., 2004). Thanks to the nonlinear light-matter
interaction, structures smaller than the wavelength of the laser can be fabricated. Precisely
controlling the position of the substrate thus allows a 3D writing of the substrate to create
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complex and suspended structures after selective etching (Bellouard et al., 2012). The com-
pany FEMTOprint SA claims to be able to generate structures with a resolution lower than 1
pum with a surface roughness Ra < 100 nm using this technique (2022). This process is highly
versatile as the only limit in structures fabrication is the resolution and accessibility of the
etchant in the 3D structures. Fabrication of the structures is however a service made by the
FEMTOprint SA company and the turnover between designs can be long and the total cost

important.

Buried channel

The buried channel method was first presented by Kaplan et al. (1994) and involves bulk
micromachining techniques. In the original version, a thin poly crystalline silicon (poly-Si)
film is first deposited on top of a quartz substrate and subsequently patterned. The pattern
contains two type of features: the access holes are small in dimension and define the channel
path while the inlet and outlet are larger in size and will remain open to connect the buried
channel. The substrate is selectively and anisotropically etched using HF to form the buried
channel. The poly-Si is then fully oxidized which renders the chips fully transparent and
reduces the dimension of the access holes. In order to complete the sealing of the access
holes for a totally watertight channel, an additional silicon oxide layer is deposited using low
pressure chemical vapor deposition (LPCVD). This process has the advantage of requiring
a single photolithography step for the self-alignment of the buried channels and inlet and
outlet layers. The dimensions of the inlets and outlets are defined by photolithography and
are thus limited by light diffraction with standard equipment, but can be further reduced by
the last thin film deposition which is a significant advantage for the fabrication of sub-cellular
size traps. The channel size and path are defined by underetch dimension and access hole
positioning. The authors used this fabrication process to demonstrate the electroosmotic
pumping of liquid in capillaries. The concept of thin film deposition and patterning followed
by selective underetching and sealing by a thin film deposition was then derived in silicon
substrate with various etchant and thin film materials (J. Chen & Wise, 1997; Dijkstra et al.,
2008; Holm et al., 1997; Rasmussen et al., 2001; Vieider et al., 1997). Moreover this process is

compatible with the subsequent micropatterning of electrodes around the traps.

Based on this review, the buried channel technology was selected to create planar hydro-
dynamic traps connected to buried channels. Indeed the process is also compatible with the
bonding of a top fluidic layer of PDMS on top of the substrate. Their fabrication is described

in the following section.
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2.4 Fabrication

2.4.1 Process description

The process to fabricate two superimposed levels of channels interconnected by planar hydro-
dynamic traps is illustrated in Figure 2.2 and starts with the deposition of 500 nm Al,O3 on
a fused silica 4” wafer by sputtering methods (Spider 600, Pfeiffer). A 750 nm thick photore-
sist layer (AZ ECI 3007, MicroChemicals) was spincoated and developed using an automated
coater and developer (ACS200 GENS3, Siiss) and exposed using direct writing methods (MLA150,
Heidelberg Instruments). The pattern comprises 1 pm access holes used to define the fluidic
path of the buried channels and larger patterns that function as fluidic vias. The pattern is
transferred to the Al,Os3 layer using ion beam etching (Nexus IBE350, Veeco) and the pho-
toresist is stripped using an oxygen plasma (GiGAbatch, PVA Tepla) (step 1a). The substrate
is selectively underetched using 3 pulses of 10 min exposition to vapour HF (uEtch, SPTS)
which leads to ~ 5.5 pm lateral etching. The access holes are placed in such a way that the
under-etching of neighbouring access holes coalesce and create a continuous channel (step
1b). The access holes are then sealed by a deposition of 2.5 pm of low temperature oxide (LTO)
doped with boron and phosphorus glass (Centrotherm furnace) (step 1c). The top fluidic layer
is made by casting PDMS on a silicon mold fabricated by deep reactive ion etching (DRIE)
(AMS200, Alcatel). The PDMS is cured, punched, aligned and permanently bonded to the
buried channels using a method described previously (Cottet et al., 2017).

2.4.2 Process discussion

As described above, the process to fabricate buried channel necessitates the patterning of
access holes, inlets and outlets in a thin film with large etch selectivity with respect to the
substrate on which it is deposited, while both materials need a low light absorbance in the
visible range. The process proposed by (Kaplan et al., 1994) fulfils all these criteria, but was
further improved. Indeed the thermal oxidation of the poly-Si layer is a step that both lengthen
the process and causes deformation of the membrane due to the high stress induced by the
thermal oxidation. We thus chose to deposit 500 nm of sputtered aluminum oxide Al,O3. Both
materials are transparent in the visible range and fused silica is etched in a vapor phase of HF
while Al O3, even in amorphous phase, is totally unaffected (Bakke et al., 2005). Vapor HF is
an etching method of choice when structures are sensitive to stiction as all by products are
eliminated in a gas phase and the process does not need any rinsing and drying steps.

Typical solutions for the wet etching of Al,O3 comprise phosphoric acid H3PO4(B. Zhou &
Ramirez, 1996), buffered HF (BHF), KOH or piranha solution (Williams et al., 2003). The
wet etching is however isotropic which requires a fine control over the etch rate to obtain

the desired dimension and implies the manipulation of wet chemistry. Alumina can also
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Figure 2.2: Process for the fabrication of the chips. 1a) Deposition and patterning of a thin
Al,O3 layer on a fused silica substrate. The pattern comprises access holes of small dimension
and larger features 1b) The substrate is selectively under-etched using HF in vapour phase.
The under-etch merge to create a continuous channel. 1c) A thin SiO, deposition seals
the access holes and creates buried channels connected by microfluidic vias. 2) PDMS is
cast on a silicon mold and inlets and outlets are punched. 3) The two fluidic layers are
aligned and permanently bonded to create two superimposed layers of microfluidic channels
interconnected by microfluidic vias.
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Figure 2.3: a SEM picture of an access hole cross section showing the Al,O3 mask sandwiched
between the LTO layers and the sealing of the access hole. b SEM image of a planar hydro-
dynamic trap cross section made using FIB etching. The sloped profile of the trap is visible
together with the buried channel underneath.
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be etched by plasma with gases combining argon with either chlorine, bromine or fluorine
chemistry. The selectivity however is very low for photoresist masks and demands the use of a
hard mask which complicates the process. In comparison, ion beam etching (IBE) offers a
good directionality in the etching while having a selectivity of ~1:1 with the photoresist mask
and was thus chosen as the Al,03 etch method.

Another option for the fabrication of planar hydrodynamic traps is to use low stress silicon
nitride as a thin film instead of Al,O3. Indeed while silicon nitride is affected by HF in vapour
phase, its etch rate in liquid HF is very low compared to glass (Williams et al., 2003). Fur-
thermore, silicon nitride is easily etched and with good photoresist selectivity by inductively
coupled plasma etching with fluorine chemistry (Williams et al., 2003). This process was not
selected because it would complicate the fabrication and requires the manual operation of

HF, but was used for the fabrication of structural colors detailed in appendix D

2.4.3 Designrules

To obtain a trap of diameter d after the 2.5 um LTO deposition, we experimentally found that a
diameter of d+2 um should be designed and etched in the Al,O3 layer. The final deposition of
LTO induces a gradient of stress that deforms the membrane which would break during the
dicing step for dimensions above 200 pm. To overcome that problem, regions without access
holes were designed periodically on the membrane, leaving the substrate protected below
those regions and creating pillars that sustain the membrane. Using this design, membranes
with dimensions of 300 x 400 pum? where successfully fabricated. The depth of the channel is
defined by the etching time and is uniform across the wafer. Its width however is determined
by the design of the access holes and can be chosen arbitrarily. The minimum width however
is restricted to twice that of the depth plus the access hole diameter due to the isotropic nature
of the etching. The distance between two neighboring access holes should be larger than the
depth of the isotropic etch of the fused silica to obtain a continuous channel. The closer the
access holes are to each other, the more uniform is the topography of the buried channel but
the weaker is the suspended mechanical structure. This distance was chosen to be equal to the
etch depth, 5 um in this study as a trade-off between topography and mechanical resistance.
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2.5 Principle of operation

Figure 2.4 shows a brightfield view of a buried channel and trap connecting two PDMS chan-
nels. An orange filter is superimposed to the image and indicates the regions where the PDMS
is bonded to the substrate. The control channel on the right is short and wide in order to
minimize its fluidic resistance and is connected to the pressure control P., while beads or
cells flow in the left PDMS channel from the top to the bottom under the effect of the inlet
pressure P;,. The top inset shows a SEM picture of a trap, whose diameter is smaller than the
dimension of the particle to be trapped. P, is the control pressure and P;,, the inlet pressure,
Qjn, is the flow upstream of the trap and Qy, is the flow inside the buried channel. The chip
presented here can be operated in four different modes presented in Figure 2.5.

P T

Figure 2.4: Bright-field picture of a buried channel connecting a single trap in the main PDMS
channel on the left to the PDMS control channel on the right. An orange filter is added where
the PDMS is bonded to the glass. The top inset shows a SEM picture of a trap and the bottom
inset shows the equivalent electric circuit where P;, is the inlet pressure, R;, is the resistance
of the main PDMS channel upstream of the trap, R, is the resistance of the main PDMS
channel downstream of the trap, Ry, is the resistance of a trap, R, is the resistance of the
buried channel and P, is the pressure imposed to the control channel

In order to model the behaviour of the chip, we assumed a non-compressible Newtonian fluid
and used the Hagen-Poiseuille law AP = Rj,,,4Q (Bruus, 2011), where AP is the difference of
pressure accross a channel of fluidic resistance Rj,y4 in which a flow Q is present, and used the

electric-hydraulic circuit equivalence (Oh et al., 2012) to model the behaviour of the chip. The
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equivalent circuit is represented in the bottom inset of Figure 2.4 with R;;, the resistance of the
PDMS channel upstream of the trap, R, the resistance of the PDMS channel downstream
of the trap, Ry, the resistance of a trap, Ry the resistance of the buried channel, P;, the inlet
pressure and P, the control pressure. We used these values to determine the conditions to

operate in each of the four modes that are illustrated in Figure 2.5:

Idle mode
In the idle mode, P; is set such that there is no flow in the buried channel (Qp. = 0). The
particles behave as if no trap or buried path was present.

Royt
P.igle=Pip———— 2.1
cidle mRin +Rout ( )

Trapping mode, empty

To trap a particle, the control pressure is set to a value smaller than the idle control pressure
(Pc < P¢iqie), resulting in a net flow in the buried channel from the main channel towards
the control channel (Qp. > 0). Particles in the flow lines passing inside the buried path are

directed towards the trap.

Trapping mode, full

A particle is trapped, sealing the buried path and stopping the flow in the buried channel
(Qpc=0). The main channel behaves as in the idle mode and a pressure difference across the
trapped particle AP;, maintains it in the trap:

Release mode
To release a trapped particle, the control pressure is larger than the idle control pressure
(Pc > Pgiq1e), resulting in a net flow in the buried channel from the control channel towards

the main channel (Qy, < 0). The particle is pushed away from the trap.
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Figure 2.5: Scheme showing the different modes of operation. Idle mode: P, is set to obtain a
null flow in the buried channel and the flow in the main channel behaves as if no trap was
present. Trapping mode, empty: Part of the main channel fluid is directed toward the buried
path. The particles lying in the streamlines going to the buried path are deviated towards the
trap. Trapping mode, full: a particle is trapped and there is no fluid flow in the buried channel.
The particle is immobilized by the difference of pressure at its interface AP,. Release mode:
The control pressure P, is increased to reverse the flow in the buried path, the trapped particle
is pushed away from the trap.

2.6 Holding forces: 2D modeling and calculation

In an effort to understand the role of the different forces implied in the trapping of beads with
these novel hydrodynamic traps, a 2D finite element model was developed using COMSOL
Multiphysics. Indeed the sealing between a supposedly undeformable immobilized bead and
the trap is never perfect. The difference of pressure between the top and the bottom of the
trap thus induces flow leaks around the bead that apply a shear force on the bead. The criteria
chosen to determine whether the bead stays trapped or leaves the trap is the sum of moment
at the downstream bead contact point with the surface generated by the different forces: a
positive moment maintains the bead in the trap and a negative moment induces rotation of
the bead outside of the trap. This point is marked as "A" in Figure 2.6 b. The forces acting on
the bead considered for this study are pressure induced forces and drag shear forces with shear
forces directed parallel to the bead surface and pressure forces perpendicular. A parametric
study was conducted to understand the influence of trap dimension and bead diameter on

the pressure control at which the bead leaves the trap.
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Figure 2.6: Representation of the 2D simulation model for the analysis of the different forces
acting on a trapped bead of radius R in a trap of dimension G. The colour is the flow velocity
magnitude for an inlet pressure of 10000 Pa. a General view of the model. b Zoomed in view of
the model, the inset illustrates the 200 nm cut off the corners of the trap to include leaks in the
model.

The 2D model depicted in Figure 2.6 a comprises resistance channels of 500 pm length and
3 um in height at the inlet, outlet and control channel. The trapping chamber is at the
intersection between the inlet and control channels and is 200 pum in length and 20 pm in
height. The trapped bead is represented by a solid circle of radius R and stands on a trap of
width G. The leaks around the trapped bead are included by cutting off the contact corner
between the bead and the trap by 200 nm as represented in the inset of Figure 2.6 b. The inlet
pressure is fixed to 10000 Pa and that of the outlet to 0. COMSOL simulations with parametric
sweeps in R, G and P, were generated using the LiveLink for MATLAB. The pressure and shear
stress are represented by the colored arrows in Figure 2.7 a and are exported for each mesh
node on the perimeter of the bead. The exported data is analyzed in MATLAB and the values of
pressure and shear stress are multiplied by the corresponding mesh segment length to obtain
the exerted force at a given mesh node. The moment generated as of point A by these forces
are calculated and represented in Figure 2.7 b. The forces are represented in the x — y plane
and the moment induced by these forces represented out of the plane, a positive moment
contributing to keeping the bead in the trap and a negative moment contributing to the rolling
of the bead out of the trap.
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Figure 2.7: a Representation of the pressure and shear stress at each mesh node on the
COMOSL model with the colour indicating the pressure value in the channel. b Analysis of
the simulated data using MATLAB: Pressure and shear forces are represented at each mesh
node with respective generated moment. The positive moments maintain the bead in the trap
whereas negative moments induce rotation of the bead outside of the trap.

We distinguish three sources of moment:
* Shear leaks Mj; is the sum of the moments generated by the shear forces in the region
where the bead contacts the trap due to liquid flowing towards the control channel.

* Shear main Mg, is the sum of the moments generated by shear forces due to liquid

flowing towards the outlet.

* Pressure Mp is the sum of the moments generated by pressure forces.
We also define the summed moments:

* Shear total Mjs), is the total moment generated by shear forces.

» Total M;,; is the total moment generated by all the considered forces.

Figure 2.8 represents the sum of the moments of different sources as a function of P, for a
bead diameter of 5 um in a trap of 2 pm width. As expected, the shear main moment varies
very little across the range of P, and is always negative, dragging the bead out of the trap.
The shear leak and pressure moments are positive at low P, and transition to negative as P,
increases. The shear leaks and shear main moments magnitude were found to be two orders
of magnitude lower that the pressure moment at P, = 0. The pressure at which the shear leaks

moment is null, hereafter called transition pressure, is found at exactly half of the inlet pressure
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because it is the pressure at which the pressure under the bead matches the pressure above
the bead nullifying the leak flow. The transition pressure of the pressure-induced moment
is found a slightly lower than half of the inlet pressure. This is because of the pressure drop
in the main channel from upstream to downstream of the bead, increasing the contribution
of the upstream pressure with negative moment illustrated in Figure 2.7 b. This is an artifact
of the 2D modeling because the presence of the bead creates a restriction in the channel
that generates a larger flow above the bead and a pressure drop across it. Indeed in the 3D
model the flow would pass around the bead and the pressure drop across the bead would be
negligible. This artifact is also observed for the shear main moment whose contribution is
increased by the restriction on top of the bead. However the total pressure transition shifts
only of 1.5% compared to half of P;, and the leaks are found to play only a small contribution
in the total moment. Appendix A describes the transition pressure of the different moments
as a function of trap diameter for a bead diameter of 8 um and brings to the conclusion of
pressure being the main force responsible in the trapping of the beads.

It was concluded from this study that the main force maintaining beads in a planar hydro-
dynamic trap is the difference of pressure built across them. Indeed the larger impact of the
shear stress in the main channel for larger beads was understood to be an artifact of the 2D
simulation and the shear stress arising from the leaks was found to be insignificant. The only
impact of the leaks was found to increase the effective pressure underneath the bead because
of the pressure drop in the control channel.

%109 %1071

Total moment
Pressure moment

Total moment

Figure 2.8: Sum of moments of different sources as a function of control pressure P, for an
inlet pressure of 10000 Pa, a bead diameter of 5 um and a trap width of 2 um. a Generic view. b
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Zoom in view of the pressures at which the moment switch from positive to negative.

30



Planar hydrodynamic traps and buried channels Chapter 2

2.7 Materials and methods

Mammalian cells culture and preparation

The semi-adherent cell line Colo205 (ATCC) was cultured in RPMI 1640 supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 °C in a 5% CO, atmosphere.
Cell staining was performed by incubating the adherent part of the cell population for 1 h in
RPMI with 1 uM calcein AM (Calbiochem). The supernatant was removed and the cells were
washed with phosphate-buffered saline (PBS), detached using trypsin and centrifuged at 1200
rpm for 2 minutes. The cells were resuspended in PBS containing 1 mM EDTA and 1% bovine
serum albumin (BSA) at a concentration of 1 - 10° cells/ml and passed through a 40 um cell
strainer for the experiment. All the reagents are from Gibco unless specified. The distribution
in the cell diameter was measured using an image analysis method on 260 cells. The mean

diameter was 16.9 um with a standard deviation of 3.1 um.

Algae cells culture and preparation
Chlorella vulgaris cells were cultured at room temperature under continuous ambient light in
Tris-Acetate-Phosphate (TAP) medium at pH 7. The cells were suspended at a concentration

of 1 - 10 cells/ml in TAP buffer and passed through a 40 um cell strainer for the experiments.

Microfluidic setup and chip preparation

The PDMS chip was degassed in a desiccator for 30 minutes prior to the experiment to avoid
formation of bubbles, and primed with Pierce protein-free (PBS) blocking buffer for 1h to
prevent proteins, beads and cells from adhering to the surfaces. The cells or beads were placed
in a chromatography vial connected to the punched PDMS with 360 um outer diameter tubing
for tight sealing. Pressure was applied to the vial using Fluigent Flow-EZ pressure controllers.
The chip was mounted on the stage of a Leica DMI3000 B inverted microscope and observed

using a uEye (IDS) camera.

Polystyrene beads

For the trapping of beads in large arrays, 5 pum diameter polystyrene beads were purchased
from Sigma-Aldrich and suspended in deionized (DI) water containing 0.1% TWEEN 20 (Sigma-
Aldrich) at a concentration of 5 - 10° beads/ml. For the selective trapping experiment, 8 um
diameter green and orange fluorescent Fluorophorex polystyrene beads were purchased from
Phosphorex Inc. and resuspended at a concentration of 5 - 10° beads/ml in a DI water solution
containing 0.1% TWEEN 20 (Sigma-Aldrich).

2.8 Characterization of single cell trapping

Figure 2.9 illustrates the successful use of the four modes for the trapping and releasing of

a Colo205 cell. While polystyrene beads are rigid and can withstand large pressures, special
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Figure 2.9: Brightfield pictures showing a sequence of trapping and releasing of a Colo205 cell
in a single trap.

consideration must be taken when trapping cells with this novel kind of hydrodynamic traps.
Indeed, cells are deformable bodies whose shapes are impacted by the difference of pressure
built across them (Lim et al., 2006). When immobilizing cells in traps similar to the one
presented in Figure 2.4, one must adapt the pressures and trap dimensions for the cells to stay
intact.

In the frame of this thesis, we consider the cell membrane integrity as a gauge of success,
such that the cells can be used for a subsequent assay on the cells membrane on chip such as
probing receptor-ligand interaction. Cells were immobilized in traps of 3, 5, 7, and 9 pm in
diameter using a chip with a single trap and control pressure channel, to find the critical AP),
where the membrane fails. For the visualization of membrane failure, cell cytosol was loaded
with fluorescent calcein as it is a small molecule with no covalent binding to cell compounds
that quickly diffuses in case of membrane rupture. To avoid fluorophore bleaching, cells were
imaged every minute up to 15 minutes. This time threshold was chosen by overestimating the
maximum time the filling of an array could take. Indeed once the cells trapped, the control
pressure P, can be increased to a value close to the idle pressure P; ;. to reduce the stress on

the cells while maintaining them in the traps.
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Figure 2.10: Fluorescent pictures of the different cells outcomes when trapped. a The cell is
intact without any visible deformation b The cell is intact and a protrusion inside the buried
channel is visible ¢ The cell passed through the trap and is found inside the buried channel or
in the PDMS control channel. d The membrane is ruptured and the fluorescent dye is diffusing
in the buried channel.

AP, was controlled by setting a negative value to P, and setting P;, to zero, thus stopping the
flow in the main channel. The different outcomes that could be observed after 15 minutes
are shown in Figure 2.10. Intact cells could either have a round appearance and no visible
deformation, or have a protrusion visible in the buried channel. Membrane failure was
identified as dye leaking in the buried channel, or as an engulfed cell that could be found
inside the buried channel or in the control PDMS channel.

The graph in Figure 2.11a shows the percentage of intact cells after 15 minutes, as a function
of the trap diameter and the pressure difference across the trapped cells AP,. A pressure
threshold under which cells did not suffer any membrane rupture or engulfment was found
for each trap diameter. The minimum pressure with a percentage of intact cells lower than
50% is represented as a function of trap diameter in red in Figure 2.11b, indicating that cells
resist to higher pressures in smaller traps. Previous studies on vesicle and cell deformation in
pipettes indicate that the tension 7 of a spherical membrane of radius R, can be determined
via the difference of pressure AP, between the inside and outside of the pipette and the radius
of curvature Ry, in the pipette (Kwok & Evans, 1981; Sens & Plastino, 2015; S. C. W. Tan et al.,
2011).

R,AP
S il

- 2.3)
2(1— ﬁ—’;)

Since the vertical configuration of the planar traps makes the direct measurement of the radius
of curvature R, technically demanding, we used the radius of the trap as an estimate. We
measured the distribution of cell radius using image analysis methods, which was found to

be 8.4 um with standard deviation of 1.5 um as an estimate of R,. We highlighted the region
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resulting from the fitting of equation 2.3 to our experimental data using these estimates in blue
in Figure 2.11: we observed a good agreement of the predicted trend with the measurement.
Moreover, the range of tension at rupture resulting from the fitting is represented in the inset
of Figure 2.11b. We obtain higher values for the fitted tension at rupture compared to values
obtained for lipid vesicles (Alam Shibly et al., 2016; Kwok & Evans, 1981), which is coherent
with the presence of cholesterol in the cell membrane and the presence of cytoskeleton inside
the cell, which are both expected to contribute to increase the rupture tension of the cell
membrane.
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Figure 2.11: Characterization of single cell trapping in different hydrodynamic trap diameters
and pressure conditions. a Graph representing the percentage of intact cells after 15 minutes
for different trap diameters and gradients of pressure at the interface of the trapped cells
AP). The number of experiments is N = 5 for each condition. b The minimum pressure with
less than 50% intact cells after 15 minutes of trapping as a function of the trap diameter is
represented in red. The blue area corresponds to the fit of equation 2.3 for a range of cell
diameter of 13.8 —20 um. The inset shows the range of membrane tension at rupture extracted
from the fit measured in this work compared to the range of vesicle membrane tension at
rupture from literature.

Intact cells are required for the goal application of controlled contact between two objects.
This experiment defines the experimental frame in which planar hydrodynamic traps can be
used for the safe trapping of cells. Measurement of membrane tension at rupture was found
as a byproduct of the experiment, validating the experimental frame and model.
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2.9 Hydrodynamic trapping of beads in large arrays

After showing the ability of the planar hydrodynamic traps to safely trap and release single
cells, the next section shows its potential to trap polystyrene beads using a large number of

traps arranged in an array.

The trapping of 5 um polystyrene beads in an array composed of 522 parallel traps arranged in
an equilateral triangle tiling pattern spaced by 9 um is first demonstrated. Figure 2.12a shows
a brightfield picture of an array of 522 traps used for this study, partially filled with beads and
connected by a buried channel to a control PDMS channel on the right. The triangles visible
on the membrane are the regions where no access holes or traps were designed to prevent the
underetch and mechanically support the membrane. An orange filter is superimposed to the
image where the PDMS is bonded to the substrate, and the inset shows a SEM picture of the 2
um diameter traps. We made the choice of operating the chip at constant pressure in order to
avoid the need to use complex feedback control systems.

Figure 2.12b shows the experimentally measured fraction of lost beads, defined as

LF = Beadsout
~ Beadsout+Beads trapped’

sures P;, and pressure ratios P./ P;,, measured while filling the arrays. Using these measure-

as a function of the percentage of filled traps for different pres-

ment, the trapping efficiency, here defined as n =1 — LF, at 98% filling was measured and was
found to be constant for experiments with same pressure ratio and different inlet pressures.
The trapping efficiency at 98 % filling percentage and its standard deviation for a pressure
ratio P./P;, = 0.2 were respectively 70.4% and 1.1%, whereas for a pressure ratio P./P;;, =0,
the trapping efficiency and its standard deviation were of 94.4% and 2.7%. By adapting the
circuit in Figure 2.4 and replacing the resistance of a single trap of resistance Ry, by n traps
in parallel of total resistance Rj,/n, the ratio of the inlet flow going in the buried channel is

calculated as follows:

Qpc Royt — pp_;(Rout"'Rin)

Qin Ryc+ Ry + Rour — 25 Rour @4
This equation indicates that the flow ratio decreases as the array is being filled with particles,
explaining the increasing lost fraction as the filling percentage of the array increases in Figure
2.12b. It also shows that the flow ratio can be controlled dynamically by the pressure ratio
only, decreasing when this latter increases. A constant trapping efficiency for equivalent
pressure ratios hence indicates a dependency of the trapping efficiency on the ratio of the
inlet flow going inside the traps, similarly to other trapping mechanisms (Kobel et al., 2010;
Sohrabi Kashani & Packirisamy, 2019). The geometry also plays a role in the lost fraction as
can be seen from the inset of Figure 2.12b: the center-top part is the first to be filled whereas

the borders are last and most difficult to be filled, following the particle distribution in the
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channel. We can also notice that the centerline of the trapped beads distribution is offset
from the center of the channel towards the control channel. This comes from the increased
resistance created by the channel under the membrane favoring the filling of the traps close to
the control channel. An array geometry for improved efficiency would thus contain more traps
in the center of the PDMS channel with a bias towards the control channel, following the curve
shape formed by the trapped beads distribution shown in Figure 2.12b. The time needed to
reach the 98% filling percentage increases with a reduction of the inlet pressure because of the
lower flow rate, and increases with larger pressure ratio P./P;,, which indicates that for an
efficient and fast filling, small pressure ratio and large inlet pressure should be used.

Furthermore, if the only criteria are fast and efficient filling, the resistances can be tailored for
that application with a small inlet and buried channel resistances, R;, and Ry, together with
large outlet resistance R, ;. This combination will increase the flow ratio Qp./Q;,, improve
the trapping efficiency and reduce the filling time. In order to achieve 100% trapping efficiency,
the downstream path should be of infinite resistance R,,; = co. To that end, the downstream
path could either not exist and be designed as a dead-end, which would remove the possibility
of flowing subsequent analytes over the array and the releasing in a channel path different
than the inlet, or be blocked by a valve that could be switched off once the array totally filled.
98% of the beads could be released from the array and brought to the outlet channel by

increasing the control pressure together with the inlet pressure.
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Figure 2.12: Characterization of bead trapping in large arrays of traps. a Bright-field picture of
an array of 522 traps partially filled with polystyrene beads, connected by a buried channel to a
control channel on the right. An orange filter highlights the regions where the PDMS is bonded
to the substrate. The inset shows a SEM picture of the 2 ym traps. b Graph representing the
experimentally measured evolution of the fraction of lost beads as a function of the filling
percentage of the array for different inlet pressures P;, and pressure ratios P./P;,. The inset
shows a color map of the experimentally measured order of filling of the array.

2.10 Hydrodynamic trapping of cells in arrays

Based on the operation conditions observed with the trapping of beads in an array and the
pressure condition determined for the safe trapping of cells, the buried channels technology

was used to trap multiple cells, mammalian and algae, in arrays.

2.10.1 Mammalian cells

The design used for the trapping of cells in an array allows the passage of flowing cells around
the immobilized ones but not on top. Indeed a channel height of 20 pm is small enough to
prevent the vertical stacking two cells. The traps are placed in a triangular tiling pattern to
force the contact between the trapped and flowing cells and the distance between two traps
was set to 50 um. During the filling of an array of traps with cells, the already immobilized cells
are subject to a pressure gradient AP, that varies with 1/n, with n the number of remaining
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free traps as follows:

_ RulRoutPin — (Rin + Rour) Pcl
n(RipRpc + Rout Rin + RpcRour) + Ry (Rin + Rouyr)

AP, (2.5)
AP, thus increases significantly as the last free traps are filled to reach the maximum pressure,
defined by equation 2.2, once the array is totally filled. We determined the maximum pressure
a cell can withstand during 15 minutes in Figure 2.11 and found that the maximum trapping
efficiency happens for P./P;;, = 0, which determines the working inlet pressure to fill an array
of cells: Piyy = APy ma XW' Once the array is totally filled, the control pressure P, can be
increased to minimize AP, while maintaining the trapped cells intact for long time duration
and flowing additional material on top of the trapped cells.

Figure 2.13 shows a fluorescent picture of the successful trapping of 24 Colo205 cells stained
with calcein AM in a compact array of 25 traps. Supplementary material S2 shows the trapping
of Colo205 cells in the array using an inlet pressure P;, =40 mbar and a control pressure P, =0
mbar. We chose traps with diameter of 5 um to allow working at reasonable pressures without
compromising the successful filling of the array because of debris clogging the traps. The inlet
pressure was set to 40 mbar in a chip with R;; = Ry, such that the maximum pressure the
cells were subjected to was 20 mbar, below the threshold pressure corresponding to that trap
diameter, while working at a pressure ratio P/ P;;, = 0 for a maximum trapping efficiency.
The observed trapping efficiency n was of 88.4% at 92% filling percentage and of n = 68.6% at
96% filling percentage. 88% of the cells could be released from the array and brought to the

outlet channel by increasing the control pressure together with the inlet pressure.
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Figure 2.13: Fluorescent picture showing the successful trapping of 24 Colo205 cells stained
with calcein AM in an array of 25 traps. The pressures are set so that the difference of pressure
AP, endured by the cells is always under the pressure threshold for membrane rupture.

2.10.2 Algae cells

Chlorella is a unicellular microalgae whose diameter varies from 2 - 10 um during its matu-
ration cycle. It is getting interest and studied among others for its capability to store large
amounts of lipids for biofuel production (Safi et al., 2014). An interesting feature of these
cells shared among plant cells is the presence of a wall around the cell’s membrane, mainly
composed of cellulose and other proteins that ensures mechanical rigidity. This rigidity and
its size makes Chlorella cells a candidate of choice to demonstrate the trapping of cells in large
arrays of planar traps.

Figure 2.14 shows a sequence of trapping and releasing of single algae cells in an array of 921
traps. As the cells are not easily identifiable in brightfield microscope pictures, the difference
between a contrast enhanced version of the image shown and the image with empty traps is
added in green colour on top of the original image. No algae were observed inside the control
channel even for inlet pressures up to P;,, = 500 mbar indicating that there was no deformation
and engulfment of the cells and demonstrating the high rigidity of these cells. All cells could
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be released from the array by increasing the control pressure.

a Empty array b Trapping C Filled d Releasing

Figure 2.14: Sequence of brightfield pictures showing an empty array (a), the trapping of
Chlorella cells (b), the array of traps filled with Chlorella cells (c) and the release of the cells (c).
The array is composed of 921 traps.

2.11 Selective trapping

The trapping method proposed in this chapter offers the possibility of selectively trapping and
releasing beads and cells using traps managed by independent control channels. A proof of
concept demonstration of this possibility was done using a design illustrated in Figure 2.15a
and comprising three lines of 18 interconnected traps connected to three control channels.
The PDMS layer features two independent inlets with respective serpentine channels to create
a fluidic resistance that merge before entering the chamber with buried channels and traps.
These resistance channels are placed to avoid back-flow from an inlet channel to the other one
when arriving at the intersection. The layout was originally designed with 36 interconnected
traps but because of non uniform exposure in the direct laser writing of the buried channel
layer most of the access holes were not etched and only half of the traps were connected to a
common buried channel as can be seen in Figure 2.15b. Each of the lines has its own control
channel with designated pressure control that can be independently operated in the different

states described in section 2.5.
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Figure 2.15: a Schematic representation of the device used for the selective trapping of beads
with two inlets and three lines of interconnected traps controlled by individual control chan-
nels. b Brightfield picture of the trapping chamber.

The inlet channels were filled from both inlets respectively with a suspension of 8 um in
diameter green and orange fluorescent polystyrene beads while the three lines of traps were in
idle mode. The lines were sequentially filled with the desired beads following the sequence
described in Table 2.1. The result of the filling at each step is represented in Figure 2.16.

Table 2.1: Description of the parameters for the sequential filling of three lines of traps with
green and orange fluorescent beads using individual pressure control channels and two inlets.
The pressures are in mbar.

Step Figure 2.16 P;;1  Pin2 Pc1 Pe2 Pes
Channels filling - 50 50 0 0
Line 3 filling with green beads a 50 0 20 0
Line 2 filling with orange beads b 0 50 -5 -20
Line 1 filling with green beads c 50 0 -5 -5 -20
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Figure 2.16: Superposition of fluorescent pictures taken in the orange and green channels
showing the sequential loading of the traps and demonstrating the selective trapping capability
of the planar hydrodynamic trapping approach.

2.12 Discussion

This novel type of hydrodynamic traps differs significantly from the typical traps found in the
literature. It resolves the problem of space cluttering around the trapped object while allowing
a dynamic control over the trapping state. We compare here different characteristics of the
array of planar hydrodynamic traps with the two common types of hydrodynamic trapping
arrays presented in the introduction in the case of particle trapping: the pachinko and the

serpentine arrays shown in Figure 2.1.

Scalability and density of traps

An interesting parameter to compare is the scalability of the array, or how many traps the
system can handle. Each trap of the serpentine and pachinko trapping devices is independent
from each other and relies on local flow lines. Once the geometry of one trap is optimized,
they can theoretically be scaled infinitely. Both types can be optimized for density (Jin et al.,
2015; X. Xu et al., 2013a), however the pachinko arrays are more dense and can accommodate
more traps per unit surface because the serpentine arrays require the presence of a space-

consuming bypass channel. In contrast the planar hydrodynamic traps proposed here are
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interdependent when used in an array: equation 2.4 applied to a single trap shows that the
flow passing in each trap depends on the percentage of filled traps of an array. It was also
shown that the traps close to the border opposite to the control pressure channel were more
difficult to fill due to the additional resistance under the membrane. To scale up the planar
traps and limit interdependency, the array should be divided into separate parts controlled
by independent control channels and filled sequentially following a sequence described in
chapter 2.11: while the first part of the array is being filled, the other parts can be operated
in idle mode and so forth until all parts are filled. This comes to the cost of increasing the
complexity of the control. However the density of traps can be higher than for the other two
mechanisms since there is no material around the trap and more particles can be observed in
a defined field of view.

Adressability and multiplexing

We demonstrated in chapter 2.11 the use of independent control channels for different lines
of interconnected traps to selectively capture different species in the different parts of the
main channel. The possibility of running the chip in the idle mode and the possibility of
multiplexing are also available using both types of array only when coupled with pneumatic
valve actuation (H. Kim & Kim, 2013; H. S. Kim et al., 2015; Pang et al., 2016).

Compliance with particle size

A limitation of the serpentine and pachinko trapping methods comes from the fact that the
single-particle trapping efficiency depends on the height of the channel. While the height has
to be larger than the size of the particle to avoid clogging for any type of trapping, a height
larger than twice that of the particle causes multiple particles to stack in a single trap in the
pachinko and serpentine arrays. An exception to this is the pachinko type array proposed by
Di Carlo et al. (2006) where the leaks maintaining the particles in the traps come from a thin
horizontal slit. In both cases however the traps are designed for a specific range of particle
sizes and are not compatible with a solution comprising a wide distribution of particle sizes. In
contrast, the height of the main channel is not limited in the case of coplanar traps, as proved
by the trapping of beads of 5 pm diameter in a channel of 30 um height. Furthermore, a trap of
defined diameter will be blocked by particles with a wide range of sizes larger than the trap
as described in chapter 2.6, which implies that a wide range of particles can be successfully
trapped using this technology.
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Trapping efficiency and filling percentage

Due to its deterministic trapping property, the serpentine trapping can reach 100% trapping
efficiency and filling percentage. The pachinko array was shown to have a filling percentage
up to > 99% (X. Xu et al., 2013a) but no reported trapping efficiency was found for beads.
However it is believed to be low because of its stochastic nature. In comparison, the planar
hydrodynamic traps have both good trapping efficiency and filling percentage with respective
values of 94% and 98%.

Space available and complexity of fabrication

The planar hydrodynamic traps have the advantage of having the space around the trapped
particle completely available for the interaction with other particles, which can be manip-
ulated with a different force, such as hydrodynamics, optical tweezers, dielectrophoresis,
or other (Arnaud et al., 2020) as the microfabrication process with standard materials and
processes allows to easily add an additional layer to fabricate micro-electrodes aligned to the
buried and PDMS channels.

Figure 2.17 shows the frame superposition of subsequent cells flowing around the ones trapped
in the array in a "roll-over" manner (M. Duchamp et al., 2019), demonstrating the potential of
this technology to study in flow cell-cell interactions. This space could also be used to place
electrodes for the impedance measurement of the particle for example. However these possi-
bilities come to the cost of an increased complexity of fabrication: while the serpentine and
pachinko devices can be fabricated by a single PDMS casting step, the planar hydrodynamic

traps require an extra photolithography step for the fabrication of the buried channels.
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Figure 2.17: Timelapse image of three cells flowing around the ones immobilized in an array
of traps in a "roll-over" manner showing the potential of the device to be used for interaction
studies. The cells flowing in the channel are coloured in red by image processing for a better
visualization.

2.13 Other applications

We discuss in this section the potential of the buried channel technology in microfluidics.
Indeed this concept of two levels of channels interconnected by micro-sized vias has versatile
functionalities with potential applications in different fields because, among others, of its
three dimensional configuration, transparency and composition made of isolating materials.
WEe list here some of these functionalities with some practical examples and the associated

considerations.
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Figure 2.18: Examples of configuration modalities achievable with the buried channel process.
a Flow connection b Flow connection with channel underpass ¢ Arraying d Adressability e
Microfluidic via shape modulability f Versatility in buried channel path and shape

2.13.1 Configuration modalities

The buried channels are capable of connecting two neighbouring channels (Figure 2.18a), but
also of connecting two channels separated by another one without affecting this latter (Figure
2.18b). The microfluidic vias can be arranged in arrays and connected to a single channel as
discussed in section 2.9 and represented in Figure 2.18c¢ for the arrangement and trapping of
micro-sized particles in a defined pattern which can be useful for particle assembly (Van Geite
etal., 2022). Single microfluidic vias and arrays can be independently actuated in the different
modes when connected to individual control channels (Figure 2.18d). Even though only round
and rectangular microfluidic vias were presented in this chapter, the vias can be designed
in any shape and arranged in any manner (Figure 2.18e). The limitations in via shape come
from the resolution of the photolithography and etching methods chosen to pattern them
together with the thin film deposition used to close the vias. These effects limit the sharpness
of the edges as well as the minimum distance between two features. The shape of the buried
channels can be tailored for specific functions such as resistance to flow, hydraulic diameter
or path direction (Figure 2.18f).
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Figure 2.19: Example of applications using the buried channel technology a i) Particle filtering
by size ii) Trapping iii) Focusing by flow perfusion iv) Droplet formation by perfusion of an oil
phase v) Partial exposition of a trapped particle to molecules b Example of applications using
electrode integration i) Counter-electrode placed at the outlet of the buried channel to force
the electric current through the trapped particle ii) Electrical characterization of the passing
particles iii) The counter electrode is placed in a coplanar configuration for the application a
DEP force iv) Balance between DEP force and flow drag force for characterization or pick and
place applications

2.13.2 Application

Controlling the flow inside the buried channels implies controlling the flow profile of the
liquid coming in or going out from the buried channels. This feature can be used for different
functionalities to manipulate objects. Considering the case of flow coming in the buried
channel for example, particles with a radius larger than the height of the flow going inside
the buried channels are not directed towards the buried channels whereas particles with a
smaller radius do pass inside the buried channel and this latter acts as a particle filter (Yamada
& Seki, 2005) as illustrated in Figure 2.19a1), as long as the microfluidic via and buried channel
dimensions are large enough to let the smaller particles pass. When this is not the case, the
particles whose center lie in the streamlines going in the buried channel are immobilized
in the microfluidic via acts as a trap as illustrated in Figure 2.19aii). Considering a trapped
particle in this latter case, a flow containing reagent or coating chemicals can be flown in
the top channel. Because the particle clogs the flow path to the buried channel, only the
top part of the particle is exposed to the coating reagent, creating a Janus particle such as
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represented in Figure 2.19a v) (Zhang et al., 2017). The ratio of microfluidic via diameter to
particle diameter defines the portion of the particle that is coated. Considering the case where
the flow is perfused from the buried channel to the top channel, the shape of the microfluidic
via and value of the flows define the shape of the perfused flow lines, which can be used
for focusing application (Figure 2.19a iii) ). Indeed, liquid can be injected from the buried
channels directly in a large channel to create tailored stratified flow patterns and focus the
incoming flow. The position of the stratum is defined by the position of the buried channels
outlet whereas its width is controlled by the pressure applied to the control channel and its
hydraulic resistance. A experimental example of this feature is detailed in appendix B.
Following the same concept, the buried channels could be used to create passive microfluidic
mixers by taking advantage of the 3D structures to collect and inject the fluid passing in a
PDMS channel similar to a 3D serpentine mixer for an efficient mixing (C.-Y. Lee et al., 2016).
Oil could also be injected via the buried channel to create a membrane emulsion type with
finely controlled spatial distribution and pore size (P. Zhu & Wang, 2017) as illustrated in Figure
2.19aiv).

One of the requirement for the process was the compatibility with electrode patterning.
We discuss here the potential applications combining buried channels and electrodes. Con-
sidering a configuration where a particle is trapped as described in Figure 2.19b i) with an
electrode patterned in the particle vicinity and the counter electrode placed at the outlet of
the buried channel as illustrated in Figure 2.19b ii), one can use the electrodes for electrical
characterization (Cheung et al., 2005), stimulation (C. Chen et al., 2019) or poration (Punjiya
et al., 2019). The potential electrical characterization comprise impedance measurement
at high frequency to characterize membrane capacitance and cytoplasm conductivity, with
the advantage of this configuration to provide a single path for the current through the cell
with limited contributions coming from current paths around the cells as in standard config-
urations. Using the same configuration, patch clamp technique could be performed on the
cells for characterization, with the advantages of a small aspiration of the cell in the channel
combined with the slanted profile of the trap to provide a large area of contact between the
cell and the walls and ensure a good sealing (P. Chen et al., 2009). These characterizations
can be performed on many cells in parallel thanks to the adressability feature of the method.
Alternatively, the electrodes can be used to stimulate the trapped cell or electroporate them
for transfection or insertion of cargo material inside the cell (Dong et al., 2020). With the same
electrode configuration but considering buried channels and microfluidic via operating in the
non-trapping regime with particles smaller than these latters dimension, the microfluidic via
can be operated as a Coulter counter (Rodriguez-Trujillo et al., 2006) as illustrated in Figure
2.19bi). Either the microfluidic via or a constriction of the buried channel (example illustrated
in Figure 2.18f) can take the role of constriction to count and characterize the passing particles.

The two electrodes can be patterned in the main channel as illustrated in Figure 2.19b iii). In
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this configuration, the electrodes can be used to generate a force such as electrophoresis or
dielectrophoresis on particles. These forces can be for example used to bring a second particle
in contact with a particle previously trapped in the hydrodynamic trap such as the application
proposed in this thesis. When patterned in the appropriate shape, the electrodes can generate
a DEP force that balances the drag force exerted by the flow perfused from or aspirated to the
buried channel for characterization or pick and place applications as shown in Figure 2.19b

iv).

2.13.3 Flow control strategies

Flow and pressure control are necessary to obtain the different applications described above.
Some proposition of flow control strategies are thus listed below. When a constant flow ratio is
desired a simple passive approach such as the one proposed by W.-H. Tan and Takeuchi (2007)
is preferred (Figure 2.20aiii)). The flow ratio is determined by design by the ratio of resistance
between the buried channel and bypassing arm and is of special interest for the trapping of
cells.
The flow control modality used in this chapter is an active method that controls the flow in
the buried channel by controlling the inlet and buried path outlet pressures as illustrated in
Figure 2.20ai). Syringe pumps connected to the same inlets/outlets can be used to control
the flow instead of pressure. Flow control at the outlet of the buried channel is however not
recommended when this latter is used to trap particles: since the particle clogs the path, the
flow constraint will result in a virtually infinite difference of pressure at the interface of the
particle. A mix of pressure and flow control can be used by controlling P, and Q;,, but it is
again not recommended to trap particles in this configuration. Indeed considering the same
inlet flow before trapping, the value of AP, will be larger after trapping with flow control than
with pressure control. Indeed AP;, = R,Q — P, after trapping with Q the total flow in the circuit
after trapping. This latter decreases upon trapping of a particle using pressure control because
of the increase in the total circuit resistance, but it remains constant using flow control.
Even for applications without particle trapping, the fine control of flow rates can be challenging
using syringe pumps at very low flow rates because of the screw thread generating oscillations.
We thus propose another circuit capable of finely controlling the flow in the buried channel
using a flow control and a variable hydraulic resistance as illustrated in Figure 2.20a ii). The
circuit is similar to a Wheatstone bridge and the expression of the flow in the buried channel
is defined as (Tanyeri et al., 2011):

R1R3— RoRyqr

sc=0Q; (2.6)
Qsc = Qin (Ry + Ryar)(Ry + R3) + Rpc(Ry + Ry + R3 + Ryay)
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and the difference of pressure at the interface of a trapped object is expressed as:
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Figure 2.20: Example of flow control strategies a Passive b Active by direct control of the pres-
sure or flow at the outlet of the buried channel ¢ Active by a Wheatstone bridge configuration
for a fine control over Q¢

2.14 Conclusion

This chapter detailed a process for the fabrication of a novel type of hydrodynamic traps
based on a coplanar configuration that enables the trapping of beads and cells in flow with
no material surrounding the trapped particles. The traps can be dynamically operated in
different modes thanks to the presence of a pressure control channel and are able to trap and
release particles, but also operate in idle mode. We studied the influence of flow shear and
pressure induced forces on the bead using 2D finite element modeling and found that the
main force maintaining the bead in the trap is due to the difference of pressure at its interface.
The resistance to pressure difference of cells immobilized in traps of different diameters was
assessed and the result fitted using a theoretical model from pipette assays to extract the
tension at rupture of the cell membrane. We proposed a theoretical model to understand
the trapping dynamics of object in arrays and showed that this technology can be used for
the trapping and releasing of beads and cells in compact arrays. Furthermore, the presented
fabrication method for multi-level microfluidic channels connected by vias compatible with
electrodes fabrication opens up new possibilities in different fields of application presented in
the last section of this chapter.

This novel trapping modality is a cornerstone of a device capable of performing cell-cell inter-
action. It fulfils all the requirements detailed in section 2.2 and is capable of dynamic switching

between idle, trapping and releasing modes. The know-how for safe cell manipulation was
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acquired and can be transferred to the application of cell-cell interaction. The second step
towards the final device thus consists in the design and characterization of DEP traps capable
of maintaining a second cell in contact to the objects immobilized in the planar hydrodynamic
trap as illustrated in Figure 2.19b iii). This development is detailed in the next chapter.

The structures fabricated using the process described in the chapter were found to be nicely
colorful. The characterization of these colors and its use for the creation of colorful images
visible by eye are detailed in appendix D.
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This thesis chapter is adapted from the recently published article: C. Lipp, L. Koebel, A.
Bertsch, M. Gauthier, A. Bolopion and P. Renaud, “Dielectrophoretic Traps for Efficient Bead
and Cell Trapping and Formation of Aggregates of Controlled Size and Composition”, Frontiers

in Bioengineering and Biotechnology, vol. 10, 2022.

The development of dielectrophoretic traps in the context of single cell trapping is discussed
in this chapter. The first cell is considered to be immobilized in the hydrodynamic traps
presented in the previous chapter. The considerations and developments on electrodes con-
figuration and geometry are presented to create a DEP force field that pushes the second
type of cell towards the first one, i.e. a force field that directs towards a single point in three
dimensions.

An original electrode design offering an efficient three-dimensional dielectrophoretic trap
for single cells together with a distribution system is presented. Two easy to fabricate config-
urations are proposed and their trapping efficiency is compared and their heat generation
assessed. The most efficient configuration is selected and the limits of voltage necessary to
avoid cell membrane electroporation is determined. The design rules to accommodate more
cells in higher channels is defined and the capability of the presented system to direct and
arrange cells in a controlled manner demonstrated by forming multicellular assemblies of

predetermined size and composition.
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3.1 Motivation and literature

DEP is a method of choice when a non-contact, active and versatile manipulation of cells
or particles suspended in a liquid medium is required and was thus naturally selected for
the immobilization of the second type of cells. Dielectrophoretic force derives from the
polarizability of a particle placed in a non-uniform electric field generated by a difference of
electric potential applied to electrodes. The direction of the force on the particle arising from
this polarization is defined by design, but its magnitude can be tuned by the voltage applied to
the electrodes and its oositive dielectrophoresis (pDEP) or negative dielectrophoresis (nDEP)
effect can be tuned in particular cases by the frequency. The expression of the time averaged
DEP force exerted on a spherical particle in a non uniform electric field is given as follows:

Fpgp = 2716, R2Re[K (w) | VE? (3.1)

rms

Where R is the radius of the particle, ¢, is the fluid permittivity, Re[K (w)] is the real part of
the Clausius-Mossotti factor and E,p is the root mean square (rms) of the electric field. Its
magnitude thus mainly depends on the volume of the particle and on the gradient of the
square of the electric field, while the Clausius-Mossotti factor determines its sign, positive or

negative.

DEP has been widely used for separation of cells based on dielectric properties (Bisceglia et al.,
2015; Piacentini et al., 2011), but has also often been used to direct, trap and position groups
of cells (Frénéa et al., 2003) or single cells (Godino et al., 2019; Mittal et al., 2007; Punjiya
et al., 2019). However, the presence of an electric field in a conductive medium can harm
cells, and while many authors demonstrate the ability of their design to trap particles against
a certain flow rate for a given voltage, very few assess the heat generation related to the traps
(Seger-Sauli et al., 2005).

3.2 Requirements

The requirements for the DEP traps are listed hereafter.

1. The electrodes should generate a DEP force field that directs to a single point in three

dimensions.

2. The fabrication process for the integration of the electrodes should be compatible with

the planar hydrodynamic traps and buried channels.
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3. The strategy for the generation of the non-uniform electric field should not influence
the flow profile in the channel.

4. The DEP traps should generate a minimum Joule heating to avoid damaging the manip-

ulated cells.

5. The number of DEP traps should be scalable.

3.3 Review of electrode configuration

The non uniform electric field used to create particle polarization can be generated by elec-
trodes positioned in different configurations. The main electrodes configurations found in
literature for the DEP manipulation of particles are described hereafter. Illustration of the

different configurations is provided in Figure 3.1.

Insulator based ! Strip @ Coplanar

Facing 3D

— .

Figure 3.1: Different electrode configurations for generation of a non-uniform electric field
used in DEP actuated particles manipulation. The voltage is applied to the electrodes colored
in black and the counter electrode is colored in pink.

iDEP

In the insulator-based DEP (iDEP) configuration illustrated in Figure 3.1a, the electrodes used
to generate the electric field are far away from the region of interest and often composed of
macro-sized wires placed in specific reservoirs (Lapizco-Encinas, 2018). Insulator structures
are used to deviate the electric field and yield the non-uniformity required for the DEP force.
A notable advantage of this configuration is the distance between the electrodes and the
particles which prevents any undesirable event such as bubble generation or electrode fouling
to impact the trapping region. Additionally, the fabrication only requires a single mask for

the structures and channels which lowers the fabrication costs and complexity. The distant
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electrodes however require large voltages to generate the desired electric field magnitude.
Additionally, the insulator structures impact the fluid flow field which is not desired in the

current application.

Facing electrodes

Facing electrodes is similar to strip electrodes, except one plane of electrodes is not patterned
and consists in a large conducting and usually transparent layer that is also used for the fluidic
capping function (Ho et al., 2013; Takahashi & Miyata, 2020) as illustrated in Figure 3.1b. The
electric field is thus maximum close to the patterned electrodes and expands to the capping
electrodes in a radial manner. The DEP force field is thus similar to the strip electrodes except
it is non uniform in the vertical direction and particles will be directed towards the layer

comprising the patterned electrodes in both nDEP and pDEP regimes.

Strip electrodes

Strip electrodes are thin electrodes patterned on the cap and floor of a microfluidic channel
and are represented in Figure 3.1c. They typically comprise pairs of electrodes of identical
geometry facing each other. Each pair generate either a virtual wall or rail for particles upon
application of a voltage difference across it. Walls are created in the case of negative DEP and
rails for positive DEP. The force can be assumed uniform along the height of the channel and is
directed perpendicular to the electrodes border. The relationship between the force direction
and electrode geometries is thus direct, facilitating the design for a given function and funnels
and traps are typical applications of this configuration (Fiedler et al., 1998; Kirschbaum et al.,
2008; Seger et al., 2004). However the proper alignment between the top and bottom electrodes
is critical and can be a fabrication challenge.

3D electrodes

3D electrodes are conductive structures spanning the height of the channel and have the
advantage of generating an electric field uniform along the vertical axis as illustrated in Figure
3.1d. This feature makes them a good candidate for applications requiring a tall channel
for which the facing, strip and coplanar configurations do not perform well. They are also
interesting in applications where their flow obstructing and electric field generation properties
can be combined for unique functions, but require advanced fabrication methods such as elec-
troplating (Voldman et al., 2002), pyrolysis (Martinez-Duarte et al., 2011) or non-directional

metal coating of 3D structures (Kilchenmann et al., 2016).
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Coplanar electrodes

Coplanar electrodes are microfabricated electrodes with much thinner height than the char-
acteristic height of the microchannel. The electrodes are placed on a plane that is parallel
to the flow direction, either on the floor or cap of the microfluidic channel as illustrated in
Figure 3.1e. Typical coplanar electrodes geometries for particle deviation and manipulation
comprise interdigitated (H. Li, 2002), castellated (Morgan et al., 1999a), liquid (Demierre et al.,
2007) and quadrupole electrodes (Jones, 2003) but none of these geometries is adapted to
create parallel DEP traps. The simplicity of fabrication of this configuration is attractive but
the force field generated by coplanar electrodes is more difficult to predict and often requires
finite element modeling methods (Punjiya et al., 2019; Rosenthal & Voldman, 2005). Three
dimensional traps in the nDEP regime are especially not straightforward to design since the
maximum electric field will be present between two electrodes. This results in a vertical force
pushing the particles to the cap where the component counteracting the flow is weaker.

The coplanar and facing configurations were selected based on their compatibility with the
requirements for DEP traps generation but also on their compatibility with their fabrication
on top a of a substrate patterned with planar hydrodynamic traps.

3.4 Consideration for the manipulation of cells with DEP

Applying a voltage inside a conductive medium may have undesired consequences. In order
to limit electrode polarization and electrochemical reactions at the electrodes the voltage ap-
plied is alternatively positive and negative. However the heating due to movement of charged
molecules and ions under Coulomb force remains present and is directly proportional to the
concentration of charged species. A workaround for this problem is to limit the conductivity
of the working medium by dilution in de-ionized water. The change in osmolarity by dilution
has nevertheless to be compensated by addition of non-charged molecules such as glucose or
dextrose for the cells to keep a constant volume. While cells remains physically intact in such
special medium, they cannot perform all their function properly and can only stay immersed
for a limited time. It is thus necessary to develop DEP traps that generate the largest DEP force
while limiting the heat generated.

Another consideration to take into account when exposing cells to electric fields is the poten-
tial drop across their membrane it induces. Pore formation occurs in the membrane when
this potential drop exceeds a threshold value, which can be lethal to cells and must be avoided

in this specific case.
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3.5 Dielectrophoresis for the creation of multicellular aggregates

The formation of cell aggregates with controlled number and type of cells is crucial in the
understanding of cancer invasion and development. For example the role of cancer associ-
ated fibroblasts in tumorigenicity is well known and the need for multicellular models based
on co-culture to mimic the tumor environment was demonstrated (Labernadie et al., 2017;
Lazzari et al., 2018), but there is a lack of tools to control the composition of multicellular
assemblies down to the single cell level. In well plates, obtaining single cells using limiting
dilution methods comes at the cost of a small portion only of usable wells due to Poisson
distribution (Gross et al., 2015) and cell ratios are often determined based on volume and
density to recreate heterogeneity (Bauleth-Ramos et al., 2020). Dielectrophoresis has already
been used as a tool to form aggregates of cells (Altomare et al., 2003, Menad et al., 2015, Cottet
et al., 2019) and to trap and pair single cells in a controlled manner (Yoshimura et al., 2014,
Kirschbaum et al., 2008) but has not yet, to our knowledge, been used to create heterogeneous
aggregates with controlled number and type of cells.

The hereafter proposed device is easy to fabricate and offers efficient three dimensional
trapping capabilities with simple coplanar electrodes and is thus accessible to researchers
with access to standard equipment. The distribution system allows a full control on the
positioning of the arriving cell and enables for the first time the ability to form heterogeneous
assemblies of cells with pre-determined number and type of cells using DEP. This feature is key
in research domains focusing on cancer stem cells and the corresponding drug development
strategies (Ishiguro et al., 2017), but finds also applications in studies of cellular aggregates
that mimic the cancer micro-environment (Ham et al., 2016). While electroporation of the
created assembly was avoided in this work, it can be exploited and is readily available in drug
development or applications where cell transfection is desired (Chopinet et al., 2012; Dalmay
et al.,, 2011). These features were demonstrated here using an array of four traps, but this
number can be easily scaled up by lateral repetitions of the trap units as well as repetitions of

pairs of electrodes along the length of the channel.
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3.6 Materials and methods

3.6.1 Microfabrication

Coplanar electrodes

The coplanar electrodes chips were fabricated using the following process: borofloat wafers
were first cleaned using a piranha solution. The metal layer was deposited by sputtering 20 nm
of titanium and 200 nm of platinum (SPIDER, Pfeiffer) (Figure 3.2 step 1a). Photoresist (AZ 1512
HS, MicroChemicals) was spincoated, exposed by direct laser writing (MLA150, Heidelberg
Instruments) and developed (ACS200, Siiss) (Figure 3.2 step 1b). Unprotected metal was etched
using ion beam etching (IBE350, Veeco Nexus) and chips were diced (DAD321, Disco) (Figure
3.2 step 1c). The PDMS microfluidic channels were fabricated using a process described
elsewhere (Cottet et al., 2017). Shortly, the PDMS master mold was fabricated by deep reactive
ion etching of a silicon wafer (AMS200, Alcatel) (Figure 3.2 step 2a). PDMS was molded,
cured, punched, precisely aligned and permanently bonded to the glass chips patterned with
electrodes using a mask aligner (MJB4, Siiss) (Figure 3.2 steps 2b-3).

1a Ti-Pt sputtering on glass 1b Photolithography 1c Ti-Pt etching
| e ————— —_— —-—
- ->

2a Silicon etching 2b PDMS casting 2c Inlet-Outlet punching
o - D - W 1

Glass B Ssiicon 3 Alignment and plasma bonding
I Trt s PDMS . _
I Photoresist f— f—

Figure 3.2: Process for the fabrication of the coplanar chip. that starts by the patterning of Ti-Pt
electrodes on a glass substrate (wafer 1). PDMS is cast on a silicon mold, punched, aligned
and permanently bonded to the glass chips (wafer 2).
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1 Ti-Pt paterning on glass 2 Photoresist lamination 3 Photoresist exposition
— J . . =
- -
4 Photoresist development 5 Sand blasting of ITO coated glass 6 Alignment and bonding
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Glass [l Ordyl photoresist film [ T1i-Pt ITO

Figure 3.3: The fabrication of facing configuration chip starts by the patterning of electrodes
on a glass wafer and is followed by the lamination and patterning of a photosensitive film to
define the microfluidic channels (wafer 1). The cap wafer coated with ITO (wafer 2) is then
aligned and bonded to the bottom chip.

Facing electrode

The facing electrodes chips were fabricated following a process described previously (Vulto et
al.,, 2005), by first patterning electrodes as described in the previous paragraph (Figure 3.3 steps
la-1c). A photosensitive adhesive film was laminated (Ordyl SY320, 20 um thickness) (Figure
3.3 step 2), exposed through a mask using a mask aligner (MJB4, Siiss) with a postbaking step of
1 min at 85°C, developed (Ordyl XFB) and rinsed (Ordyl Rinse) (Figure 3.3 step 3-4). The fluidic
inlets and outlets of the capping borofloat wafer were fabricated by sandblasting (IcoFlex Sarl,
Switzerland) and 200 nm of ITO was then sputtered (SPIDER600, Pfeiffer) (Figure 3.3 step 5).
Both wafers were then aligned (MA6/BAS, Siiss) and bonded (SB6, Siiss) by applying a pressure
of 425 kPa for 30 min at 90°C followed by a curing step at 150°C for 2 hours (Figure 3.3 step 6).
Connections between the top and bottom electrode were made by placing a chip on a heating
plate at 90°C and introducing low temperature solder (The Indium Corporation of America)
inside a microfluidic channel designed for this application and passing on top of the desired
bottom electrode track.
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3.6.2 Materials

5 um in diameter polystyrene beads were purchased from Sigma-Aldrich and suspended in a
working solution composed of 10% in volume PBS (Gibco) and 90% DI water at a concentration
of 5-10° beads/ml. The surface of polystyrene beads was left uncoated and the particles are
thus natively negatively charged in buffers with physiological pH. The use of AC electric fields
however discards any net movement due to electrostatic forces.

3.6.3 Cell culture

Jurkat and Colo205 cell lines (ATCC) were cultured in RPMI 1640 supplemented with 10%
of FBS and 1% Penicillin-Streptomycin at 37°C in 5% CO, atmosphere. Staining of Colo205
was performed by incubating the cells in PBS with 4 uM Calcein UltraBlue AM (Cayman
Chemical) for 1 h. Staining of Jurkat cells was done by incubation in PBS with 1 uM Calcein
AM (Invitrogen) for 1h. The working solution is composed of 40% RPMI and 60% DI water.
The solution is compensated for osmolarity by the addition of dextrose (Sigma-Aldrich) and
cleaned through a 0.22 pm filter. Jurkat and Colo205 were both resuspended in the working
solution and passed through a 40 um cell strainer before the experiment. All reagents are from

Gibco unless specified.

3.6.4 Chip operation

Measurement of the current and phase was performed in a solution of 10% PBS and 90%
DI water by applying an AC signal between 1 and 10 V amplitude to the trapping electrodes
at a frequency of 100 kHz using an HF2TA current amplifier connected to a HF2LI Lock-In
amplifier (Zurich Instruments).

The PDMS chip was primed with Pierce Protein-Free (PBS) Blocking Buffer during 1h to prevent
cells from adhering to the surfaces. The cells or beads were placed in a chromatography vial
connected to the punched PDMS by a 360 um outer diameter PEEK tubing (Idex). Pressure
was applied to the vials using Fluigent Flow-EZ pressure controllers. The chip was mounted
on and electrically connected to a custom PCB placed on the stage of a Leica DMI3000 B
inverted microscope and observed using a uEye (IDS) camera. All the electric signals needed
to control the positions of the particles are sent through a home made PCB creating the
multiplication of an AC signal at 100 kHz and different DC signals whose amplitudes are
controlled by the computer with a custom C++ program through an analog output generator
(Mccdaq USB-3100).
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3.6.5 COMSOL simulations

Modeling of the electric field and DEP force direction and magnitude was done using COMSOL
Multiphysics 5.6 with the Electric Currents and Creeping Flow modules. The medium electrical
conductivity and relative permittivity were set respectively to 0.16 S/m and 78. The fluid flow
at the entrance of the channel was set to 700 um/s. A sinusoidal electric potential of 10 V
amplitude and 100 kHz frequency was applied to the trapping electrode and the potential of

the counter electrode was set to zero.

3.7 Concept

A microfluidic system capable of performing in-flow cell selection, sorting and trapping using
non-contact DEP actuation is presented. The system is shown in Figure 3.4 i) and is composed
of an upstream DEP actuated deviation system that laterally focuses the incoming particles
or cells on specific flow lines so that they can be collected by the desired downstream DEP
trap. The DEP traps are actuated by applying a potential across two electrodes: the upstream
main electrode is designed with repetitions of funnel-shaped units and the counter electrode
is either placed in a coplanar or facing configuration. Each trap unit is 60 um in width and
capable of stopping a single cell or particle in flow by balancing the drag force and creating a
single position of equilibrium upstream of the electrodes. The slanted parts of the trap unit
finely focus the particles towards the center of the traps indicated by the focus line in Figure
3.41). The number of traps can be adjusted to the width of the channel by lateral repetitions of
the funnel-shaped trap unit. A bypass area is also provided next to the trapping electrodes

such that unwanted cells can be directed to bypass the traps and leave the chamber.
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Figure 3.4: Deviation system, electrodes design and configuration. a Top view scheme of
microfluidics and electrodes: the deviation system is based on liquid electrodes placed on
each side of the channel, upstream of the trapping electrodes. The ratio of the voltages
applied on each side (V7 /V5) defines the lateral position of the particles (Demierre et al., 2007),
directing it towards a defined trap unit. Two examples of particles trajectories are illustrated in
blue. The main electrode is composed of trap units placed next to each other and of a counter
electrode highlighted in pink. The trapping electrodes are not covering the whole channel
width so the unwanted cells can bypass the traps. The dimensions in um of a trap unit are
displayed in the inset. b In this coplanar configuration the counter electrode is a straight line
placed downstream of the main electrode on the same plane. ¢c The counter electrode of the
facing configuration covers the cap of the microfluidic channel.

3.7.1 Deviation system

In order to control the trajectory of the incoming particles and guide them towards the desired
trap unit, a deviation system using six pairs of liquid electrodes similar to the one presented by
Demierre et al. (2007) was placed upstream of the trapping chamber. For the sake of simplicity,
only two pairs of liquid electrodes are represented on the left of Figure 3.4a. Liquid electrodes
are coplanar electrodes placed in a lateral recess from the main channel: this configuration
guides the electric field and generate a vertical equipotential surface at the entrance of the
main channel, hence their name. Two sets of liquid electrode combs are placed laterally on
each side of the main channel and a voltage is applied to each set, with a phase shift of 180° to

neighbouring electrodes. The electrodes width and clearance between them are both set to
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Figure 3.5: COMSOL simulation along a xz plane in the center of the trap as indicated by the

focus line in Figure 3.4a for both configurations and for a voltage amplitude of 10 V. The colour

indicates the magnitude of @, which is the electric field dependent factor that modulates

the DEP force, while the arrows and streamlines indicate the direction of the nDEP force
along the xz plane. The electrodes are drawn on top of the simulations for visualization. Both
electrode configurations generate a force pushing against the flow and towards the bottom of
the channel upstream of the main electrode.

the same value as the channel height. Each set of liquid electrodes generates a lateral DEP
force uniform along the height of the channel pushing the particles away from them. The ratio
of voltage applied to each side V;/V, determines the equilibrium position along the y axis in
the main channel, focusing the randomly distributed incoming particles towards a defined
lateral position and deviating them towards the trap units, or to the bypass. As described by
Demierre et al. (2007), the total force exerted on the particles is the sum of the forces exerted
by each comb of electrodes and the particles are focused where these forces cancel each other:
it is thus not dependent on the particle or cell size nor position before entering the deviation
zone. At low fluid velocity, the limit in the focusing is due to particle collision and diffusion,
which is compensated by the slanted part of the traps placed downstream, collecting particle
streams covering 60 pm in width. Nevertheless, the focusing has a size dependent limit on
the channel sides: the particle center cannot be focused closer to the wall than the particle’s

radius due to straightforward reasons.

64



Array of dielectrophoretic traps Chapter 3

3.7.2 Counter electrode configuration and simulations

Two easy to fabricate configurations of counter electrode were implemented and studied. The
coplanar counter electrode consists in a straight line electrode placed downstream of the
trapping electrode as shown in Figure 3.4b. For the facing counter electrode, a conductive
and transparent indium tin oxide (ITO) layer is provided on the glass plate used to close the
channels on their upper part as illustrated in Figure 3.4c. Both configurations are popular
and extensively used to manipulate cells using DEP in microfluidic chips (Ho et al., 2013,
H. Li and Bashir, 2002, Morgan et al., 1999b, Takahashi and Miyata, 2020). In order to assess
the three dimensional behaviour of the traps, both designs were simulated using COMSOL.

Figure 3.5 illustrates the results of the simulation along the focus line indicated in Figure
ye):d

X
that modulates the DEP force while the arrows of normalized size indicate the direction of

3.4a: the colour indicates the magnitude o , which is the electric field dependent factor
the nDEP force along the x and z axis. Electrode locations are indicated on the results of
simulations by black rectangles. Figure 3.6 represent the iso-surfaces of the electric field
squared E? and indicate that both configurations can be used for the trapping of particles in
three dimensions: the nDEP force is perpendicular to these surfaces and directed towards
the iso-surfaces of lower value. It is observed that the y component of the force directs the
particles toward a single xz plane of equilibrium in the middle of each trapping unit while the
z component pushes the particles towards the bottom of the channel. The x component of the
DEP force counteracts the drag force. Its value, controlled by the applied voltage, determines
the equilibrium position of the particles along the x direction. For the same applied voltage,
the facing electrodes configuration generates a larger DEP force in the x direction compared
to the coplanar configuration.

To test these two designs, chips with electrodes placed in both configurations and aligned
to microfluidic channels with um precision can be manufactured using standard cleanroom
equipment with a few steps only. The fabrication process for both designs is detailed in the
Materials and Methods section and illustrated in Figure 3.2 and 3.3. Experiments are presented

in the next section.
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Figure 3.6: 3D COMSOL simulation representing the iso-surfaces of the electric field squared
E? for the coplanar (a) and facing (b) configurations: the nDEP force is perpendicular to the
iso-surfaces and directed towards the iso-surfaces of lower value. The funnel shape of the
iso-surface upstream of the electrodes indicate a three dimensional trapping behaviour: the
y component of the force points towards the center of a trapping unit thanks to the slanted
part of the electrodes, while the x component counter acts the flow. Both configurations thus
generate a three dimensional trap against the flow. The inset shows the configuration and the
electrode location are indicated in black.
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3.8 Single object trapping

3.8.1 Bead trapping efficiency

DEP can damage cells as it can induce a local rise in temperature. Indeed the presence of
an electric field in a conductive media induces Joule heating. This effect can be mitigated by
reducing the conductivity of the medium and correcting for osmolarity with the addition of
dextrose or sucrose, but prolonged exposition of cells to such diluted media can alter their
function and health (Hyler et al., 2021). As both electrode configurations presented here create
a three dimensional DEP trap against the flow, the most efficient configuration is selected
by measuring the magnitude of the DEP force against the flow for both configurations and
evaluating in both cases the induced temperature rise. As a reminder, the expression of the
time averaged DEP force exerted on a spherical particle in a non uniform electric field is given
by the following expression:

Fpgp = 276, R Re[K (w)]VE2 (3.2)

rms

Where R is the radius of the particle, €, is the fluid permittivity, Re[K(w)] is the real part
of the Clausius-Mossotti factor and E,p is the root mean square (rms) of the electric field.

For a homogeneous spherical particle, the Clausius-Mossotti factor is given by the following

formula:
€y —€y
K(w) = —2—2 (3.3)
€p+2€y,

With ), the complex permittivity of the particle and ¢}, the complex permittivity of the
medium, which are both frequency dependent. The sign of the Clausius-Mossotti defines the
regime of the DEP force, negative or positive, resulting in particles being respectively repulsed
from or attracted to the high electric field regions. In this work, the chip is operatep at 100 kHz
in the negative DEP regime and the real part of the Clausius-Mossotti factor has a value of
—0.5 for all medium and particle or cell conditions.

In order for a particle to be trapped, the projection of the DEP force on the axis of the flow
direction (x in the present case) has to balance the viscous drag force exerted by the flow
(Voldman et al., 2001, Rosenthal and Voldman, 2005):

F*z OE?
67nR(6 umeanT’”) = 276 R* Re[K ()] ﬁ (3.4)

Where 7 is the fluid viscosity, Vmean is the mean fluid velocity, & is the height of the channel,
F* is a factor accounting for the wall effect, z, is the height of the particle.
The heat flow generated by electrodes matches the electrical power input in the system and

the average temperature around the DEP electrodes was shown to depend on the real part of
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Figure 3.7: Characterization of the trapping efficiency: 5 um in diameter polystyrene beads are
trapped for a given voltage and power and the flow is increased until the bead takes off and its
speed is measured. The black dots and bars are the mean and standard deviation respectively
and the continuous line is the fit. a The speed at release follows a squared dependency on
the applied voltage as predicted by equation 3.14. As expected from simulations in Figure 3.5,
the coplanar configuration develops a smaller force for a given applied voltage compared to
the facing configuration. b The speed at release depends linearly on the developed power as
expected from equation 3.15. It can be deduced that the coplanar design is more efficient at
trapping in this case as it can develop a larger Fpgp, for a given power dissipated than the
facing configuration.

the electrical power (Seger-Sauli et al., 2005, Ramos et al., 1998) which is defined as :

Viins
P = Vims Irms cos(0) = 7 cos(0) (3.5)

With Vips the rms voltage applied to the electrodes, Iys the rms electrical current, 6 the phase
shift between the current and voltage and Z the norm of the electrical impedance.

Since the temperature is directly proportional to the electrical power, this latter can be used as
an indicator of electrode trapping efficiency when comparing designs of similar size. Following
equation 3.4, the DEP force developed by a trap at steady state and at a defined position is
directly proportional to the velocity of the fluid flow dragging the particle. Thus the maximum
DEP force developed by each configuration is measured by immobilizing a polystyrene particle
in a trap at low fluid flow and increasing the flow until the bead is released. The particle velocity
at release is measured, which is directly proportional to the maximum DEP force the trap can
develop in the x direction at the edge of the electrode as a function of applied voltage and
generated power. The latter is obtained by multiplying the applied voltage by the measured
current at each condition following Equation 3.5.
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From Equation 3.4, the mean velocity of the fluid can be expressed as:

2

h OF
Umean = memRzRe[K(wnﬁ (3.6)

The potential distribution in space can be described as a direct function of the voltage V
applied to the electrodes. Starting from the assumption that the expression of the potential
¢(r) in space is the factor of the voltage V applied to the electrodes and a function of space
Y (x) describing its distribution:

¢ =V-y() (3.7
with r the position vector, the expression of the electric field E(r) becomes:
Er)=-V¢@) =-V[V-y@)]=-V-V]y)]l (3.8)

Thus the gradient factor of equation 3.2 can be rewritten as:

VE?=V[E-E] (3.9)
=V[V-Vly®]-V-V[ym)]] (3.10)
=V2-V[VIym)]-Viyw)]] (3.11)

Defining a(r), a function of space:

a@) =V[V[ym]-Viym]] 3.12)
The gradient factor of equation 3.2 becomes:

VE?=V?.a(r) (3.13)
With ayx the x component of the vector a(r), equation 3.6 can thus be re-written as:

h
Vmean = ————€mR°Re[K(@)]ax V? (3.14)
18nF*zp

Introducing the electrical power from Equation 3.5 into this equation:

h

— e.R’RelK zZp 3.15
9TIF*chos(6)€m el (@)]ax 3.15)

Umean =

With a, the x component of a(x, y, z) described above and taken at the edge of the electrode,
this equation indicates that the efficiency of trapping of a given design and configuration of

electrodes depends on the multiplication of @, and Z.
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The current and phase were measured for both configurations and for voltage amplitudes
between 1 and 10 V. The real part of the electrical power, responsible for Joule heating, was
calculated as of Equation 3.5. The mean and standard deviation phase was measured to be 8 =
11.2° and 1.4° respectively for the coplanar configuration and 6 = 8.9° and 1.5° respectively
for the facing configuration, the real part of the power accounted for more than 97% of the
apparent power thus indicating a mainly resistive load. Figure 3.7ais a plot of the measured
speed at release for 5 um in diameter polystyrene particles as a function of applied voltage
amplitude for both facing and coplanar configurations. The dependency of the velocity at
release is quadratic on the voltage in accordance with Equation 3.14. As predicted by the
simulations and Figure 3.5, the facing configuration generates a larger % for a given voltage
and the velocity of the particle at release is larger in this configuration. Figure 3.7b shows
the velocity at release as a function of electric active power. It results that the velocity at
release depends linearly on the power as predicted from Equation 3.15. It appears that the
larger gradient factor ay of the facing design does not compensate the smaller impedance of
this design, resulting in more heat dissipated for a given DEP force than the coplanar design
and thus a larger increase in temperature. Furthermore, the temperature is not uniformly
distributed and the active power only represents the average temperature increase. The larger
temperatures are expected to be found where the electric field is larger, which is closer to the
position of trapping for the facing configuration than for the coplanar configuration.

The coplanar design was thus selected for the following study of cell trapping. However, the
facing electrode configuration is suggested for applications where flow speed is the main
criteria and heat generation is not a limitation since it generates a larger DEP force for a given

voltage.

3.8.2 Single cell trapping

Electroporation can damage the cells when trapped using DEP. Electroporation takes place
when the potential difference accross the cell membrane exceeds a threshold value, inducing
pores in the membrane. This phenomenon is not necessarily lethal for the cells and is widely
exploited to introduce genetic material inside the cells. However electroporation is not desired
in manipulation applications and to avoid any damage to the cells the applied voltage limit to
avoid electroporation conditions was experimentally determined. Jurkat cells were loaded
with Calcein AM to visualize pore formation: as calcein is a volatile fluorescent molecule, it
quickly diffuses out of the cell in case of pore formation in the membrane. The maximum
velocity for trapping without electroporation as a function of voltage amplitude is measured
and reported in Figure 3.8a. In case of fluorescence loss, the voltage was immediately turned
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off to release the cell and measure its speed. Events where a leak of calcein was observed are
indicated by an orange circle, whereas events without fluorescence loss are indicated by a blue
cross. A clear threshold under which no fluorescence loss is observed is found for a voltage
amplitude of 5 V and determines the voltage operation limits to avoid cell damage. The large
variation in speed at release can be explained by variations in cell size. Figure 3.8b is a picture
of a cell arriving in the trap and Figure 3.8c shows the same cell after fluorescence loss.
Typical transmembrane potential threshold above which pores appear have been reported
between 0.25 and 1 V (Escoffre et al., 2011). Schwan equation relates the transmembrane
potential Ad,, to the external alternating electric field E with angular frequency w:

_ L5REcos(¢)

"+ @A 10

m

Given T = RCyiem(Pint + Pext/2) with Cyermm the membrane capacitance, pin; and pey; the
resistivity of respectively the internal and external fluid and ¢ the angle between the electric
field lines and a line drawn from the center of the cell to the considered point of interest on
the cell membrane. The critical value for transmembrane potential corresponds to a range
of electric field between 2.8-10* and 11.2- 10* V/m using membrane properties values from
Reichle et al. (2000). Such values of electric field are found at the edge of the electrode and
for a height of 5 um in simulations for applied voltage amplitude ranging between 2.3 and
9.3 V and comprising the experimentally found threshold, consolidating the hypothesis of
fluorescence leakage due to electroporation. The maximum voltage for cell manipulation
without electroporation was thus set to 4 V amplitude. Larger voltages may be used without
electroporating the cells as long as the flow drag force is limited and does not bring the cell in

the critical electric field region close to the electrode edge.

3.9 Multiple cell trapping

The presented cell DEP traps with controlled deviation system can be used to co-localize
multiple particles of different types in a single trap. Indeed the formation of aggregate of
controlled composition and size can be of great interest to study the growth of tumors in their
environment composed of different cell types. For applications that require to stop more than

one cell, the trap and microfluidic channel need to be scaled up.

3.9.1 Scalingrules

Different parameters were studied to understand their impact on the three-dimensional
trapping property for an increased channel height. The following parameters are defined:
d is the distance between the electrodes, [ is the depth of the electrodes, £ is the height of
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Figure 3.8: a Maximum cell speed at release without fluorescence loss as a function of voltage
applied for Jurkat cells. Blue crosses indicate no fluorescence loss events whereas orange cir-
cles indicate a loss of fluorescence. A clear threshold under which cells never lose fluorescence
is found at 5 V and determines the limit in voltage to avoid cell damage. The phenomenon
behind the fluorescence loss is believed to be electroporation. b Fluorescence picture of a
cell arriving in the trap before fluorescence loss. The position of electrodes is highlighted by a
dotted line. ¢ Fluorescent picture of the same cell after fluorescence loss.

the channel and e is the width of the parallel part of the main electrode as illustrated in the
inset of Figure 3.9. The angle of the slanted part was kept constant as well as the trap depth.
Figure 3.9 is the result of COMSOL simulations with the color indicating log (%), the black
streamlines indicate the direction of the DEP vectors for different geometries. The magenta
line indicates the contour of a null z component of the DEP force and thus separates the
regions with upwards and downwards DEP force. A vertical contour defines a stable trap for
a wide range of sizes and positions in the channel (Rosenthal and Voldman, 2005). Indeed,
particles with a center of mass in the region with upward DEP force will be pushed upwards
where the DEP force counteracting the flow is weaker, and therefore leave the trap. This is
a problem especially when trapping multiple objects where the chance of finding an object
higher in the channel is larger. As shown in the previous discussion, the standard design has a
vertical contour and all particles coming in the traps will be pushed down to the floor. However,
Figure 3.9b shows that this property is lost when keeping the same electrode geometry and
increasing the channels height /. The scaling of the electrodes depth ! and distance between
them d is not enough to recover the vertical contour as seen in Figure 3.9c. A homothetic
scaling is necessary to obtain the property of DEP force pushing down to a single equilibrium
position along the whole trap height and to create a compact aggregate, as shown in Figure
3.9d.
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Figure 3.9: Effect of the geometry and channel height on the three dimensional trapping
behaviour of coplanar electrodes. The colour indicates the magnitude of the x component
of the gradient of the electric field squared, the black streamline indicate the direction of the
DEP force and the magenta contour line separates regions with downward Fpgp,, on the left
hand side, from upwards Fpgp, ;. All dimensions are in um. A vertical contour line is desirable
to conserve a three dimensional trapping and avoid that particles found in the higher part of
the channel flow over the trap without being stopped. a Original design as described in Figure
3.4 in a channel of 20 um height. b Original design in a higher channel: the three dimensional
trapping behaviour is lost. ¢ Distance between the electrodes and electrode width are scaled
accordingly to the channel height. The contour line is still bent. d Homothetic scaling of the
original design: the vertical trapping behaviour is recovered.
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3.9.2 Formation of aggregates of controlled size and composition

Here the ability of the presented system to create cell aggregates of controlled size and compo-
sition is demonstrated. The single cell design was scaled up as in Figure 3.9d to accommodate
more cells in a channel height of 40 um. Four parallel trapping units were placed next to each
other and a bypass with no electrode was left next to the trapping units in order to discard un-
wanted cells. Two inlets were used sequentially to perfuse solutions with respectively Colo205
cells stained with blue calcein AM, and Jurkat cells stained with green calcein AM. The up-
stream deviation system was used to direct the incoming cells toward the desired trapping unit
to create aggregates of four cells composed of three Colo205 and one Jurkat (Figure 3.10a-c)
as well as two Colo205 and two Jurkat (Figure 3.10d-f). The calcein staining was used to both
identify the cell type as well as to ensure cell viability. The aggregates could be held inside
the traps up to five minutes without witnessing any leakage of the dye indicating membrane

poration.

(=3
(1]

Figure 3.10: Proof of concept of the ability of the presented system to create aggregates of
controlled size and composition. A homothetic scaling of the original design was done to
accommodate more cells in the traps in a microfluidic channel of 40 um in height. Four
trapping units are placed in parallel and a bypass is present on the left to discard unwanted
cells. The left images are brightfield images with the inset corresponding to the content of
each trapping unit, the middle images show Colo205 cells stained with blue calcein and the
right images show Jurkat cells stained with green calcein. Top row: aggregate of four cells
composed of three Colo205 (blue) and one Jurkat (green). Bottom row: aggregate composed
of two Colo205 (blue) and two Jurkat (green). As the aggregates rotate under the effect of the
flow, the pictures could not be superimposed.

74



Array of dielectrophoretic traps Chapter 3

3.10 Conclusion

This chapter first proposed a design of electrodes capable of generating three-dimensional
single-object DEP traps in two different configurations of counter electrodes. This design
offers the possibility of increasing the number of traps actuated simultaneously and the use of
a DEP deviation system is demonstrated to direct the particles towards the desired trap in a
controlled fashion. A simple method was proposed for the evaluation of DEP trap efficiency
for designs comparison. The method evaluates the maximum DEP force the trap is capable
of developing to counteract the drag force and assesses its relationship to the power, mainly
dissipated in Joule heating, necessary to generate it. This method was used to compare the two
types of electrodes configurations that are suitable with integration with planar hydrodynamic
traps and the coplanar electrodes configuration was found to be more efficient than the facing
electrodes configuration. The coplanar configuration was used to trap Jurkat cells and the
voltage limit to avoid electroporation was experimentally assessed. The scaling rules were
defined to follow changes in channel height and a scaled design was used to create aggregates
of four cells with controlled number and type of cells as proof of concept.

The system of deviation and array of traps is readily usable in combination with planar
hydrodynamic traps. Indeed the deviation system allows the control over the number of
objects per trap which is necessary for the final device. The integration of coplanar electrodes
to chip structured with planar hydrodynamic traps is detailed in the next chapter and the final

device is then used for the controlled contact between two objects.
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This thesis chapter is adapted from the submitted article: C. Lipp, L. Koebel, R. Loyon, A.
Bolopion, L. Spehner, M. Gauthier, C. Borg, A. Bertsch and P. Renaud, “Microfluidic device
combining hydrodynamic and dielectrophoretic trapping for the controlled contact between

single micro-sized objects and application to adhesion assays”.

This chapter reports the combination of the planar hydrodynamic traps introduced in chapter
2 with the DEP traps developed in chapter 3 to provide a bi-modal trapping device. The
concept and workflow are first detailed, followed by the validation of the device with an
adhesion frequency assay. Finally the measurement of pair lifetime after the controlled
contact between cancer cells and T-cells is reported as a proof of concept for the use of the

device in immunotherapy applications.

4.1 Concept

A microfluidic system combining fluidic and dielectrophoretic actuation and capable of per-
forming in flow cell-particle interaction is presented. The device is illustrated in Figure 4.1a
and comprises two inlets for medium perfusion controlled by the pressures P;;, 1 and P;;»
followed by serpentines channels to increase the inlets flow resistance. The two channels
merge before entering the interaction chamber. The latter is composed of an upstream DEP
actuated deviation system capable of steering the incoming particles to specific streamlines
(Demierre et al., 2007), followed by an expansion of the channel and two lines of DEP traps.
Each line is made of coplanar electrodes and comprises four distinct trapping units capable of
focusing the particles to one point in three dimensions as described in chapter 3 as well as a

bypass zone to which unwanted particles can be deviated to leave the chamber. The upstream
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line is named the synchronization line because its role is to synchronize the arrival of particles
to the second line once the mount of particle per trap is reached in the synchronization line.
The second line is named the contact line and features hydrodynamic traps placed along the
centers of each one of the DEP traps.

The hydrodynamic traps are precisely described in chapter 2 and feature holes, placed at the
bottom of the the main PDMS channel and connected to a lower level of channels, named
buried channels. The buried channels connect the traps to a pressure control channel, whose
pressure P, defines the flow direction in the buried channel. Particles of diameter larger
than the trap and lying in the streamlines passing through the traps and buried channels
clog the traps due to their larger dimensions, stopping the flow in the buried channels and
immobilizing the particle thanks to the pressure difference built across them. Each of the
hydrodynamic traps is connected by an individual buried channel to the control channel
because this configuration of buried channels placed in parallel allows to provide sufficient
pressure drop across the trapped cells to release them even after the release of one of the cells.

The interaction zone thus comprises DEP and planar hydrodynamic traps, whose roles are to
exert independent effects on the particles. Once a particle is immobilized in the hydrodynamic
trap, the DEP force does not affect it anymore because it is weaker than the force exerted by
the difference of pressure across the hydrodynamic trap. This particle is hereafter named
the Hydrodynamically Trapped Particle (HTP). A second particle however is affected by the
DEP induced force when a difference of potential is applied across the contact electrodes.
Because the hydrodynamic trap is placed at the equilibrium position of the DEP trap, its
effect directs the second particle, hereafter named Dielectrophoretically Manipulated Particle

(DMP), towards the HTP and immobilizes it in close contact with the HTP against the flow.

4.2 Workflow

The workflow steps for the controlled interaction are depicted in Figure 4.1b with emphasis
on two traps of the contact line. The first step consists in the introduction of the first type of
particles in the interaction chamber by increasing P;,,; and setting P;, » to zero. The particles
are then immobilized in the hydrodynamic traps by setting a negative value to P, as illustrated
in Figure 4.1b i). Once all the traps are filled with HTPs, P, can be increased to a value close to
zero to minimize the difference of pressure across them. The second type of particles is then
introduced in the chamber by increasing P;, » and setting P;, ; to zero. The arriving particles
are first steered towards each of the trapping units of the synchronization line (not shown)
using the deviation system and trapped against the flow drag force under the effect of the DEP
force generated by Vsy,.. The destination of the particles is defined by the ratio of voltage
applied to each side of the channel % (Demierre et al., 2007). Once the synchronization line is
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Figure 4.1: a Schematic representation of the microfluidic chip and electrodes with controlled
voltages and pressures. The orange part represent the buried channel embedded in the glass
substrate and running at a lower level under the PDMS channel. b Workflow steps for the

controlled interaction between objects with emphasis on two traps of the synchronization
line.

filled by one particle per trap, Vsy can be turned off and the DMPs are dragged downstream
by the flow and immobilized in close contact with the HTP by turning on Vop4c: as shown in
Figure 4.1b ii). The voltage is maintained for the desired contact duration as represented in
Figure 4.1b iii). Once this duration is elapsed, V.onzac: is turned off and the DMPs are dragged
away from the HTP by the flow. Adhesion events mediated through receptor-ligand bonds can
be observed and related parameters such as state of adhesion or lifetime of the pairs can then

be assessed and measured as illustrated in Figure 4.1b iv).

4.3 Materials and methods

4.3.1 Fabrication

Chips comprising buried channels were fabricated following the process described in section
2.4.1 featuring hydrodynamic traps having a diameter of 3 um. Electrodes were patterned on
top of them using a lift-off process by spin coating (ACS200 GENS3, Siiss), exposing (MLA150,
Heidelberg Instruments) and developing a negative resist (AZ nLOF 2020, MicroChemicals)
as illustrated in Figure 4.2a. The post-exposure bake step allows to control the undercut of
the resist for a clean deposition. 20 nm of titanium followed by 200 nm of platinum were then
evaporated (EVA 760, Alliance-Concept) and the extra metal was detached by lift-off process
in a remover bath during 24 hours (Remover 1165, MICROPOSIT). A 5 min oxygen plasma
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(GiGAbatch, Tepla) was performed to ensure no resist was left in the channels. A dicing step
was finally done to separate the chips and the top PDMS channels layer was punched, aligned
and bonded as described in section 2.4.1.

A first attempt for the structuring of electrodes on the substrate comprising buried channels
was performed by deposition of metal followed by photolithography and etching by IBE
technique as described in Figure 4.2b. The electrodes were well defined using this process, but
a first disadvantage came from the fact that the metal deposited on the sloped, close to vertical
profile of the LTO, such as the side of the traps or closed access holes, was not etched during
IBE step as it can be seen in Figure 4.3a. This issue can be problematic for the fluorescent
imaging of cells inside the traps because the metal blocks the light emitted by the fluorophore
and prevents the assessment of the cell membrane integrity during the trapping. Furthermore,
a clogging of the traps was observed after the IBE for traps diameters of 3 um and below. The
clogging was due to a thin membrane covering the trap and Figure 4.3b shows a picture of
an apparently broken membrane. The membrane seems to be deposited from inside the
cavity and is due to redeposited material inside the high aspect ratio trap during the IBE. The
lift-off process described above was thus found to be a more suitable option for the patterning
of electrodes around the traps. The microfluidic circuit and electrodes arrangements were
modified to accommodate two operational modules as described in Figure 4.1a on one single
chip. The number of liquid electrodes was thus reduced to five instead of six on each side
which did not modify their behaviour. Sixteen chips as shown in Figure 4.4 were fabricated on

a 4” wafer.
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Figure 4.2: a Process for the fabrication of chips comprising buried channels and structured
electrodes in their vicinity using a lift-off approach. Steps (i)-(iii) are precisely described in
section 2.4.1. (iv) High topography adapted recipe for the spincoating of photoresist. (v)
Photolithography and evaporation of metal. (vi) Metal lift-off. (vii) PDMS bonding. b Process
for the fabrication of chips comprising buried channels and structured electrodes in their
vicinity using a metal deposition followed by photolithography and etching step approach.
Steps (i)-(iii) are precisely described in section 2.4.1. (iv) Metal deposition. (v) High topography
adapted recipe for the spincoating of photoresist and photolithography. (vi) IBE of the metal.
(vii) PDMS bonding.

81



Chapter 4 Combined trapping

a b

i Tk

- i ; S
EHT= 300KV SegeaT= 020 SgualA=HESE2 c Mi e c M
IProbe = 200 pA WD = 40mm Date: 24 Feb 2022 I EPFL Center of IProbe = 50pA WD = 4.1 mm Date: 18 Feb 2022 I EPFL Center of

ESBGd= 50V Mag= 870KX Fil Name = FS322_after BHF195_52_14__ MicroNanoTechnology ESBGd= 50V Mag= 711KX Fie Name = F5322_sfer_dicing_D1_10:t

Figure 4.3: a SEM picture of the traps fabricated using a metal deposition and etching approach.
Remaining metal can be seen on the vertical surfaces as the whiter material. b Small traps of
chips fabricated using the a metal deposition and etching approach were found to be sealed
by a small membrane. This membrane is here ruptured after application of high pressure.
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<< >

15 mm

v

Figure 4.4: Layout for the chips comprising two functional modules on each chip. The PDMS
layer is in yellow, the electrode in green and the buried channel in red. The entrance for the
beads and cells comprise filters to avoid aggregates of particles to clog the chip.
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4.3.2 Chip preparation and setup

The PDMS chip was degassed in a desiccator for 30 minutes prior to the experiment to avoid
the formation of bubbles, and primed with Pierce protein-free (PBS) blocking buffer for 1 h
to prevent proteins, beads and cells from adhering to the surfaces. The cells or beads were
placed in a chromatography vial connected to the punched PDMS with 360 pm outer diameter
tubing for tight sealing. Pressure was applied to the vial using Fluigent Flow-EZ pressure
controllers. The chip was mounted on a PCB for electrical connection placed on the stage
of a Leica DMI3000 B inverted microscope and observed using a uEye (IDS) camera. All the
electric signals needed to control the positions of the particles are sent through a home made
PCB creating the multiplication of an AC signal at 100 kHz and different DC signals whose
amplitudes are controlled by the computer with a custom C++ program through an analog
output generator (Mccdaq USB-3100). The full setup is shown in Figure 4.5 and a picture of a
chip and its mounting on the PCB are shown in Figure 4.6.

Figure 4.5: Picture of the experimental set-up, composed of the imaging system (a-d), the
fluidic system (e-g) and the dielectrophoretic actuation system (h-j). The imaging system
comprises a fluorescence microscope (a), a camera (b), a fluorescence light source (c) and the
software to monitor the cells interacting in the device (d). The fluidic system consists in air
pumps (e) generating negative and positive pressure outlets for the pressure controller (f) to
deliver the right controlled pressures to the fluid tanks, sent via the pressure controller software
(g). Finally, to generate the dielectrophoresis in the chip, electronic signals are produced by
a custom PCB multiplying an AC signal from a signal generator with DC signals (h) whose
different amplitudes are set on a custom C++ controlling software (i). The software enables
the control of the trajectory of each single cell, and the duration of the interactions. All of the
generated signals are then sent to another custom PCB on which the chip is mounted (j).
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Figure 4.6: a Picture of a chip illustrated in Figure 1 a with two inlets (a-b) and corresponding
serpentine channels (c) that merge before entering the deviation zone (d), followed by the
interaction chamber (e), the hydrodynamic trapping in/outlet on its side (f) and the main
outlet (g). The electrodes are also visible with respective connecting pads on the side (h). b
Picture of the chip mounted on the PCB for electrical connection. The pressures in the vials
are controlled via pressure pumps and a tubing plunged in the liquid conducts the fluid to the
chip.

4.3.3 Cell culture and preparation

The adherent mouse fibroblast cell line NIH-3T3 was cultured in medium (DMEM, high
glucose, GlutaMAX Supplement) supplemented with 10% FBS and 1% penicillin—streptomycin
at 37 °Cin a 5% CO, atmosphere. The semi-adherent cancer cell line Colo205 was cultured in
medium (RPMI) supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C in a 5%
CO, atmosphere. Colo205 tumor cell lines were pulsed with 10 ug/mL of specific or irrelevant
peptide, and incubated for 1h at 37°C in 5% CO2 in RPMI medium supplemented with 10%
FBS and 1% penicillin-streptomycin. The specificity of CD8+ T-cells towards the peptide was
previously assessed by co-culture of 5-10* T-cells with pulsed tumor cell lines in the presence
of Golgi Plug (BD Biosciences) in 96-well plate at 1:1 E:T cell ratio.

Staining of the cells was performed by incubating the cells in PBS with 4 um Calcein UltraBlue
AM (Cayman Chemical) or with 1 um Calcein AM (Invitrogen) for 1 h. The working solution is
composed of 40% RPMI and 60% deionized water. The solution is compensated for osmolarity
by the addition of dextrose (Sigma-Aldrich) and cleaned through a 0.22 pm filter. After staining,
the cells were resuspended in the working solution and passed through a 40 um cell strainer
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before the experiment. All reagents are from Gibco unless specified.

4.3.4 Medium compatibility

For viability assay, cells were immersed for 5 h in complete medium diluted in different per-
centage of DI water with corresponding amount of dextrose to compensate for osmolarity at
37 °Cin a 5% CO, atmosphere. After 5 h, the cells were resuspended in standard complete
medium and cultivated at 37 °C in a 5% CO, atmosphere for 48 h . Cell viability was assessed
using trypan blue after the 5 h incubation in custom medium and 24 h and 48 h after resus-
pension in standard medium.

For cell activation assay, CD8+ T-cells were stimulated with specific or irrelevant peptides
at 5pug/mL (JPT Technologies) in the presence of Golgi Plug (BD Biosciences) in complete
medium (RPMI medium supplemented with 10% FBS and 1% penicillin-streptomycin) or in
complete medium diluted in different percentage of DI water with corresponding amount of
dextrose to compensate for osmolarity. CD8+ T-cells were incubated at 37°C in 5% CO2 for 5h
for cell viability and cytokine production analysis. Cytokine production was analyzed by flow
cytometry upon cell staining performed according to the manufacturer’s instructions (BD).
Briefly, cells were stained for 30 min with Live/Dead fixable dead cell stain (eBioscience Fixable
Viability Dye eFluo 506 Invitrogen), anti-CD3 (PB, BD Pharmingen), anti-CD4 (APC-H7, BD
Pharmingen) and anti-CD8 (PE, Diaclone). For intracellular staining, cells were incubated
with Cytofix/Cytoperm (BD Biosciences) for 30 min then stained with anti interferon-y (IFN-v)
(APC, BD Pharmingen) and anti tumor necrosis factor-o (TNF-o) (FITC, BD Pharmingen). Cells
were acquired on a BD FACS- Canto II (BD Biosciences) flow cytometer and data analyzed

using FlowJo Software.

4.4 Experimental validation of the concept

The concept was first tested using objects that are not expected to bind to each other such as
cell-cell homotypic interactions. Figure 4.7a represents an optical microscope image of the
synchronization (top) and contact (bottom) lines with transparent buried channels and hydro-
dynamic traps. Figure 4.7b is a scanning electron microscope image with two hydrodynamic
traps surrounded by coplanar electrodes (highlighted in yellow for better visualization). Figure
4.7c is a timelapse image of the contact between two Colo205 cells held during 5 seconds
demonstrating the device capabilty, the HTP is coloured in white and the DMP in green by
image post-processing for clarity. Rotation of the DMPs was not observed contrary to cells
trapped only with DEP only in chapter 3. The non rotation of the particles can be attributed to
the compression of the DMP to the HTP generating a friction force preventing the rotation of
the latter.
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Figure 4.7: a Optical microscope picture of the interaction zone with the synchronization
line (top) and contact line (bottom). Each funnel shaped electrode feature generates a DEP
force field with single position of equilibrium against the flow at their center when a voltage is
applied. The synchronization line comprises hydrodynamic traps at the center of the DEP
traps. b SEM picture of two units of the synchronization line. The hydrodynamic trap is
visible at the center of the funnel shaped electrodes. ¢ Timelapse image of the controlled
contact between two cells. The hydrodynamically trapped cell is coloured in white and the
dielectrophoretically manipulated cell in green by image processing for clarity.

A binding interaction was first attempted using fibronectin coated beads as HTP and fibrob-
lasts expressing integrins on their surfaces as DMP. These pairs are expected to bind via the
integrin-fibronectin interaction. Figure 4.8 illustrates a timelapse image of an interaction
between four NIH-3T3 cells (highlighted in green by image processing) and fibronectin coated
beads (immobilized in the hydrodynamic traps) put in contact during 30 seconds. Half of the
cells stayed attached to the beads after the forced contact and a cell arriving to the interaction
chamber during the contact is deviated to the bypass zone (left) in such a manner that it does
not interfere with the measurement. The measurements were however not pursued in this
configuration because beads do not fully clog the planar hydrodynamic traps. Even if very
small, flow leaks are still present and are susceptible of biasing the measurement of adhesion
events. The roles were thus inversed to ensure a full clogging of the traps and the associated

experiment is presented in the next section.
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Figure 4.8: Timelapse image of an interaction between four NIH-3T3 cells (highlighted in
green by image processing) as DMPs and fibronectin coated beads as HTPs put in contact
during 30 seconds. Half of the cells stayed attached to the beads after the forced contact.

4.5 Application to Fibronectin-Fibroblast interaction

In order to validate the device, a well known and characterized pair of receptor-ligand in-
teraction was studied using the developed microfluidic chip. Integrins present on the sur-
face of mouse fibroblasts were shown to bind specifically to fibronectin coated on a surface
(Thoumine et al., 2000). For the specific case of a species outnumbering the other one, the
mathematical expression describing the probability of adhesion of one bond after a contact

time t was derived (Chesla et al., 1998):

Mmaxkon

mmaxkoff + kon

p(t) = [1_exP(—(mmaxkon+koff)t)] (4.1)
With ko, and k, ¢ the forward and reverse binding constant in pm?s~! and s! respectively
and my, 4y the surface density of the most abundant species out of the two in um=2. The
probability p,, of forming n bonds after a time ¢ is then given by the binomial distribution:

(p(D)"[1 = p(r)] A Mmin=1 4.2)

Py = AcMpmin
" n

With A, the surface of contact in ,um2 and my,;, the surface density of the less abundant
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species in um~2. The probability of adhesion P, mediated by minimum 7,,;, bonds is then

given by:
Npin—1
Pa=1- ) Pc(1) (4.3)
C=0

For cases where a single bond is sufficient to mediate an adhesion event, the last expression

becomes:
Pg=1—[1~ p(t)]Amin (4.4)

In this experiment, 5 pm in diameter polystyrene beads coated with fibronectin were taken as
DMPs and were put in contact during a controlled amount of time to mouse fibroblasts acting
as HTPs. The adhesion state was assessed after the forced contact was released. The negative
control consisted of 5 um in diameter polystyrene beads coated with bovine serum albumin
(BSA) as DMPs. Figure 4.9a illustrates a controlled contact of 3 seconds between a fibronectin
coated bead and a fibroblast that does not display any adhesion after the contact. The measure
was taken for at least 20 events per contact time and the fraction of adhesion events is reported
as a function of contact duration in Figure 4.9b. The contact time was measured from video
analysis and taken as the time the bead was immobile in contact with the HTP. Disparities in
contact duration were observed and its standard deviation is reported as the horizontal error
bar. The large majority of beads had a position of equilibrium downstream of the HTP between
this latter and the electrode, ensuring repeatable experimental conditions. The vertical error
bar represents the 95% confidence interval on the percentage calculated from a binomial
distribution of the adhesion events.

Integrins were taken as the less abundant species and one bond considered as sufficient to me-
diate a bond as deduced by the similar work performed by Thoumine et al. (2000). As expected
from equation 4.4, the percentage of adhesion of fibronectin coated beads increases as a
function of contact duration until reaching a plateau. The control data displays a significantly
lower percentage of adhesion with no adhesion event reported for the lower range of contact
duration. Experimentally, the strength of adhesion was significantly lower for BSA as the
adhered beads would detach from the cell at very low flow rate, contrary to most fibronectin
beads which remained attached even when increasing the flow rate until the maximum value
allowed by the pump. Equation 4.4 was fitted to the data and is represented as the continuous
line on the graph of Figure 4.9b. The parameters extracted from the best fit are k, =0.17 5!
and AcMpinMmaxky =0.76 s~1. This latter parameter is constant for a given adhesion curve
and was found to be in the range reported by the similar adhesion experiment by Thoumine
et al. (2000).
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Figure 4.9: a Timelapse image of a fibronectin bead placed in contact with a mouse fibroblast
during 3 seconds. No adhesion was observed after the contact and the bead is dragged
downstream by the flow. b Percentage of adhesion events as a function of contact duration
for fibronectin coated beads as DMPs and mouse fibroblasts as HTPs. BSA coated beads as
DMPs are used as a control. The adhesion is mediated by integrin receptors at the surface of
the fibroblasts binding specifically to fibronectin and the binding parameters from the fitting
Equation 4.4 to the data are extracted.

4.6 Application to T-cell-cancer cell interaction

The proposed device was used to test more complex receptor-ligand pairs such as TCR-pMHC.
An HLA-A2-restricted clone of human CD8+ T-cells was used as DMPs and cancer cells pulsed
with the peptide to which the TCRs of the T-cells clone are specific were used as HTPs. The
negative control consisted of the same cancer cells pulsed with an irrelevant peptide.

4.6.1 Medium compatibility

Because the presence of an electric field in a conductive medium induces movement of
ions and ensuing Joule heating effect (Ramos et al., 1998), diluted media must be used to
manipulate cells with DEP. Typical medium for DEP manipulation is composed of PBS diluted
in deionized (DI) water and supplemented with dextrose or sucrose to correct for osmolarity
(Piacentini et al., 2011). However T-cells need specific medium compounds to properly
activate following a specific binding of their TCR (Hwang et al., 2020). Furthermore, prolonged
exposition to modified media can compromise their viability, which is necessary for further

culture after selection in cell based immunotherapies. The maximum time necessary for T-cell
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selection in a chip was estimated to 5 h and the activation and viability of the T-cell clones in
different medium diluted in DI water and corrected for osmolarity by the addition of dextrose
after incubation with specific peptide was thus assessed using the protocol described in the
Experimental section. The T-cell clones suspended in 10% PBS not only did not produce
IFN-y and TNF-« after co-incubation with the specific peptide but only 8% of the initial cells
remained alive after 5 h immersion in the specific medium and 48h re-culture in standard
medium as seen in Figure 4.11. Activation and viability tests after a 5 h exposure to the medium
were thus performed in different dilutions of RPMI supplemented with FBS and the results are
represented in Figure 4.10 and Figure 4.12 indicating a minimum standard medium content
of 40% to ensure proper activation of the clones as well as viability after immersion during 5 h.

This concentration was thus selected to perform the on-chip interaction experiments.

Complete Complete Complete Complete
medium (100%) medium (80%) medium (60%) medium (50%)

3
('8
2
-
IFN,
Complete Complete Complete

medium (40%) medium (20%) medium (10%)
’ 7.57% 29.3% 1.80% 2.06%

59.2% 3.97% 95.0% 1.17%

TNFa

IFN,

Figure 4.10: Intracellular IFN-y and TNF-ua content after 5 h co-incubation of T-cell clones
with specific peptide in medium composed of different percentage of RPMI supplemented
with FBS and diluted in DI water with the adapted amount of dextrose to compensate for
osmolarity. A minimum content of 40% complete medium was found to be necessary to
ensure T-cell clones activation and viability.
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0 hours 5 hours 24 hours 48 hours
Complete medium (al times) 50,000 cells 52,000 cells 132,000 cells 216,000 celis
Colo205 | 4pa; PES medium (5h) then complete
medium (24 and 48 ) 50,000 cells 10,000 cells 0 cells 0 cells
Complele medium (al times) 100,000 cells 06,000 cells 80,000 cells 52,000 cells
CDE T cells
10% PBES medium (5h) then complete
medium (24 and 43 h) 100,000 cells 56,000 cells 8,000 cells 2,000 celis

Figure 4.11: Viability of Colo205 and CD8 T-cells at different stages after 5h immersion in
10% PBS diluted in DI water complemented in dextrose for osmolarity compared to complete
medium (DMEM and RPMI respectively). After the 5 h incubation in the 10% PBS medium,
cells were washed and cultured in standard medium. The 5 h in the 10% PBS medium is
incompatible with the viability of both types of cells as it drops drastically in both cases even
when the cells are put back into their original complete medium after the 5 h.
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Figure 4.12: T cell viability at different stages after 5 h immersion in different percentage of
complete medium diluted in DI water with corresponding amount of dextrose to compensate
for osmolarity. After the 5 h incubation in custom medium, cells were washed and cultured in
standard medium.
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4.6.2 Results

T cells and cancer cells were stained with calcein AM of distinct color (blue and green re-
spectively) to be able to differentiate between cell types, but also to visualize any event of
electroporation or membrane damage due to the difference of pressure applied by the hydrody-
namic traps. Calcein is a small molecule without covalent binding to intracellular compounds
that quickly diffuses out of the cell in case of membrane damage. Only events with intact cells
displaying constant and bright fluorescence were considered for the analysis. The average
duration of contact was measured as the time the cells were immobile and in contact with
the HTPs and is of 22 seconds with standard deviation of 3 seconds. The large majority of
T-cells had a position of equilibrium downstream of the the HTPs between this latter and the
electrode, ensuring repeatable experimental conditions. Figure 4.13 is a microscopy image of
a forced interaction with the T-cell placed downstream of the cancer cell. The pair lifetime was
defined as the time a T-cell stays in a radius 20% larger than the cancer cell once the voltage
of the interaction line Vg, qc¢ is turned off. The results of the lifetime measurements are
displayed in Figure 4.14. Adhesions were observed in both control and tested case, indicating
that the expected TCR-pMHC bonds are not the only receptor-ligand pairs responsible for
adhesion. Indeed T-cells have different receptors responsible for rolling on the endothelium,
cell migration towards their targets and mediating the immune synapse such as LFA1-ICAM,
CD28-CD80/CD86 or CD2-CD48/CD59 (Huppa & Davis, 2003).

Figure 4.13: Optical microscope picture of a T-cell in contact with a cancer cell after the forced
contact spontaneously adhering. The side of the PDMS channel is visible on the right and
shows the good alignment between the top PDMS channel and the electrodes.
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The sample distributions were tested for normality using a Kolmogorov-Smirnov test and the
null hypothesis of a normal distribution was rejected is both cases. The samples were thus
tested for equal median using Mann-Whitney U test and obtained a p-value of 0.03, rejecting
at 95% confidence interval the null hypothesis and indicating a larger median lifetime in the
presence of specific peptide on the cancer cells. The TCR-pMHC interaction thus tends to
increase the pair lifetime. Observing the pair lifetime, one can first note that they are non null

X
2571
* X
X
—_ 27
) §
—
Q X
E 151 x 1
1=
2 x
e 1 S
© x
o X I
|
I
05F % J
§—— § P$
4 1

Non specific Specific
n=45 n=76

Figure 4.14: Pair lifetime measurements after 22 seconds of forced contact between Colo205
and T-cell clones in the case where the Colo205 cells were pulsed (specific) and non pulsed
(non specific) with the TCRs cognate peptide.

in the case where the cancer cells were not pulsed with the specific peptide, indicating other
receptor-ligand pairs mediated the adhesion. This is not surprising as T-cells have multiple
types of receptors that, among others, allow them to roll on the endothelium (Rossiter et al.,
1997) or mediate the immune synapse (Walling & Kim, 2018). While the median pair lifetime
was found to be significantly different for the two distributions, the difference between the
two populations is not large. In applications aiming at isolating rare cells with specific TCRs,
a selection based on a lifetime criterion to ensure 100% specficity would miss 97.4% of the
specific cells and have very low sensitivity. The best positive predictive value was found at 0.45
seconds with a value of 71%. This threshold value would imply that 72% of the specific T-cells
would not be recognized. Hence it can be deduced that lifetime is not a good selection criteria
for the selection of rare specific TCRs.

Lifetime of single bonds following first order dissociation kinetics can be described by an
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exponential decay and the probability P; of a bond formed at time ¢ =0 to remain intact at
time t;, follows the law:

P; = exp(—kofftb) (4.5)

As discussed above, the pairs observed are not only not mediated by single bonds but also
by different receptor-ligand pair types. Avidity represents the present situation better than
affinity as it is defined as the strength of an interaction between cells mediated by multiple
receptor-ligands such as the TCR, the co-receptor CD8, other adhesion molecules and acti-
vating/inhibitory molecules. Avidity is mainly measured via multimer binding assays and is
believed to be a better predictor of T-cell effector function than simple TCR-pMHC affinity
(Campillo-Davo et al., 2020; Yerbury, 2022). The cell-cell dissociation rate was thus approx-
imated to a first order dissociation kinetics and the results were fitted to a linear equation
to extract a lumped off-rate characterizing the avidity. Figure 4.15 represents the natural
logarithm of the number of events with a lifetime longer than the x axis as a function of time
and is thus a representation of /n(P;(f)). A linear dependency was fitted to the data and
the slope taken as the effective off-rate, which was measured to be of 1.4 s~! for the specific
peptide and 2.5 s~ in absence of specific peptide. As expected, the non randomly distributed
residues indicate that the fit does not correspond to the physical reality. The lumped off-rate

fit however allows to discriminate between two populations and evaluate their avidity.
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Figure 4.15: Experimental /n(P;(¢)) taken as the natural logarithm of the number of events
with a lifetime longer than the x axis as a function of time. The slope of the linear fit represents
the lumped off-rate of the pairs.
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4.7 Application to CAR-T cell-cancer cell interaction

Chimeric antigen receptor T (CAR-T) cells are T-cells genetically modified to present an
engineered receptor construct at their surfaces. This construct has similar peptide binding
domains as the TCR and an intracellular signal transduction domain but does not need the
binding of the co-receptor CD8 to trigger the T-cell activation. It can thus bind to antigens
independent of the MHC presentation while keeping the effector function of a TCR T-cells
which makes it a versatile tool. CAR cell therapy targeting the CD19 antigen present on B cells
has been approved by the FDA and has been used effectively to treat some types of lymphoma
(Huang et al., 2020).

In this experiment, the B3Z cell line was genetically modified to express CAR receptors specific
to the human epidermal growth factor receptor-2 (HER2) and generously given by Leo Scheller
from the LPDI laboratoty at EPFL. HER2 is a receptor that can be over-expressed by certain
types of breast cancers (Rimawi et al., 2015) and CAR-T cells therapies targeting this antigen are
currently under clinical trials (“clinicaltrials.gov_2022", 2022). The SKOV-3 cell line expresses
HER2 (Bjorkelund et al., 2011) and was used as a model cancer cell. The HER2 bearing SKOV-3
cells were stained with green calcein and used as HTPs, whereas the CAR-T bearing B3Z cells
were stained with blue calcein and used as DMPs. The workflow described in Figure 4.1b was
followed and the forced contact time was set to 30 seconds.

4.7.1 Results

Because of technical difficulties encountered with the B3Z cells, only three events satisfying
the criteria for a valid interaction were observed. Their lifetime was measured and two of
them exceeded two minutes, after which the flow was increased to detach them. The last
event displayed a lifetime of 29 seconds and its sequence is illustrated in Figure 4.16 by a
superposition of the green and blue fluorescent channels. In Figure 4.16a the DMP is placed
in close contact with the HTP (green). In sequence b the DEP force is turned off and the DMP
moves in response to the flow drag force but remains attached to the HTP. Finally sequence ¢

shows a timelapse of the spontaneous detachment of the DMP from the HTP.

Despite the low number of events observed in this experiment, all of them displayed a lifetime
an order of magnitude longer than the maximum lifetime observed in the same conditions
with TCR T-cells. Because CAR-T receptors are known to have larger affinity than the TCRs
and because the detachment of the DMPs happens in a single detachment step, the measured
events seem to be mediated by CAR-T receptors, strengthening the confidence in its potential

application to cell-based immunotherapies.
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57.2s <t < 58s

Figure 4.16: Sequence of the interaction between a HER2 expressing SKOV-3 cell immobilized
in a hydrodynamic trap (green) and a CAR expressing B3Z cell manipulated with DEP (blue):
a DEP is activated and the DMP is pushed against the HTP. b DEP is turned off and the
DMP moves dragged by the flow but remains attached to the HTP. ¢ The DMP spontaneously
detaches and is dragged by the flow. The images from blue and green fluorescent channels are
superimposed by image processing.

4.8 Analysis of forces

The order of magnitude of the forces applied to the DMPs during the pushing phase shown in

Figure 4.1b iii) and the pulling phase shown in Figure 4.1b iv) are discuss in this section.

Dielectrophoresis

A COMSOL Multiphysics model was simulated using the creeping flow and electric current
modules. The model is composed of a channel with patterned coplanar electrodes of geometry
and dimensions illustrated in Figure 3.4. For a first approximation, the DMP is assumed to be
too small to alter the electric field and is not comprised in the model. The influence of the HTP
is however taken into account and an electrical model of a spherical cell is placed at the x and
y position where the hydrodynamic trap is placed considering a 16 pm diameter HTP cell. Its
center is located at a vertical position half that of its radius to include the deformation of the

96



Combined trapping Chapter 4

cell inside the trap and its domain is not part of the fluidic simulation, but its influence on the
local electric field is considered in the electric current module. Because the cell membrane is
much thinner than the rest of the elements and might induce errors in the simulation, a single
homogeneous sphere of equivalent electrical property €, rr is modeled using the formula
derived by Kaler and Jones (1990):

€pp=Copp (@) = j€g 1 p(®) (4.6)
where
, ~ cmR—¢€cp
€eff(a))—€Cp+m 4.7)
and
(cmR—€cp)0Tim,
7 _ 4.8
Corr @) =—r 1 (4.8)

with 7, = %, Cm =€mb! O mp, €cp and o), respectively the cytoplasm permittivity and conduc-
tivity, R the cell radius, J,,3 and €,,;, respectively the membrane thickness and permittivity.
A first simulation is performed in this configuration and the value of the DEP force as of
equation 3.2 calculated across the volume of the DMP. This latter is considered downstream
of and in contact with the HTP. The diameter of the DMP are 5 pum for the polystyrene beads
and 7 um for the T-cells. The VE? value was observed to vary considerably across the volume
of the DMP (data not shown), which indicates that the dipole approximation to estimate the
DEP force as of equation 3.2 is not valid and another strategy must be used to estimate this
force. The value of the force calculated following equation 3.2 with the gradient value taken at
the center of the DMPs is reported in table 4.1.
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Figure 4.17: Simluation used to estimate the drag and dielectrophoresis force acting on the
DMPs. The HTPs are included in the electrical model to take into account their impact on the
electric field. The two DMPs considered in this chapter are modeled: a cell of 7 um diameter
and a bead of 5 um diameter. The drag force is obtained by integration of the shear stress on
their surface and the DEP force by integration of the Maxwell stress tensor.

The Maxwell stress tensor (MST) method in opposition to the dipole approximation takes
into account the influence of the affected particle for the calculation of the electric field. It is
considered to give an exact value of the DEP force (X. Wang et al., 1997) and is often taken as
reference value for approximations (Michélek & Zemének, 2017). The expression of the time

averaged DEP force on a particle is given by a surface integral on the particle:

Re

(Fpep) = 4

6*

€] f[(ElEl* +E;*Ep) — |E11°U] -ndS 4.9)
S

with €}, the complex permittivity of the medium, E; the electric field at the external surface of

the particle, the * symbol indicating the complex conjugate of E;, U the unit tensor and n the

surface normal vector.

The developed expression is given by:

[E}E.—E,E; ExE;+ELE, ExEf+EiE]
~EE?
Ny
Rele*| |E,E* +E*E, E*E,-E.E* E,E*+E'E
(Fpep) = UL e fx M ny|ds (4.10)
—E,E}
n
E.E;+E;E, E.E,+ELE, E;E.—E.E} ¢
~E,E} |

98



Combined trapping Chapter 4

The DMPs were thus added in contact and downstream of the HTP in the simulation with
corresponding dimensions and material permittivities and comprised in the electric current
module domain as illustrated in Figure4.17. The T-cell was also approximated by a single
homogeneous sphere using the equivalent electrical properties described in equation 4.7. The
values of the ensuing DEP force are reported in table 4.1.

Drag force

The drag force was estimated by simulating the same finite element model as described above
with the DMP walls set as a boundary with no slip condition in the creeping flow module. The
shear stress exerted by the flow was integrated over its surface and its x component taken as

the value of drag force. The results of these calculation are reported in Table 4.1.

Table 4.1: Forces acting on the DMPs for polystyrene bead and the T-cell with respective radius

Rum]  Fgragx FpEpx FpEpx
dipole method MST method

T cell 3.5 1.8 pN -57.1 pN -19.9 pN
Bead 2.5 0.7 pN -9.4 pN -29pN

Discussion

The sign of the forces corresponds to the direction of the respective forces along the x axis
represented in Figure 4.17 and it is negative for the DEP force and positive for the drag force as
expected. It can first be observed that the dipole method yields larger DEP forces than the MST
method. Indeed in similar trap geometries, multipole consideration was found to decrease
the magnitude of the DEP force (Rosenthal & Voldman, 2005). The drag force corresponds
to the disruptive force used to detach the pair in step iv) of Figure 4.1b. The calculated force
is small compared to typical forces used in literature to detach pairs using the OT method
(Thoumine et al., 2000), DPA (Ju et al., 2013) and AFM methods (Kong et al., 2009) and is in
the same range as the force experienced by integrins during adhesion to the substrate (Chang
etal,, 2016). The flow rate could thus easily be increased, provided the control method allows
faster reaction for cells and beads manipulation. This would also allow minimization of the
contribution of non-specific adhesions.

During the pushing phase, the compression force is given by |Fpgp| — |Fgragl and is in the
tens of piconewton range, comparable to other studies (Y. Chen et al., 2019; Fiore et al., 2014;
Thoumine et al., 2000).
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4.9 Discussion

The development of a novel microfluidic chip capable of performing in flow interaction assays
based on two distinct phenomena was demonstrated for the independent manipulation of two
microsized objects. The orthogonal manipulation of the two objects allows a spatial and time
control over the contact, which enables for the first time different adhesion assays on chip. Two
different assays were performed as proof of concept to demonstrate the possibilities achievable
with this method. First a biophysical experiment was performed in which fibroblasts were
put in contact with fibronectin coated beads during different contact times. The adhesion
mediated by the binding of integrin receptors on the surface of the fibroblasts to fibronectin
was assessed and the binding kinetics of the receptor ligand pair were extracted by fitting the
theoretical curve to the data. Second, human T-cell clones were put in contact with cancer
cells pulsed with a peptide to which the TCRs are specific. The pair lifetime was measured after
a contact time of 22 seconds, indicating a longer adhesion of T-cells to cancer cells pulsed with
the specific peptide than to the cancer cells not pulsed with the specific peptide. The data were
approximated by a single bond dissociation to extract a pair lumped off-rate describing the
avidity of the interaction. Third, CAR-T cells were put in contact with cancer cells expressing
their cognate ligand HER2 and three events of adhesion were measured with lifetime larger
than 29 seconds, which is significantly larger than for TCR-pMHC in the same conditions.
These last assay opens the door to application in cancer immunotherapy for specific (CAR) T-
cell selection via avidity evaluation (Ashby et al., 2022; Yerbury, 2022). Combination of lifetime
measurement together with intracellular calcium increase indicating a specific activation
of the (CAR) T-cells for example could allow a precise assay for specific T-cell recognition
(Ashby et al., 2022; Dura et al., 2016). Future development will comprise the addition of a
dielectrophoresis actuated cell sorter (DACS) downstream of the contact chamber to sort and
retrieve cells of interest (D. Lee et al., 2016). However, the largest improvement will come from
computer vision automation of the actuation for the reasons described below.

Reverse binding constants are know to be dependent on the force applied to disrupt the bonds.
First order forward and backward kinetics were described by a single energy barrier in the
potential landscape along the distance between the receptor and the ligand. The effect of a
force applied on the complex can be understood as a lowering in the energy barrier and an
increase in the off-rate, as described by the Bell model (Bell, 1978):

kogf = kog pexp(FIFy) (4.11)

with kg I the reverse binding constant under zero force and Fj, the force necessary to lower
the energy barrier by one unit of thermal energy k; T with kj, the Boltzmann constant and
T the absolute temperature. This was later described as a slip bond, which was verified for
numerous receptor-ligand complexes (B. Liu et al., 2015). Integrins however were shown to
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display a minimum in reverse binding constant as a function of disruptive force, also known
as catch bond (Kong et al., 2009). In the present case, the disruptive force is generated by the
flow drag force exerted on the DMPs after the dielectrophoretic force of the contact line is
turned off. Repeatable flow rates are thus of prime importance for comparable results. This is
ensured by designing the serpentines that act as large hydraulic flow resistance to minimize
flow variation with pressure variation or clogs. However, feedback activated controlled particle
image velocimetry (PIV) (Kobel et al., 2010) would allow a dynamic and more precise control
on the flow and thus on forces acting on the DMPs.

Variation of the compressive force pushing the two objects together changes the area of con-
tact between them and has an impact on the parameter A1, Mmaxk¢. The compressive
force is defined by the difference between drag and DEP force and this latter is dependent on
both volume of the DMPs, but also on the position of the HTPs surface. Large variations on
both HTPs and DMPs size thus have an impact on both the compressive force and disruptive
force experienced by the DMPs and alter the extracted binding kinetics, which should be
taken into account when working with samples of large size distribution. Using computer
vision control, the voltage used to compress the DMPs in contact with the HTPs could be
dynamically adapted to both sizes to reach a constant compressive force.

Precise control on the time of contact is not possible when defining the time of contact as
WVeyne=0 ~ V,oniaei=0, iNdeed particles have a distribution in velocity due to differences in size and
position along the channel height and do not stabilize in contact simultaneously. Control on
the time of contact for less than 6 seconds was thus made a single trap at a time, but resolution
in contact time could not be controlled to values lower than 1 second due to human limitation
in reactivity. This aspect would also be solved using automated control of the interaction,

together with identification and sorting of events of interest.

4,10 Conclusion

In summary, a new microfluidic chip combining two types of actuation for the controlled
contact and separation of two micro-sized objects was proposed and developed, in particular
for single-cells, and their independent controlled motions. Hydrodynamic traps were designed
to first trap and arrange single-cells in the chip, and the dielectrophoresis phenomenon is
used on the second type of particles, either beads or cells, to bring them towards the first
cells and create a forced monitored interaction. This developed tool is specially designed to
guarantee manipulation methods that preserve cell integrity and receptor functions. While
not yet capable of generating interaction in parallel and at high throughput, it paves the
way to a second generation of larger throughput devices using automation methods for its
actuation and event detection. Two different assays were performed to demonstrate the
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capability of the device to generate repeatable cell-bead and cell-cell interactions, first on
the fibronectin-integrin bond to fit the experimental data to the well-known binding kinetic
model and validate the device. Finally, the challenge of TCR-pMHC bond was tackled and
the discrimination between specific and non-specific interactions was successful, leading to
an advance in cell-based cancer immunotherapy development with potential for faster and
cheaper T-cell screening and sorting. This novel method opens many new perspectives for

applications in biophysical experiments and adoptive cell therapy developments.
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We conclude in this chapter with a summary of the main achievements of this thesis, followed
by a discussion about their impact on the field. Finally, future development directions are pro-
posed to meet the requirements of a the tool that can be used to obtain even more significant

biological results.

5.1 Summary

The current tools for the controlled contact between micro-sized objects are currently very
slow and require skilled people to perform the assay. Such assays are capable of determin-
ing the adhesion state of two objects after a forced contact of fixed duration and are highly
attractive for the characterization of receptor-ligand pairs. The development of tools capable
of performing such assays at larger throughput would benefit fields studying the biophysics
of receptor-ligand interactions, but also immunotherapy applications where the fast iden-
tification and isolation of cancer antigen specific T-cells would accelerate the development
of cell based therapies. In this context, technological innovations were done to provide a
microfluidic tool capable of performing such a controlled interaction following three main

axis, each corresponding to a chapter summarized below.

103



Chapter 5 Perspective and conclusions

Planar hydrodynamic traps
The interaction device requires the independent and bi-modal trapping of two objects to put
them in contact and separate them in a controlled fashion. A novel type of hydrodynamic

traps was thus developed to provide these necessary features to the interaction device:

* No impact of the trap on other objects than the trapped particle, obtained by the absence
of flow leaks around the trapped object.

¢ Free space around the trapped object for the second particle to come in contact without

encountering another surface.
¢ Fabrication process compatible with the structuring of electrodes.

* Compatibility with an inverted microscope (transparency).

A process was thus developed for the fabrication of two levels of microfluidic channels in-
terconnected by micron-sized microfluidic vias and used to fabricate a device capable of
immobilizing a particle flowing in the top channel, cell or bead, by holding it from below
through the microfluidic via. The trapping principle based on a difference of pressure rather
than shear stress was characterized to minimize damage and ensure the cells physical integrity.
The new hydrodynamic traps also give access to the dynamic control over the state of a trap,
which can be operated in idle, trapping or releasing mode via the pressure at the outlets of
the traps. The possibilities of this method were further explored by arranging the traps in
an array for the assembly of particles in a defined pattern and by controlling their trapping
and releasing state. This feature was demonstrated experimentally using polystyrene beads,
mammalian and algae cells.

A critical comparison of this trapping method with regards to more standard circuits was

proposed and the different modalities and usage in other fields discussed in the conclusion.

Array of dielectrophoretic traps

The second modality of trapping is provided by the dielectrophoretic manipulation of the
second object and allows to place it in contact with the object immobilized in the hydrody-
namic traps. We thus developed a shape of electrodes, arranged in either a coplanar or facing
configuration, capable of generating a DEP force field directing the incoming objects to a
single stable position and in three dimensions against the fluid drag flow. A method for the
characterization of the trapping efficiency was proposed, using the electrical power generated
for a given trapping force. This method was used to select the configuration that generates the
minimum electrical power for a given DEP force, minimising the heat generation for safe cell
manipulation. For the same purpose, the voltage limit to avoid electroporation during cell

trapping was defined.
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Next, a deviation system based on DEP force generated by liquid electrodes was proposed
to steer the incoming particles to the desired trap for a control over the immobilized objects.
Using this feature, four aggregates of cells with controlled size and composition were created

to demonstrate the advantage of this system.

Combination of hydrodynamic and dielectrophoretic traps for the contact between micro-
sized objects

The two trapping systems developed in the previous chapters were put together to provide
bi-modal trapping features. More precisely, the electrodes were patterned in order to direct the
DEP force field towards the hydrodynamic trap. In that way, the Hydrodynamically Trapped
Particle (HTP) is first trapped and the Dielectrophoretically Manipulated Particle (DMP) is
directed and held in contact with the HTP against the fluid flow using DEP. The adhesion state
is visually probed once the DEP force is turned off and the DMP dragged away by the fluid.
The device was first validated using the well-characterized pair of receptor and ligand fi-
bronectin (coated on a polystyrene bead used as DMP) and integrin (naturally present on
mouse fibroblast used as HTP). An adhesion frequency assay was performed and compared to
the literature, displaying similar adhesion curves than what was previously reported. Then,
the potential of the device to be used in immunotherapy application was challenged by using
human T-cell clones as DMPs and cancer cells as HTPs. The lifetime of the adhesion after the
forced contact was measured and the difference between specific and non specific interac-
tions was found to be significant. Finally, a lumped pair off-rate was assigned for different

populations and was found to be the best way to discriminate between populations.

5.2 Perspective

New tools are emerging both in research and in industry for the avidity measurement of
homogeneous populations of T-cells (Ashby et al., 2022; Yerbury, 2022). There is high interest
in these technologies for their capability to accelerate adoptive cell therapies and bring new
drugs on the market. So far however no tool is able to screen an inhomogeneous population
of T-cells for specific T-cell identification and selection. This feature is of highly attractive
when the analysis of the nature of the cancer associated antigens and TCR is not required,
but when the identification of matching pairs is necessary. This scenario would fit the case
where patient derived cancer cells and T-cells are used for specific and rare T-cells isolation.
The demand for a device with such capability is pressing and the the developed device has
the potential to meet these criteria. Indeed the preliminary results are promising and allows
to understand what are the requirement to follow with the development. We thus hereafter
propose technological developments to bring the presented prototype to a stage better suited

for applications with larger throughput.
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5.2.1 Future technological developments
First generation device

Keeping in mind the perspective of device for specific T-cell selection for immunotherapy
applications, some developments could already be done using minor modifications of the
device as presented here. The early tests that should be performed at this stage should be the
evaluation of the possibility to detect the specificity of a TCR-pMHC binding event through
the fluorescently reported increase of intracellular calcium content. Indeed as discussed in
chapter 4, the measurement of pair lifetime as it is done so far allows to evaluate the specificity
of a population of genetically identical cells, but does not allow to identify single specific
events. Increasing the complexity of the stimulation and using the DEP only chip, the first
tests should be performed by perfusion of ionomycin on dielctrophoretically trapped T-cells to
evaluate the increase in fluorescence. If visible, the T-cells should then be paired with anti-CD8
anti-CD28 coated beads, until reaching physiological stimulation using APC. Next, the viability
of the cells after passage in the chip and manipulation by dielectrophoresis should be assessed.
Large outlets acting as reservoir will be punched in the PDMS to allow the pipetting of the
outlet’s content and reculture of cells in standard conditions. With minimal modification,
a deviation system based on liquid electrodes will be added at the outlets of the system for
specific cells isolation and collection.

As discussed in chapter 4 the device used was manually operated and only a few proof of
concept experiments were done. In order to gain confidence in the reliability of the device,
more experiments should be performed to allow statistical analysis and evaluate repeatability.
In particular, the dependency of the binding kinetic on the pushing and pulling forces, which
are themselves dependent on the particle size, should be evaluated. The main gain will thus
come from image recognition-based automation of the voltage and pressure actuation. If the
field of view cannot be extended to the deviation system, the detection of incoming particle

could be done via impedance cytometry.
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Figure 5.1: Proposition of a 2nd generation device free from the need for a deviation system
to ensure a single cell per interaction zone. Ground electrodes are represented in pink and
hydrodynamic traps by a red circle. a Representation of an interaction unit featuring similar
hydrodynamic trap and buried channel as presented in chapter 4, but also comprises closing
electrodes upstream of the hydrodynamic traps. b The closing electrodes are used to prevent
unwanted additional cells to come in contact with the HTP once an interaction is occurring. ¢
The interaction units can be arranged in an array to allow simultaneous interactions to occur.
The device is fabricated using CMOS technology and the activation of the electrodes are made
using a switch matrix.
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Second generation device

The technological developments presented in this thesis set the first stone of a more complete
device capable of performing cell-cell interaction at larger throughput. We foresee that the
latter will mainly be limited by the use of the deviation system to control the arrival of the
particles to the interaction zone. Indeed only one particle can be affected by the DEP at a
time to ensure reliable deviation. We thus propose an alternative device that does not require
the use of a deviation system. The device is illustrated in Figure 5.1 and comprises only a
single large inlet that lets the cells flow on random streamlines in the interaction zone. This
latter comprises an array of interaction units. These are composed of a single hydrodynamic
traps and DEP trap as presented in chapter 4, but they also feature an additional electrode
pair upstream of the hydrodynamic trap as illustrated in Figure 5.1a. This pair of electrodes is
responsible for "closing" the interaction zone by deviating unwanted incoming cells to the
side as illustrated in Figure 5.1b. Because the traps are arranged in an array, a cell deviated
in this manner will have another chance for interaction downstream and the perfusion of
randomly distributed cells can be done continuously.

The actuation of a large number of electrodes and counter electrodes arranged in an array re-
quires the use of multiple layers of wiring. The fabrication of buried channels is easily feasible
on silicon substrate and we thus foresee the use of CMOS technology for the addressing of the
active electrodes using an active matrix as shown in Figure 5.1c, the counter electrodes being
always connected to the ground.

Transparency would be lost using silicon technologies and the validation of the second gen-
eration device would be done based on image feedback using an upright microscope. But
in order to avoid the intrinsic limitation of field of view and image resolution, the electrodes
can be used for impedance detection of cell passage through application of a small voltage
and current monitoring. While in idle mode, the closing electrodes of the interaction unit can
sense the passage of a cell through a current variation across them, triggering the activation of
the unit DEP trapping. Similarly, the adhesion state of a pair can be sensed by the impedance

monitoring by the trapping electrodes.

5.2.2 Other applications

The device was developed in the frame of cell-cell interaction for immunotherapy applications,
but it can find applications in other domains. In particular, it is capable of disrupting the
membrane of the HTP using electric pulses. This feature makes it a device of choice for electro-
fusion of two cells (Lu et al., 2015). Such possibility could be used for the in vitro fertilization
of plant female gametes and be exploited for genetic manipulation, plants hybridization as
well as study of embryogenesis in plants (E & Bozhkov, 2008; PENG et al., 2005).

The hydrodynamic traps are capable of handling any object of sufficient size and surface
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tension, such as droplets in oil phase or vesicles. Using this feature, controlled droplet pairing
and coalescence for cell doublets or cell-bead encapsulation could be achieved with the de-
vice. More importantly, this feature could be use for the synthesis of artificial cells or cargo
containing membrane defined objects by introduction of specific elements (Lussier et al.,
2021; C. Xu et al., 2016).

Given the broad nature of the potential applications and the pressing need for faster T-cell

screening tools for adoptive cell therapies, the novel microfluidic device holds the potential to

revolutionize cell analysis.
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Figure A.1: Pressure P, at which the moments of different sources are null, called transition
pressure, as a function of trap width for an inlet pressure of 10000 Pa, a bead diameter of 8 um.
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Flow perfusion

To demonstrate the capability of flow focusing using perfusion, we used only the fluidic part
of a chip with a configuration similar to the one presented in 2.4 with R,,; = 0 and four
parallel buried channels of equal length and connected to the same control channel. Since
the hydraulic resistance of each buried channel is equal, the flow should thus be equal in
each of the four branches. A configuration with different lengths for each channel would
tailor the relation ship between the flow ratio coming out of the channels. A solution with a
mixture of 5 um and 500 nm diameter polystyrene beads was flown from the main inlet kept
to a value P;, of 200 mbar. The control pressure P, was varied and the flow coming out of

the buried channels could be observed and its width measured after superposition of images

Qsc
QBCiQin
by the width ratio of the region without beads over total width of the channel and plotted

taken during 20 seconds as illustrated in Figure B.1. The flow ratio

was approximated

as a function of pressure ratio, demonstrating the possibility to control the focusing of the
bead suspension flowing from the top using buried channels. Note that this measurement of
the flow ratio does not take into account the three dimensionality of the flow and is only an
approximation. PDMS structures in the shape of a half circle concentric to and upstream of the
buried channels outlets would allow the flow to span the entire height of the channel directly
when injected and generate a better vertical distribution of the flow. This feature can also be
used in applications where a flow of liquid needs to be sandwiched in between another one to
create stratified layers such as the device presented by Cooksey et al. (2009). These devices
require as many inlets as the number of strata, which is space consuming and complicates
the operation of the device. With the buried channel technology and its associated three

dimensionality, only one inlet per reagent is necessary.
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Figure B.1: Timelapse images of a liquid containing a suspension of a mixture of 5 um and
500 nm polystyrene beads focused using four parallel buried channels. The electrodes are not
used for this experiment. The control pressure P, is indicated on the top left of the images
and varied to generate different flow ratio and focusing widths. The flow ratio ngi%in was
approximated by the width ratio of the region without beads over total width of the channel.
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dard hydrodynamic traps

While the device combining hydrodynamic and dielectrophoretic traps for the controlled con-
tact between cells fills the required functionalities, the fabrication and operation of the planar
hydrodynamic traps remain the more complicated parts. We thus explored the possibility of
building a device capable of performing the same interaction functionalities using standard
hydrodynamic traps as described in section 2. The hydrodynamic traps were inspired from the
work of Yesilkoy et al. (2016) and X. Xu et al. (2013b) and are depicted in Figure C.1. The layout
also comprises two inlets with respective hydraulic resistance to ensure the pressure controlled
independent perfusion of two types of particles. The main area features hydrodynamic traps
fabricated in PDMS shaped in half moon with a trapezoidal shaped opening in the middle.
The semi-circular shape of the obstacle was supposed to avoid hydrodynamic trapping of
multiple objects after the forced contact. The main and counter electrodes are parallel and
designed in a chevron-shape aligned with the center of the half-moon.

A COMSOL simulation was performed to understand the direction of the DEP force in this
configuration and a result of this simulation with an isosurface represented in grey is shown
in Figure C.2. The isosurface indicates a main component of the force directed in x and y
directions, but comprises also a smaller z component. The orientation of the nDEP force in
the z direction is indicated in the figure. The simulation validates that this configuration of
electrodes and dielectrics pushes the particles from the side to the center of the hydrodynamic
trap where the first particle is held.

A device was fabricated following the same process as described in chapter 4 and the aligne-
ment of the PDMS layer on top of the electrodes could not be optimal across the whole region
of traps which constituted a first limitation. The device was used to perfuse NIH-3T3 cells
stained with green calcein AM and a second limitation was observed because of the arrange-
ment of the hydrodynamic traps structures: the traps collect only a small fraction of the
streamline and deviate the particles that are not in these streamline to the side, preventing the
collection of the particle by downstream traps as illustrated in Figure C.3a. In order to avoid
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Figure C.1: Layout of the device for the controlled contact between two objects using DEP and
standard hydrodynamic traps made from PDMS. The electrode layer is displayed in green and
the PDMS layer in yellow.

the first limitation, the microfluidics should be defined by structural photosensitive resist such
as SU-8 (Ren et al., 2015) to ensure reliable alignment across the sensitive area. Secondly, the
hydrodynamic traps should either feature guiding structures such as the ones proposed by

Yesilkoy et al. (2016), or the traps should be placed alternatively on different streamlines.
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Figure C.2: Result of the 3D simulation of the device with isosurface of the electric field
displayed in grey. The direction of the z component of the nDEP force is shown in red for the
external and internal part of the structure.

Figure C.3: a Timelapse image of the trajectory of cells flowing in the device. The arrangement
of the hydrodynamic traps makes it impossible for the particles to be trapped if they are not
placed on a specific streamline region. b DEP actuated hydrodynamic trapping: the activation
of the electrodes directs the cells towards the hydrodynamic trap and the cells remains in the
hydrodynamic trap after the DEP is turned off.

117



Chapter C Contact between two cells using standard hydrodynamic traps

However, activating the electrodes was shown to exert a DEP force pushing the cells inside
the traps as shown in Figure C.3b, demonstrating the possibility to dynamically activate the
hydrodynamic trapping. This was possible for features where the electrodes were close enough
from the traps and for large cells. Figure C.4 shows the activation of the electrodes to bring in
contact two incoming cells with the previously hydrodynamically trapped cell. The inset shows
a close up picture of the contact, demonstrating the sensitivity to the alignment between the
PDMS layer and the electrodes to obtain a contact. Indeed the top cell is in contact with the
HTP on this image whereas the bottom cell is stopped but is not in contact with the HTP as
shown by the clearance between them and the fact that it was rotating on itself, contrary to
the top cell and despite its larger size. Furthermore, some HTPs were observed to adhere to
the DMP after the release of the DEP force, despite the fact that no adhesion was expected for
this homotypic interaction. As discussed in chapter 2, the adhesion could be due to the flow
leaks that maintains the HTP, validating the planar hydrodynamic traps approach.
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Figure C.4: Timelapse image of the forced contact between a HTP (white) and two DMPs
(green). The inset shows a zoom in image of the contact revealing that the top DMP is in
contact with the HTP whereas the bottom DMP is not. The contact is thus very sensitive to the
placement of the electrodes with respect to the microfluidic layer.

To conclude, the controlled contact was possible between the DMPs and HTPs using this
device, but the contact was very sensitive to the alignment between the electrodes and the
fluidic layer as well as to the cell size. Future development could be done using a similar device

given that large particles with homogeneous size distribution are used.
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Aperture-controlled fabrication of
all-dielectric structural color pixels

This thesis appendix is adapted from the article in preparation: C. Lipp, A. Jacquillat, D.
Migliozzi, H. Wang, A. Bertsch, E. Glushkov, O. Martin and P. Renaud, “Aperture-controlled

fabrication of all-dielectric structural color pixels”.

Colors emerge from the structures fabricated using the process described in chapter 2. In-
terestingly, the colors observed depend on the size of the aperture in the Al,O3 mask. This
appendix describes the study performed to understand the nature of these colors as well as

their characterization in the format of a journal paper.

D.1 Abstract

Structural colors are widespread in nature giving rise to a plethora of bright, iridescently-
looking creatures. Humans only recently discovered the physical principles behind structural
coloration, which has during the last decade become a rapidly developing field thanks to the
availability of micro- and nanoscale fabrication and inspection methods. A multitude of phys-
ical systems have been identified as promising platforms for structural colors, however most
of them rely either on electron-beam lithography (EBL) or focused ion beam (FIB) approach
to define color pixels. This comes with high manufacturing costs and poses a high implemen-
tation barrier preventing the wider use of structural coloration in industrial applications. To
overcome this, we report a simple yet elegant interference-based method of creating bright
structural colors using a single UV photolithography on an all-dielectric substrate, making use
of the varied aperture-controlled physical deposition rate of low-temperature silicon dioxide.
Being fully CMOS-compatible, such a method paves the way towards large scale usage of

structural colors in commercial products.
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D.2 Introduction

Color is a surprisingly rich source of information abundantly enriching our perception of
the world. No wonder that since ancient times people tried to reproduce the colors they
saw in nature by using, first, natural pigments and, later, synthetic dyes (Pastoureau, 2017).
The color of these materials is produced thanks to the absorption of specific wavelengths
of incident white light and the reflection of others. The physical origin of such pigmentary
colors is results from the exchange of energy between photons and electrons in the materials,
being excited into the higher energy states (Kinoshita et al., 2008). A different mechanism of
color generation comes in play when incident light is not absorbed, but rather deflected by
a material in a certain way due to the presence of an internal structure with dimensions of
the same order as the light wavelength. Such structural, typically iridescent, colors have been
first described in the scientific literature by Hooke and Newton in the 17th century, based
on their observations of the iridescent peacock feathers (Hooke, 1665; Newton, 1704). The
first visual evidence of the complex microscopic structure of these feathers came two and a
half centuries later with the invention of the scanning electron microscope (Frank & Ruska,
1939), which became the main tool for studying structural coloration in nature (Fox & Vevers,
1960; Zi et al., 2003). The theoretical description of such systems was first developed in the
beginning of the 20th century in terms of thin-film interference (Rayleigh, 1919; Strutt, 1917),
later generalized through a transfer matrix method (Kinoshita & Yoshioka, 2005), and photonic
crystal structures (Sakoda, 2001; Zi et al., 2003).

Bio-inspired potential of structural colors featuring higher stability and lower photodegra-
dation, while being more environmentally-friendly, compared to traditional dyes, was clear.
However, fully harnessing this potential in man-made materials only became possible with
the advent of micro- and nanostructuration tools (Duan et al., 2011; T. Xu et al., 2011). One of
the first platforms to demonstrate the generation of artificial structural colors were metallic
nanoantennas utilizing localized surface plasmon resonances (Kumar et al., 2012). Fabricated
either using electron beam lithography (EBL) or pulsed femtosecond lasers, they were able to
provide an unprecedented printing resolution of structural color pixels up to > 10° dots per
inch (DPI) (Kristensen et al., 2017; X. Zhu et al., 2016) on various materials (Clausen et al., 2014;
Goh et al., 2016; Z. Li et al., 2016). Such structural colors have found numerous applications
in several areas, ranging from solar energy harvesting (E Chen et al., 2015) to displays (Song
et al., 2018), security and anti-counterfeiting (Cui et al., 2014; Hong et al., 2020; Lapidas et al.,
2022; Z. Lietal., 2021).

The downside of using metals for the implementation of structural colors is not only their

high cost, but also inherent optical losses, which prevent from generating saturated colors
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from a wide gamut available for traditional dyes. In contrast to plasmonic nanostructures,
dielectric metasurfaces have much lower optical losses and, therefore, provide an efficient
way of generating bright structural colors (Flauraud et al., 2017; H. Li et al., 2022; Proust et al.,
2016; Sun et al., 2017; J. H. Yang et al., 2020; W. Yang et al., 2020), but still rely on FIB or EBL
techniques to define the individual color pixels. The inherent dependence on these tools leads
to high manufacturing costs and severely limits the scalability and industrial applications of
such structural colors (Rezaei et al., 2020; Xuan et al., 2021).

In this context, we propose a novel method to locally control the color, produced by a stack of
thin dielectric films using only a photolithography-based fabrication process, which is con-
ceptually shown in Figure D.1a. The local color is produced by light interfering at the interface
of a thin film stack, whose thickness is controlled by a non conformal deposition of a dielectric
inside a cavity (Cheng et al., 1991; Wille et al., 1992). A cavity itself is etched isotropically in
the substrate underneath a transparent mask featuring an opening of a designed diameter,
defining a circular region with suspended mask. After the cavity is formed, a second type
of dielectric, different than that constituting the mask, is deposited in conditions tailored to
lead to a non-conformal coating of the surfaces. In particular, its thickness inside the cavity
underneath the mask is limited and controlled by the diameter of the hole in the mask. The
fabricated structure seen from the top represents a circle and is composed by a suspended
stack of three layers with two constant thicknesses, the top and middle layers, and a variable
bottom one. This stack of thin films creates interference patterns with the incoming light and
the spectrum of the reflected light is specific to the stack, creating visible colors as illustrated
in Figure D.1b. The holes in the mask with surrounding cavities and thin film stacks creating
defined colors can be arranged in a specific pattern to create a colored image, similar to pixels
arranged to form an image. An example of an image formed by these structures is shown in
Figure D.1d with the inset image Figure D.1c showing the detailed pixels.

This method has the advantage of creating a structural color pixel in a thin film stack utilizing
a single UV photolithography step used to define the openings in the mask. The rest of the
process comprises only etching and deposition steps, which are described in detail in the

following section.

D.3 Results

D.3.1 Fabrication

The fabrication process to create structural color pixels is illustrated in Figure D.2a and starts
from the deposition of the mask material onto a substrate wafer. The choice of the mask
material is dictated by its optical properties (transparency to light of a chosen wavelength)

and etch rate selectivity relative to the substrate material to ensure the efficient cavity etching
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Figure D.1: Concept of the aperture-controlled thin film stack for interference-based colors a
Side view: a cavity is formed via uniform etching of the substrate through a circular aperture
of respective diameter (d; and dy). A subsequent deposition of another dielectric leads to an
aperture-controlled thickness of the film deposited inside of the cavity (t, and t»), creating a
three-film stack. The thickness of the top two layers stays the same irrespective of the size of
the aperture, while the bottom layer has a variable thickness. This leads to a difference in the
spectra of reflected light. b Top view: the reflectance spectrum and, therefore, the perceived
color of the cavity are thus controlled by the aperture. ¢ Each cavity can be used as a pixel of
controlled color d which can be arranged in patterns to form structurally-colored images.

process (e.g. plasma, gas or wet etch). The openings of diameter d,,, 45 are then defined by
UV photolithography and transferred onto the mask using an adapted etching process. The
spacing between the openings can be set to achieve two different outcomes: if the spacing is
smaller than the diameter of the cavity, the cavities will merge due to the underetch and form
a larger area of suspended mask material. This option can be interesting to increase the fill
factor, but can be problematic because of the stress in the thin film and will not be explored in
detail here. However, if the spacing is chosen to be larger than the diameter of the cavities the
mask layer is regularly anchored to the substrate which avoids stress issues. Therefore, this
regime will be primarily used for the purpose of the work presented here (Figure D.2b).

The next fabrication step is the controlled deposition of a second dielectric with a refractive
index different from that of the mask material. The deposited film has to be non-conformal to
the shape of the cavity, so that its thickness at the backside of the underetched mask depends
on the size of the opening. One well known method for such non-conformal deposition of a
dielectric is the low-pressure chemical vapor deposition (LPCVD) of LTO. LTO is deposited at
low pressure (150 mTorr here) and low temperature compared to other LPCVD processes (425
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Figure D.2: a Side view of the process for the fabrication of the structure: i) a thin transpar-
ent mask is deposited on a substrate and ii) patterned with circular apertures of different
diameters d, 45k iii) The substrate is selectively and isotropically etched, producing cavities
with overhanging mask. iv) A deposition of LTO is then performed, which has the property of
depositing non conformally. The thickness of LTO under the overhanging mask is thus defined
by the value of d,,,45. b Top view of the 6 test structures fabricated using the proposed process
with fused silica as substrate and Al,O3 as mask. d,,,s; ranges between 1 and 8 pm creating
different colors. ¢ FIB cut of a structure revealing the overhanging thin film stack. The different
measured parameters are indicated and the LTO is colored in blue and the Al,O3 in purple for
better visualization. d Measured bottom LTO layer ¢;, 7 as a function of the aperture in the
mask for the same 6 test structures. The dependency seems to be linear.
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°C). The surface coverage of LTO on similar structures was studied by Cheng et al. (Cheng et al.,
1991) who deduced that the material deposited inside the cavity underneath the overhang is
due to re-emission of the precursor owning to its low sticking coefficient and not to surface
diffusion. The generally accepted mechanism is that precursors with mean free path much
larger than the structure size, deposit at the bottom of the cavity under the opening and
re-emits under the overhang. Thus the larger d,,, s« is, the larger is the amount of re-emitted
material. Another parameter affecting the deposition under the overhang is the aspect ratio
of the cavity: as the center-bottom part of the cavity acts as a point source, the larger the
cavity width/height ratio, the more tapered is the resulting film profile. In our case this aspect
ratio is constant thanks to the isotropic nature of the etching process, so compared the test
structures from Cheng et al. (Cheng et al., 1991) we estimate the variation in thin film thickness
under the overhang to be less than 15%. Specifically, the structures fabricated for this work
were made on fused silica and Si substrates, using Al,O3 and SixNy as mask materials (the
detailed fabrications process is provided in D.5Materials and Methods). LTO was chosen
as a second dielectric with a nominal film thickness over the mask layer set to 2.5um. The
choice of materials was not only supported by their optical properties, but also by their ease of
integration into CMOS-oriented industrial microfabrication processes.

D.3.2 Cross-section characterization

In order to validate the described concept, test structures were fabricated on a fused silica
substrate with 480 nm-thick Al, O3 film as a mask. Color pixels with d,, s between 1 and 8
pm were fabricated and are shown in Figure D.2b: the black dot in the center of the pixel is
the empty opening in the mask through which the etching was performed and the colored
part indicates the presence of the overhanging thin-film stack causing the interference of the
reflected light. Focused ion beam cuts were performed on the six test structures to observe
the cross section along their center. Figure D.2¢ shows a scanning electron microscopy image
of such cut along with parameters extracted from it. The diamater of the opening in the mask
is referred to as d 4k, the top LTO thickness as 5, the middle Al,O3 thickness as £;,,451 and
the bottom LTO thickness as #;; r. The different materials are false-colored for an easier visual
perception on the right part of the cut with the LTO layer in blue and the Al,O3 mask in purple.
The non-conformal deposition is clearly visible with a 75, being much larger than the ¢;,,¢
value. A plot of the bottom thickness #;; ¢ as a function of the hole diameter d,, s extracted
from SEM images is shown in Figure D.2d, indicating a linear dependence of the bottom layer

as a function of d,,, ;5 and validating the concept of an aperture-controlled thin film stack.
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D.3.3 Physical modeling

To validate the physical phenomenon responsible for the appearance of colors in the surround-
ings of the micro-apertures, we first used the transfer matrix method (Pedrotti & Pedrotti,
1996) to calculate the reflectance spectrum of the stack of the thin layers close to the hole, and
then converted it to the CIE-1931 XYZ color space.

For the first step, we considered p-polarized light at normal incidence on the stack, and

modelled the j layer as a matrix:

.csin(6;
cos(6) sz; )

Mj: .n;sin(0; (D.1)
i~———= cos(b;)

where i is the imaginary unit, c the speed oflight and 6 ; the phase shift induced on a plane

wave of wavelength A by the layer having refractive index n; and thickness ¢; defined as:
27
51':(7)1’1]'1‘]' (D.2)

The total transfer matrix is then given by the product of the transfer matrices of the L layers in

the order in which the light encounters the layers:

my; My
M= H M;j= (D.3)
1 mp1  Mp2
Finally, the reflectance spectrum is given by
NoM11C + NoNps1 M1z — Moy €2 — Ny 41 Maoc |
011 0NL+1M12 — M21C” — NL4+1M22
R(A) = > (D.4)
Nomy1C+ NoNp4+1Myp + Mp1C° + Npy1MpoC

Where ng and ny 4 are the refractive indices of the media preceding and following the stack,
respectively.

To convert the reflectance spectrum into the color appearance under an illuminant with
spectrum I(A), we used the color matching functions x(1), y(1)and z(A) to obtain the CIE-
1931 XYZ color space as:
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The spectrum of the incident light was measured from a halogen lamp source, while the
colors of the reflected light were simulated by sweeping over the thicknesses of the three
layers, fsup, tmask and t;, ¢, to generate a 3D volume with a corresponding color. As a result
of such parameter sweep, the top SiO, layer thickness was found to play an insignificant role
in the generated color and was thus fixed to its measured value of 2700 nm. The simulated
color palette for a sweep of two remaining parameters (f;4sx and #;; ) is represented in
Figure D.3a with Al,O3 as mask material. Here we observe a periodicity in both directions
with more well-defined colors in the lower range of #;,r and f,,,45¢. The colors of the test
samples represented in Figure D.1b seem to match the color found on the color palette at the
corresponding dimensions reported in Figure D.1d. Figure D.3b represents the color palette
modeled in the same conditions for a mask made of a higher refractive index material - silicon
nitride. The resulting shorter period in the x direction shows the expected influence of the
larger refractive index of SixNy (n =~ 2.4) versus Al,03 (n = 1.9). The simulated colors with
the SixNy as the mask material are also more saturated than for Al,O3 and are thus more
interesting for obtaining wide-gamut color palettes.

D.3.4 Validation of reflectance spectra and color appearance

A relevant aspect of the current model is its ability to make predictions on the expected color
appearance depending on the diameter of the hole. By using the SEM measurements of D.2d,
we compared the predicted color appearance with the observed colors of the microfabricated
holes D.3c. To account for reflectance and illuminance variations due to real measurement
conditions, we normalized the simulated reflectance spectra to have maximum brightness: this
exalts the tone and make the colors very visible while preserving the ratios of the contribution

for each wavelength. Remarkably, we found that the accordance between the predicted and the
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observed color is very high for all the apertures tested. By using the raw spectra, the outcomes
are not qualitatively different (Figure D.4): the predicted spectra follow the measured ones,
and colors remain the same (i.e. a red shade is red-ish, a green one, green-ish, etc.), but

their brightness is much lower, making it difficult to quantitatively compare with the colors
obtained on the very shiny wafers.
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Figure D.3: a-b Color appearance modelled with the transfer matrix method and the CIE 1931
XYZ color space for f5,, = 2700 nm and varying f,,4sk and t;,r, for two different materials
for the mask layer. b Predicted normalized reflectance spectra of the micro-apertures tested.
Square insets display the predicted (rigid outline) and observed (dashed outline) color ap-
pearance. The theoretical spectrum was calculated for the values measured: f,, = 2700 nm,

tmask= 460 nm and t;, 7 =95, 205, 310, 370, 440, 520 nm.
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Figure D.4: Simulated and measured reflectance spectra with corresponding colors without
scaling for clarity. The simulated spectra of the stack without top layer is represented as well
to illustrate the role of envelope the two last layers have on the spectra.

D.3.5 Color palette

Given the robustness of our methodology to predict and create different colors on the same
wafer by adjusting micro-aperture sizes, we explored the potential to apply it to other sub-
strates and different illumination modalities. Thus, we fabricated structures on silicon and
fused silica substrates and with Al,O3 and SixNy as mask with all the combinations of mask
and substrate materials (four wafers in total). Since Figure D.3a and b revealed that colors
are more defined and saturated in the lower thickness range, mask thickness was set to 80
nm for Al,O3 and 200 nm for SixNy. The color palette simulated for both thicknesses and
materials is shown in Figure D.6b, showing that the created structural colors should be better
defined and more saturated than the test samples. The fabrication process was optimized
for each combination of materials, as described in detail in Materials and Methods. Briefly,
the 80 nm Al,O3 was deposited using atomic layer deposition (ALD) because this technique
deposits films with a better thickness uniformity across the wafer than sputtering and SixNy
was deposited using the LPCVD technique. The masks were etched using ion beam etching in
all material combinations. The underetching of silicon substrates was performed in a vapor
phase of XeF, whose selectivity is infinite towards Al,O3 and very high towards SixNy. The
underetching of fused silica covered by an Al,O3 mask was performed using a vapor phase of
HF with infinite selectivity, while the fused silica covered by SixNy was etched using a solution
of 49 % HE The last step of LTO deposition was common for all four wafers.

The layout of each wafer is shown in Figure D.5 and comprises test structure units with nomi-
nal dimensions ranging from 1 to 8 um sweeped with an increment of 0.2 um to obtain the full
color range. Each unit is depicted in Figure D.5 and comprises an array of holes of nominal

diameter and spaced in such a way that the underetched parts of the cavities do not merge
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Figure D.5: Layout for the colour palette structures. The value of d,;, 45 ranges from 1 to 8 pm
in step of 0.2 um to obtain the full color range.

(individual arrays), an array of holes of nominal diameter and spaced so that the underetched
parts do merge (merging arrays) and a straight line with constant height and width of half
nominal dimension. The layout also contains visually-appealing images of flowers, composed
of six different parts, each made of an array of individual pixels with different diameters.
Flowers of different sizes (height ranging from 0.6 to 20 mm) and diameter combinations were
patterned on the wafer.

The result of fabricating all the aforementioned structures is shown in Figure D.6a with the
units arranged along their measured d,, 5 to display the full color progression. The pictures
were taken in identical conditions, varying only the intensity of the illumination and with-
out using image or color correction. Images of silicon substrates were set to saturate the
background and leave the colorful units on a white background. This was not possible while
imaging the fused silica substrates as the color pixels would saturate before the background.
The colors were found to follow the same progression as shown in simulations, proving that
the created structural colors can be controlled and predicted from the simulated parameters.
However, the colors emerging from structures with SixNy masks were not found to be more
saturated or defined than the other ones made from Al, O3 contrary to what was predicted by
simulations.

Cracks in the suspended film originating from the edge of the line and on the suspended
structure created by the merging arrays were observed in all cases, but these cracks were
more pronounced in the cases with SixNy mask. XeF, etch rate was found to be limited by
the opening in the mask and the lower range of d,;, 45 had smaller underetch than the larger
ones. Merging arrays had brighter color thanks to the larger fill factor but did not have the
same color as the individual arrays. The color in the middle of the array matched the color of
individual arrays of larger diameter, indicating a larger #;,, ¢ for merging arrays than individual
arrays. This can be explained by the fact that the bottom LTO layer benefits from multiple point
sources for merging arrays. This explanation is supported by the observation of a different
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color on the edges of the merging arrays, especially visible in the larger range of d;, k-

Finally, to demonstrate the large-scale capabilities of the proposed method of creating struc-
tural colors, we show in Figure D.7 stitched images of colored flowers. The insets on each
image indicate the substrate and mask materials, and whether the picture was taken in bright
field (BF) or dark field (DF) conditions. The first observation is that the bright field and dark
field colors do not match. Indeed the light in the dark field mode mainly comes from the
substrate at a large angle that considerably changes the interference spectrum. Secondly, the
bright field image also comprises the reflection from the substrate at the bottom of the cavity
which adds to the interfering light. The flowers made on fused silica substrates however did
not display any color in the dark field mode (we attribute it to the fact that the light incident at
alarge angle was evenly diffused in the transparent substrate) and are thus not represented.
To further prove the real-world attractiveness of the proposed method, we show in Figure D.7b
a picture of the microfabricated flowers on the silicon wafer (with Al,O3 mask) taken with a
standard smartphone camera using a white-light illumination from the side. The different
structural colors are clearly visible by eye showing the potential of the method to pattern
arbitrary images from micrometer to centimeter scale. Notably, the first flower of each row
on the left consist of merging arrays where the suspended membrane cracked and detached
during fabrication, explaining the absence of colors. Moreover, the colors observed by eye (or
by the smartphone camera) closely match the ones observed in the dark field mode under the
microscope, which can be qualitatively seen from the microscope image of the flower shown
in Figure D.7a i) and its image taken with a smartphone highlighted by the dashed red line in
Figure D.7b.

D.4 Conclusion

In conclusion, we designed, tested and optimized an interference-based method for creating
structural color pixels from a stack of thin-film dielectrics. The method uses only a single UV
photolithography step to define openings with desired diameters in the etch mask, which then
define the reflected light wavelength via the varied aperture-controlled thickness of silicon
dioxide layer deposited at the backside of the mask. The choice of both the substrate and
the mask materials can be made such as to optimize the desired parameters of the reflected
light. Being fully compatible with existing CMOS-oriented microfabrication facilities, such
method paves the way towards large scale applications of structural colors in industry, ranging
from security features for anti-counterfeiting to surface decoration in high-end watches and

jewelry.
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Figure D.6: a Test structures comprising individual and merging arrays of holes of varying
diameter d,;,,5x and straight line of constant height and width of nominal dimension. The
structures were fabricated in all combinations of Al,O3 and SixNy as mask material on silicon
and fused silica (FS) substrates. b Color generated by the spectra modeled as of the transfer
matrix method for f5,, = 2700 nm, fixed ;45 indicated on the figure and varying ;¢ for
masks made of Al;O3 and SixNy. The color progression matches the experimentally observed
colors.
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Figure D.7: a Stitched microscopy images of colorful flowers fabricated in all combinations of
Al>03 (80 nm) and SixNy (200 nm) as mask material on silicon and fused silica (FS) substrates.
Flowers fabricated on silicon substrates observed under dark field illumination (DF) revealed
different colors than in bright field illumination (BF) b Picture of a silicon wafer with struc-
tures fabricated using 80 nm of Al,O3 as mask taken with a smartphone camera. The flower
highlighted in red corresponds to the flower shown in a i) revealing that the colors visible by
eye match the colors observed in the dark field mode.

D.5 Materials and methods

D.5.1 Fabrication

All substrates were prepared for deposition by first performing the standard RCA cleaning
(Kern, 1990).

Fused silica with Al,03 mask

The test structures used for cross section characterization and reflectance measurements were
fabricated by depositing a 500 nm thick Al, O3 layer using sputtering method (SPIDER 600,
Pfeiffer). The structures fabricated for the color palette in Figure D.6 start by depositing 80 nm
of Al,O3 using atomic layer deposition (ALD) (TFS 200, Beneq). A 750 nm thick photoresist
layer (AZ ECI 3007, MicroChemicals) was spincoated and developed using an automated
coater and developer (ACS200 GENS3, Siiss) and exposed using direct writing methods (MLA150,
Heidelberg Instruments). The pattern was transferred to the mask using ion beam etching
(Nexus IBE350, Veeco) and the underetch performed by a vapor phase of HF (uEtch, SPTS)
to lead to 5 um lateral etching. Finally, a deposition of 2.5 um of low temperature oxide
(Centrotherm furnace) is performed to create the thin film stack.

Fused silica substrate with SixNy mask
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200 nm of low stress SixNy was deposited using LPCVD method (Centrotherm furnace). A
750 nm thick photoresist layer (AZ ECI 3007, MicroChemicals) was spincoated and developed
using an automated coater and developer (ACS200 GEN3, Siiss) and exposed using direct
writing methods (MLA150, Heidelberg Instruments). The pattern was transferred to the mask
using ion beam etching (Nexus IBE350, Veeco). The underetch was then performed in a 49%
solution of HF to lead to 5 um lateral etching. Finally, a deposition of 2.5 pum of low temperature
oxide (Centrotherm furnace) is performed to create the thin film stack.

Silicon substrate with Al, 03 mask

80 nm of Al,O3 were deposited using atomic layer deposition (ALD) (TFS 200, Beneq). A 750
nm thick photoresist layer (AZ ECI 3007, MicroChemicals) was spincoated and developed
using an automated coater and developer (ACS200 GEN3, Siiss) and exposed using direct
writing methods (MLA150, Heidelberg Instruments). The pattern was transferred to the mask
using ion beam etching (Nexus IBE350, Veeco) and the underetch performed by a vapor phase
of XeF, (Xactix, SPTS) to lead to 5 um lateral etching for the largest dimensions. The etch
rate was found to be aperture dependent and the smaller structures had a smaller underetch.
Finally, a deposition of 2.5 um of low temperature oxide (Centrotherm furnace) is performed
to create the thin film stack.

Silicon substrate with SiyNy mask

200 nm of low stress SixNy was deposited using LPCVD method (Centrotherm furnace). A
750 nm thick photoresist layer (AZ ECI 3007, MicroChemicals) was spincoated and developed
using an automated coater and developer (ACS200 GENS3, Siiss) and exposed using direct
writing methods (MLA150, Heidelberg Instruments). The pattern was transferred to the mask
using ion beam etching (Nexus IBE350, Veeco) and the underetch performed by a vapor phase
of XeF, (Xactix, SPTS) to lead to 5 um lateral etching for the largest dimensions. The etch
rate was found to be aperture dependent and the smaller structures had a smaller underetch.
Finally, a deposition of 2.5 um of low temperature oxide (Centrotherm furnace) is performed

to create the thin film stack.

D.5.2 Reflectance spectrum measurements

The experimental setup used for the spectra measurements comprises an Olympus micro-
scope used to focus a spot light to less than 5um diameter on the sample. The spectral
detection occurs in the Fourier space thanks to a series of lenses. The background spectrum
(i.e. no illumination) was recorded and subtracted from every measure, see equation D.9. The
illuminant spectrum (i.e. the light source), used as a reference, was measured by placing a
mirror at the sample’s place, see equation D.10. Each measurement on the samples was taken
five times under the same conditions and the measures were averaged, see equation D.11.
Overall, the reflectance spectrum of a sample is obtained as described by equation D.12.
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D.5.3 Miscellaneous

The images of the samples were taken using a Leica DM8000 microscope, the DMC2900
camera and acquired using the LAS X software set to provide no color correction. The layout
was prepared using the AutoCAD software. The flower image was taken from the website
reussiralecole.fr and used upon agreement of the owner. The flower layout was created by
applying the AND logical operation between an array of holes of fixed diameter and a part of

the flower. The calculation and modeling of spectra and colors were made on MATLAB 2022
a.
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