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Abstract	
Microfluidics and microtechnologies are of great interest for biological applications. This interest is linked to 
the fact that microtechnologies enable the study of single cells at the cellular and sub-cellular level. One of 
many applications of such single cell assays is cell-cell interaction probing. Current cell-cell interaction tools 
used by biologists rely on manual cell manipulation. But in the last decade new microfluidic technologies 
have arisen to tackle this biological challenge. Despite this growing need, the developped microfluidic devices 
still force biologists to compromise between the throughput of the assay (number of cell pairs interrogated) 
and the control over the interaction parameters (contact force and contact time). This thesis proposes an 
engineering point of view of microfluidic tools for single cell and in particular cell-cell interaction studies. The 
developed microfluidic devices enable an advancement of the microfluidic technologies to leverage new 
tools for cell-cell interaction interrogation in a controlled manner and at a high throughput. 

In this work we report the development of a novel microfluidic device based on a “roll-over” mechanism. 
This new chip design enables the multiplexing of cell-cell interactions. This multiplexing is achieved by forcing 
into contact all cells from a sample of a first cell population with all cells from a sample of a second cell 
population. Using such a device, we characterized the interaction of cells expressing olfactory receptors. This 
chip enables the maximization of cell-cell interaction interrogation and thus is ideally suited for rare and non-
redundant cell populations. 

A droplet microfluidic chip for controlled and reliable cell co-encapsulation was designed and implemented. 
Common droplet microfluidic devices rely either on random cell co-encapsulation in droplets, thus leading 
to high cell loss, or use multiple microfluidic devices sequentially to perform droplet manipulation steps and 
achieve cell co-encapsulation. Both cases lead to cell sample loss, first from the random cell co-encapsulation 
process and second from the possible droplet loss between different microfluidic devices. Therefore, the 
implementation of a single fully integrated device enabling controlled cell co-encapsulation in droplets is of 
high interest for the study of precious, large cell libraries interactions for example in the case of cancer im-
munotherapy. 

In this thesis we also developed new concepts, using already existing microfluidic designs. By reusing the 
microfabrication technologies and microfluidic principles of the previously designed devices we could de-
velop a novel microfluidic chip for another biological application. The third device studied in this thesis ena-
bles to look further into cell membrane receptors by isolating plasma membrane fragments. This tool enables 
an in-depth study of receptors involved in cell-cell interactions. It can also be used for any other cell mem-
brane receptor study as for example G protein coupled receptor screening for therapeutic drug discovery. 

The tools developed in this thesis set the grounds for the development of new generations of cell-cell inter-
action microfluidic devices, enabling high throughput and control over the cell-cell interaction parameters. 
The technological advancements presented in this work were validated for various biological applications. 
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Résumé	
La microfluidique et les micro-technologies ont de nombreuses applications dans la biologie. Cet engoue-
ment vient du fait que les microtechnologies permettent l’étude à l’échelle cellulaire et intracellulaire du 
comportement de cellules uniques. Parmis les nombreuses applications l’on peut notamment citer l’étude 
des interactions cellules-cellules. En effet, de nos jours ces interactions sont étudiées avec des méthodes 
manuelles. Toutefois les techniques microfluidiques s’attaquent à ce défi biologique. Malgrès cette demande 
croissante, les biologistes ont actuellement très peu de puces microfluidiques leur permettant de tester les 
interactions entre cellules de manière contôlée (contrôle sur le temps et la force de contact) et en même 
temps avec un grand rendement (nombre de paires cellulaires). Cette thèse a pour but de proposer de nou-
velles solutions microfluidiques permettant de tester les interactions cellules-cellules à haut débit et de ma-
nière contôlée. 

Ce travail présente le développement d’une nouvelle puce microfluidique basée sur un mécanisme de « rou-
lement » des cellules les unes sur les autres. Cette puce permet de multiplexer les interactions entre cellules 
grâce à l’immobilisation d’un premier échantillon de cellules d’une première population, puis en faisant rou-
ler un échantillon de cellules d’une deuxième population dessus. Cette puce a permis l’étude de l’activité 
homotypique des récepteurs olfactifs. De plus elle est adaptée à l’étude des cellules rares car elle permet de 
maximiser les interactions cellulaires. 

Une deuxième puce microfluidique a été développée, permettant l’encapsulation conjointe de deux cellules 
dans des micro-gouttes. Les puces microfluidiques actuelles travaillant avec des gouttes sont généralement 
limitées par le phénomène d’encapsulation aléatoire des cellules dans les gouttes (impliquant une forte perte 
de cellules) mais également par l’utilisation de multiples puces séquentiellement (générant une perte de 
gouttes). Nous avons donc développé une puce microfluidique intégrant toutes les étapes nécessaires à l’en-
capsulation contrôlée de deux libraires cellulaires dans des micro-gouttes. Cette technologie est particuliè-
rement intéressante pour les applications biologiques où les échantillons cellulaires sont rares comme c’est 
le cas de l’immunothérapie pour le cancer. 

Ce travail a également permis la naissance de nouvelles puces microfluidiques basées sur des technologies 
déjà existantes. En combinant les méthodes de microfabrication et les principes fluidiques des deux puces 
développées précédemment nous avons créé une nouvelle puce résolvant un autre problème biologique : 
notre technologie permet grâce à l’isolation des fragments de membrane plasmique, l’étude poussée des 
récepteurs membranaires dont ceux impliqués dans les interactions entre cellules. Cette puce est compatible 
avec l’étude de n’importe quel récepteur membranaire et peut donc être utilisée par exemple, pour la dé-
couverte de nouveaux médicaments ciblant les récepteurs couplés aux protéines G (appelés GPCRs en an-
glais). 

Les outils technologiques développés durant cette thèse définissent de nouvelles bases pour le développe-
ment de puces microfluidiques dédiées à l’étude des interactions entre cellules. Le but étant de fournir aux 
biologistes de nouveaux outils pour l’investigation contrôlée et à haut débit des interactions cellules-cellules. 
Les avancées technologiques présentées ont été utilisées pour différentes applications biologiques. 
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 Introduction	
 

Microfluidics refers to the behavior, precise control and manipulation of fluids geometrically constrained to 
a small scale (sub-millimeter). The study of the behavior of liquids in confined diameters started with Hip-
pocrates (400 BC), Galen (200 AD) and Theophilus (700 AD) amongst others who analyzed urine samples in 
order to better understand the functions of the human body [1][2][3]. Then hundreds of years later, James 
Jurin (1684-1749), Jean Léonard Marie Poiseuille and Gotthilf Heinrich Ludwig Hagen (1791-1884) worked on 
describing the behavior of fluids confined in small diameter glass containers. Those studies led to publications 
on capillarity [4] and the establishment of the Hagen-Poiseuille equation [5] describing the pressure drop in 
a fluid flowing in a cylindrical pipe, at the basis of the theory for fluid behavior at the small scale. However, 
microfluidics as we know it today, only dates back to the 1960s thanks to the microelectronics industry and 
its work on improving silicon-based micromachining processes using photolithography, etching and bonding 
techniques [6]. At the same time chemists and biologists were looking for new means to miniaturize their 
analytical methods. The merging of bioanalytical and microelectronics disciplines can be considered the birth 
of microfluidics [7]. This thesis places itself in this context of microfluidics for bioanalytical applications. We 
will investigate the use of microfabrication technologies for the development of novel microfluidic devices 
with biological applications. 

 

1.1 Background	

1.1.1 Microfluidics	as	a	tool	for	biologists	
One could ask why microfluidic technologies are of such interest for biologists and biological applications. 
The simple answer would be scale. Indeed, silicon micromachining enabled the fabrication of channels and 
features with a micrometer precision. Thus, permitting the manipulation of micro- (10-6) or atto- (10-18) liter 
volumes and working at similar scales than biological objects (Figure 1.1). Such control brings various analyt-
ical and economic advantages. 

Microfluidics enables a reduced use of reagents and samples, which is very interesting in biology as many 
biological reagents are expensive (e.g. antibodies). Additionally, smaller reaction volumes lead to enhanced 
analytical performances such as increased heat transfer (thanks to higher surface to volume ratios) or accel-
erated and improved separations efficiencies (due to higher electric fields and laminar flow in microchan-
nels). Furthermore, microfluidics, thanks to miniaturization, requires less power consumption and enables 
the parallelization and portability of assays. 
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Figure 1.1: Length scale of biological and microfabrication objects. 

Approximate length scales for several biological and microfabrication structures. (reprinted with permission from [7] Copyright Springer 2008). 

 

The first biological application of microfluidics was capillary electrophoresis (CE), used to separate charged 
biomolecules. In 1992 Manz et al. demonstrated the first on-chip CE [8] and imposed microfluidics as a new 
tool for separation science ranging from amino acids [9] to DNA [10]. The microfluidics boom begun. Further 
motivation for microfluidics arose from the increasing interest for genomics in the 1990s and the need for 
new DNA amplification, hybridization and sequencing methods. To this end microarrays played an important 
role as biological samples could be immobilized on surfaces, ready to be hybridized with the introduced sam-
ple to be screened [11][12]. Microarrays were developed to pack a maximum amount of DNA strands into a 
minimal amount of space with up to 1046 different DNA strands in a single chip [13]. Microreactors also 
became highly popular to perform polymerase chain reaction (PCR), used for DNA amplification. Indeed 
thanks to the very small volumes of the reaction chambers, rapid and efficient heating and cooling could be 
achieved leading to quick and efficient thermocycling [14]. 

Today microfluidic technologies like micro, microreactors, or droplet microfluidics are still widely used in 
biology, mostly for genetic analysis (DNA and RNA) [15][16], proteomics [17][18][19], drug delivery (implan-
table microsystems, organ on a chip)[20][21][22] and bio-compatibility [23], as well as for cellular assays 
(single cell assays, cell sorting and screening) [25][26][27][28]. In this thesis we will focus on microfluidic 
devices for cellular assays and in particular cell-cell interaction studies. 

 

1.1.2 Microfluidic	tools	for	cell-cell	interactions	
Cell-cell interactions are of prime interest for biologists as the human body is composed of approximately 
3.72 × 1013 cells in total with 200 different cell types [29]. Cells have specialized functions that enable them 
to form functional units such as organs, this cell organization and coordination is only possible through com-
munication between cells. Cell-cell interactions play a major role in tissue homeostasis [30] and formation 
[31]. Interactions at the cellular level occur in the embryonic development [32], tumor progression [33] and 
metastasis [33], stem cell maintenance [34], as well as in the immune system [35]. Our understanding of how 
cell-cell interactions shape cell behavior relies on our ability to study these dynamic interactions and examine 
the underlying cellular response [33].  
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Typical manual approaches to investigate such interactions at the cellular level involved putting in contact 
cells in bulk cocultures [36] with the use of centrifugation [37] (for co-sedimentation steps) or using the flip-
ping assay [38]. These approaches only provide a population-based overview of the cellular response and 
miss individual variations. Conventional cell-cell interaction methods [39] also include the dual pipette aspi-
ration assay [40][41], in which two micropipettes are used to immobilize cells and force them in contact. In 
this method the interaction force can be probed by modulating the applied pressure exerted on the cell by 
the pipette end. Another commonly used cell-cell interaction assay is the atomic force microscopy (AFM) 
based single-cell force spectroscopy (SCFS) [42]. It is an AFM based assay where a cell is adhered on the 
substrate and another one is placed on the AFM tip. A force is then applied to push the cell on the AFM tip 
in contact with the one on the substrate. The interaction between the two cells in the AFM is characterized 
through the deformation of the cantilever. Amongst cell-cell interaction methods is the Förster resonance 
energy transfer (FRET)-based molecular tension sensors [43] assay, which relies on the transformation of 
mechanical forces into optical signals. This method uses a FRET-based molecular tension sensor module, 
which is introduced in the cytoplasmic domain of E-cadherins, N-cadherin or vinculin to localize the cell-cell 
contact sites and focal adhesion points by displaying decreased FRET efficiency upon tension on the sensor 
module. These assays enable a high control of environmental parameters of the interaction, as the contact 
force (AFM and dual pipette assay), and lead to precise cell-cell interaction studies, like measuring the precise 
tension load on cell membranes (FRET-based tension sensor). However, these methods lack high throughput, 
as only one cell pair can be studied at a time. Additionally, skilled expertise and tedious manipulation could 
be required (dual pipette assay). Those methods being time consuming and low throughput show there is a 
need for higher throughput cell-cell interaction tools. 

Recently microfabrication technologies have facilitated the development of single cell analysis tools (Ta-
ble 1.1). Amongst these a focus on microscale methods for cell-cell interaction studies has emerged [44]. The 
developed methods can be classified into two main categories: open systems (based on microwell arrays) 
and closed systems (microfluidic channel devices with closed channels). Microwell arrays consist in pico- or 
nanoliter wells loaded with a cell suspension which will slowly sediment in the wells [45]. Microwell arrays 
are a simple and easy-to-use method for cell doublet formation as the average number of cells per well can 
be tailored by the microwell dimensions and the cell doublet formation relies on gravity, a passive mecha-
nism. However, this cell doublet formation method doesn’t give control over the cell types composing the 
doublet. Additionally, this method does not allow tuning of the interaction parameters like the contact force 
or the interaction time between the two cells. On the other hand, closed microfluidic devices enable im-
proved precision over the interaction parameters which allow a more versatile study of cell-cell interactions. 
Closed microfluidic devices enable a controlled generation of cell-cell interactions [46] thanks to flow control 
of cells in closed microchannels leading to cell pair formation. Cell doublets can be studied while confined in 
physical hydrodynamic traps [47]. Cell pairs are placed in contact in static condition by confinement in phys-
ical cages. This static condition implies that cells are immobile, hence leading to a long contact time and a 
high contact force for the interaction. Such traps can also be created with optical [48], acoustic [49], or elec-
tric [50] forces. Cell doublets are also studied in confined environments like micro-droplets [51] or valved 
compartments [52]. Most of the methods based on microfluidics rely on static cell-cell interactions where 
cells are immobile during the interaction. Furthermore, cell doublets are randomly formed with a single cell 
from the first population placed in contact with a single cell from the second population. In the case of rare 
cell populations this random cell pairing could be problematic, and thus lead to cell loss. Compared to con-
ventional cell-cell interaction assays microscale devices enable an increased throughput thanks to the paral-
lelization of cell pairs formation. 
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Table 1.1: Comparison table of current manual and microfluidic cell-cell interaction probing methods 

Methods Advantages Disadvantages Refe-
rences 

Cell-cell mechanical contact 

 

Dual pipette assay 

• High control over 
cell-cell interaction 
force 

• 1 to 1 cell probing [40][41] 

Optical tweezers 
• 1 to 1 cell probing 

• Thermal damage of cells 

[48] 

Acoustic tweezers • 1 to 1 cell probing [49] 

FRET based me-
chanical sensor 

• Hard to implement 

• 1 to 1 cell probing 

[43] 

Atomic Force Mi-
croscopy 

• 1 to 1 cell probing [42] 

DEP array • 1 to 1 cell probing [50] 

Cell-cell interaction in confined environments 
 

Microwells • High throughput 
cell-cell interroga-
tion 

• Passive mechanism 

• Random cell pairing 

[45] 

Hydrodynamic traps [47][53]  

Micro-droplets [51] 

Valved com-
partments 

• High throughput 
cell-cell interroga-
tion 

• Random cell pairing 

• Active mechanism 

[52] 

On flow cell-cell interaction 
 

On flow rolling over 
cell layer 

• High throughput 
cell-cell interroga-
tion 

• Lack of cell-cell interaction 
precision 

[36] 

On flow rolling over 
individually trapped 
cells 

• Highly precise cell-
cell interaction study 

• Medium to low throughput 
cell-cell interrogation 

[54] 

 



Introduction 

25 

As shown above there are very few to no means of probing the interaction of a single cell against multiple 
other ones in a high throughput manner. The aspect of multiplexing cell-cell interaction is extremely inter-
esting in the case of rare cell libraries that must be interrogated one to another like in the case of T cell 
screening for immunotherapy.  

In this thesis we aim at developing novel microfluidic devices and designs to facilitate cell-cell interaction 
interrogation at the single cell level. We applied such devices to cancer immunotherapies (adoptive cell trans-
fer) and the study of G protein coupled receptors (GPCRs, in particular olfactory receptors (ORs). Both appli-
cations have inherent biological constraints and will be detailed hereafter. 

 

1.1.3 Microfluidic	tools	for	cancer	immunotherapy	
Cancer immunotherapies and adoptive cell transfer 

One of the biological applications investigated in this thesis is for cancer immunotherapies. Cancer immuno-
therapy is the artificial stimulation of the immune system to treat cancer, this method has become a funda-
mental pillar of cancer treatment by improving the prognosis of patients with wide ranges of malignancies 
[55]. Immune therapies [56] are divided into targeted therapies based on monoclonal antibodies, immune 
checkpoint inhibitors, adoptive cell transfer (ACT), cancer vaccines, CAR T cells and cytokines. ACT is a highly 
personalized cancer therapy that involves the administration of the patient’s own immune cells with direct 
anticancer activity. The ability of biologists to genetically engineer immune cells has further extended the 
successful application of ACT as cancer treatment [57].  

 

 
Figure 1.2: General scheme for the adoptive cell transfer of naturally occurring autologous TILs.  
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The resected melanoma specimen is digested into a single-cell suspension or divided into multiple tumor fragments that are individually grown in IL-
2. Lymphocytes overgrow, destroy tumors within 2 to 3 weeks, and generate pure cultures of lymphocytes that can be tested for reactivity in coculture 
assays. Individual cultures are then rapidly expanded in the presence of excess irradiated feeder lymphocytes, OKT3, and IL-2. By approximately 5 to 
6 weeks after resecting the tumor, up to 1011 lymphocytes can be obtained for infusion into patients. From [58] Reprinted with permission from AAAS. 

 

An approach for ACT (Figure 1.2) is based on growing and administrating human tumor-infiltrating lympho-
cytes (TILs). The use of autologous TILs (from the patient) is the most effective approach for durable meta-
static melanoma regression [58][59]. The first step of ACT consists in digesting multiple tumor fragments to 
single-cell suspensions. The cells are grown with interleukin-2 (IL-2 cytokine) that enables the outgrowth of 
lymphocytes over tumor cells, thus creating pure lymphocyte cultures after 2 to 3 weeks. The TILs reactivity 
against tumor can be tested in coculture assays against tumors or in a more specific manner using engineered 
antigen presenting cells (APCs) (Figure 1.3). Indeed, patient’s autologous APCs can be engineered (peptide 
or minigene expression) to display neoepitopes (tumor-specific mutations) [60]. When co-culturing TILs with 
these engineered APCs one can identify several individual mutations responsible for tumor recognition by 
the T cells. Tumor-reactive TILs are then isolated after coculture and expanded in-vitro. 5-6 weeks after tumor 
resection up to 1011 lymphocytes can be obtained for reinfusion in the patient after lymphodepletion. 

 

 
Figure 1.3 General scheme for treatment of patients with T cells recognizing tumor-specific mutations.  

The sequences of exomic DNA from tumor cells and normal cells from the same patient are compared to identify tumor- specific mutations. Knowledge 
of these mutations can then be used to synthesize either minigenes or polypeptides encoding each mutated amino acid flanked by 10 to 12 amino 
acids. These peptides or minigenes can be expressed by a patient’s autologous APCs, where they are processed and presented. Coculture of the 
patient’s T cells with these APCs can be used to identify all mutations processed. The identification of individual mutations responsible for tumor 
recognition is possible because T cells express activation markers, when they recognize their target antigen. T cells expressing the activation marker 
can then by purified using flow cytometry before their expansion and reinfusion into the tumor-bearing patient. From [58] Reprinted with permission 
from AAAS. 

 

The major limiting factor for the successful use of ACT in humans is the identification of cells solely targeting 
tumor-specific antigens not present on essential healthy tissues [58]. This limiting factor is linked to the co-
culture and selection of tumor-reactive TILs step. This step can last up to 2 weeks and requires to be done 
with small rare cell libraries (up to 300 TILs are primarily extracted from tumor biopsy samples). Currently 
coculture for tumor reactive TILs isolation is manually done by plating TILs with either tumor cells or engi-
neered APCs. This ACT step relies on cell-cell interactions and possibly could benefit from microfluidics for 
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the automation and acceleration of the process. The cell-cell interactions of interest rely on the interaction 
of the T cell receptor (TCR) present on the T cell and the major histocompatibility complex presenting the 
peptide (pMHC) on the APC. Upon recognition by the TCR of its cognate target antigen (peptide), and in the 
presence of co-stimulatory signals the T cell will get activated and be able to respond to the threat. This T cell 
activation mechanism crucial for ACT and cancer immunotherapies is detailed hereafter. 

 

T cell activation intracellular mechanisms 

T cell activation detection is a major tool in immunotherapy as it enables the screening of tumor-reactive TILs 
using engineered APCs. T cell activation can be detected through different means at different time points 
(Figure 1.4). First, clustering of the T cell receptors (TCRs) occurs upon recognition by the TCR of the correct 
epitope presented at the APC's surface by the major histocompatibility complex (pMHC also called human 
leukocyte antigen, pHLA) [61]. Moreover, the necessary presence of co-stimulatory signals B7-CD28 enable 
sustained T cell activation. This recognition of the adequate epitope leads to a rapid intracellular calcium 
release from endoplasmic reticulum (ER) stores [62] [63]. Ca2+ depletion in cellular stores triggers the opening 
of membrane Ca2+ channels called calcium released activated (CRAC) channels [64] (used to refill the ER). This 
process of Ca2+ influx from the extracellular space is called store-operated Ca2+ entry (SOCE) [65]. Prolonged 
increased intracellular Ca2+ levels is necessary for T cell functions, including proliferation, differentiation, 
maturation, gene transcription and cytokine production [66][67][68]. 

 
Figure 1.4: T cell activation molecular mechanisms.  

The top part of this figure depicts the activation mechanisms of T cell upon APC encounter and correct epitope recognition. First the peptide-HLA 
complex (pHLA HLA is the human specific MHC) on the APC is recognized by the T cell receptor (TCR) with the help of co-stimulatory molecules B7 
and CD28. Upon recognition of the epitope calcium ion release from intracellular stores (endoplasmic reticulum ER and plasma membrane PM) takes 
place, this depolarization of the membrane then leads to the opening of the voltage dependent calcium channels. The overall intracellular T cell 
calcium concentration increases. This calcium increase then leads to changes in the gene expression and induces cytokine, interferons and interleukins 
production as well as growth and morphological changes of the T cell. On the bottom part of the figure is a timeline of the T cell activation event used 
as possible assays targets. Adapted from [69]. 
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Currently in the ACT process presented before, T cell activation is detected using cell surface markers (such 
as 41BB for CD8+T cells or OX40 for CD4+ T cells) or cytokine production. However, such activation markers 
appear multiple hours and often are only in sufficient amounts to be detected days after T cell activation. 
This implies a huge delay and waiting time to identify tumor-reactive T cells. However, in a mindset of accel-
erating this process using microfluidics one could for example target early T cell activation markers to screen 
T cells in an accelerated manner (using the sustained cytosolic increase in calcium [70][62][71] linked to T cell 
activation). Indeed, microfluidics and microtechnologies have already been used to tackle this challenge of 
tumor-reactive T cell identification [72]. 

 

Microfluidic tools for cell-cell interaction screening in cancer immunotherapy 

Conventional tools used for high-throughput screening of libraries of T cells against libraries of agnostic (un-
biased) APCs relied on cell–cell contact assays, like, dielectrophoresis (DEP) arrays [50], optical tweezers [73], 
atomic force microscopy [74][75], dual pipette assay [76], or combinations of those assays [77]. However, 
these approaches display a limited throughput as only 1 to 1 cell interrogation can be obtained at a time.  

Novel technological advances focusing on microfluidic devices have enabled higher throughput cell–cell as-
says for antigen interrogation of T cell libraries [78]. One mean to achieve this cell–cell interaction probing is 
by confining cells pairs in arrays of hydrodynamic traps [79]. Dura et al. monitored the heterogeneity in cel-
lular activation patterns after exposure of T cells to B cells presenting antigenic peptides [80] or exposure of 
natural killer (NK) cells to tumor cells [47]. Immune-cell interactions have also been studied in droplet-based 
microfluidics. Sarkar et al. co-encapsulated T cells with activated or chemokine loaded dendritic cells, then 
imaged the calcium fluxes [61], as well as the variation of contact types and durations [81]. The same group 
also studied the interaction of target cells with NK cells [82]. Similar droplet-based devices were also used to 
investigate the activation of T cells upon interaction of target cells, in order to identify TCR sequences of 
reactive cells [51] or to isolate antibody-secreting cells [83]. Other microfluidic devices exploited on flow 
immune cell interactions, either relying on the adherent properties of some APCs to generate a cell layer on 
which T cells flow and interact [36], or relying on the rolling behavior of T cells over beads functionalized with 
pMHC for T cell isolation [54]. Microfluidic devices hence enabled an increase in throughput, as well as a N 
to 1 interrogation of T cell libraries compared to previous cell–cell interaction assays. The most promising 
technologies such as droplet-based microfluidics [84] should allow multiplexing of cell–cell interaction with 
full single-cell proteomics and genomics, PCR and TCR or neoantigen identification thanks to barcoding pos-
sibilities [85][86][87][88], as well as high cell viability and recovery rates. 

Cancer immunotherapy is an interesting application where microfluidics have a direct impact on cancer ther-
apies and their personalization to patients. In this thesis we will investigate novel microfluidic designs with 
potential applications in cancer immunotherapies and tumor-reactive T cell screening. However as men-
tioned before, many other biological fields can benefit from microfluidics. Another application detailed in 
this thesis focuses on G protein coupled receptors (GPCRs) and in particular the specific family of olfactory 
receptors (ORs). 

 

1.1.4 Microfluidic	tools	for	G	protein	coupled	receptors	study	and	screening	
The second biological application used to validate the designed microfluidic technologies developed in this 
thesis is G protein coupled receptors (GPCRs) and in particular the sub-family of olfactory receptors (ORs) in 
humans [89]. 
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GPCRs represent approximately 4% of the human genome and constitute the largest family of cell surface 
membrane receptors [90]. Due to their ability to transduce a wide variety of extracellular signals (photons, 
mechanical stress, hormones, growth factors, neurotransmitters) to the intracellular compartment [91] (for 
detailed GPCR activation mechanism see Chapter 4), they are involved in many central physiological pro-
cesses. Consequently, they are among the most important therapeutic targets for different diseases 
[92][93][94][95][96][97]. Thus, screening of drugs targeting GPCRs is currently of great interest for pharma-
ceutical companies. Current GPCR screening tools to identify a drug’s mode of action (i.e. drug’s effect inside 
a cell) focus on detecting changes in gene expression (using reporter genes [98]) or cytosolic concentrations 
of secondary messengers (calcium [99], cAMP [100] and inositol triphosphate [101]) [102]. Such assays are 
commonly manually done and often time consuming. In order to improve such GPCR screening methods 
various studies investigated the use of microfluidic devices as miniaturized GPCR drug discovery platforms 
[103][104]. However, today microfluidic devices are not only interesting for GPCR screening but are mostly 
used to study GPCR expression in various cell types [105][106][107] or to better identify GPCR intracellular 
signaling pathways [108][109]. Indeed, understanding GPCR signaling and function is key for biologists, as 
GPCRs are widely distributed in the body and part of many physiological processes, like olfaction. 

The main mammalian olfactory system contains olfactory sensory neurons (OSNs) located in the olfactory 
epithelium (MOE) of the nasal cavity and send their axons to synapse with second order OSNs in the olfactory 
bulb (OB) (Figure 1.5) [110][111].  

 

 
Figure 1.5: Scheme of the olfactory system. 

The olfactory system and wiring of the olfactory neurons. From [112] reprinted with permission from MDPI. 

 

OSNs express olfactory receptors (ORs part of the GPCR family) at their surface [113]. ORs are proteins that 
act both as molecular sensors (allowing the recognition of odorant molecules) and axon directing cues (during 
the development of the olfactory system [114]). Indeed, ORs seem to be critical for OSNs axon sorting, con-
verging and targeting [115]. However, the mechanism of this guiding activity of OSNs through ORs by cell-cell 
interaction remains widely unknown. Using the dual pipette assay Richard et al. have shown that ORs display 
an homotypic and heterotypic adhesion activity for cells respectively expressing the same ORs or two differ-
ent ORs [116].  

Such cell-cell interaction studies could benefit of microfluidics as discussed previously, and thus will be inves-
tigated in this thesis as well as the challenge of using microfluidics to perform GPCR screening. 
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1.2 	Research	strategy	

1.2.1 	Scope	of	the	thesis	
Even though many single cell and cell-cell interaction screening tools are currently available for biologists, as 
of today, a compromise between throughput and control is done. These limitations can however be partly 
lifted by the use of microfluidic devices that enable a multiplexing of the assay and thus an increased through-
put while delivering a high control over the cell-cell interaction parameters and environment. Indeed, micro-
fluidic devices have already been used and developed in order to study single cells and cell-cell interactions 
[117] but improvements using novel designs or fabrication technologies could further empower biologists. 
On the one hand, the question of multiplexing of cell-cell interactions for rare cell samples is of crucial im-
portance as demonstrated in the case of immunotherapy. On the other hand, the question of throughput 
and interrogation of interactions of large cell libraries can also be problematic with current cell-cell interro-
gation tools. 

 

This thesis demonstrates the attempt to design microfluidic devices to study human cells at the single cell 
level. The objective is to improve the state of the art of existing microfluidic technologies by adapting them 
for the need of single cell study and cell-cell interaction interrogation. The novel microfluidic devices will be 
showcased using various biological applications to demonstrate the possibilities of such technologies. 

 

1.2.2 Thesis	structure	
Two microfluidic devices relying on different microfluidic principles were developed in order to provide new 
tools for cell-cell interrogation and single cell study. This thesis first presents the novel microfluidic technol-
ogies developed and their validation of specific biological applications. The last chapter is then dedicated to 
the possible use of such microfluidic technologies for G protein coupled receptors (GPCRs) screening.  

In Chapter 2 the question of multiplexing of cell-cell interaction is investigated and a novel microfluidic design 
based on a “roll-over” behavior is presented. The theoretical developments of hydrodynamic trapping of this 
“roll-over” mechanism are detailed. The novel silicon on glass microfluidic chip was experimentally validated 
and enabled a better understanding of the dynamics of olfactory receptors in cell-cell interactions.  

In Chapter 3 a microfluidic device focusing on high throughput cell-cell interaction screening based on droplet 
microfluidics is developed. This novel microfluidic device fabricated using simple soft photolithography (pol-
ydimethylsiloxane, PDMS) combines multiple already existing droplet microfluidic tools to reliably and effi-
ciently co-encapsulate cells with minimal cell sample loss. The technology was developed for the case of 
cancer immunotherapy where cell libraries to screen can be large and precious. 

The Chapter 4 is dedicated to the use of hydrodynamic trapping (used in Chapter 2 for the “roll over” behav-
ior) for G protein coupled receptor (GPCR) screening. The simple PDMS (technology from Chapter 3) micro-
fluidic device demonstrates once more the possibilities of microfluidic technologies to accelerate and im-
prove both the efficacy and robustness of already existing manual biological assays  

Overall this thesis aims at further demonstrating the important role microfluidics can play for biology and in 
particular for single cell studies. 
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 Cell-cell	 interaction	 through	 “roll-
over”	behavior		
2.1 Introduction	
Cell-cell interaction is a complex phenomenon, where a single cell can interact with many others through 
physical contact, binding of surface receptor and ligands (like T cell and antigen presenting cell), the use of 
cellular junctions (like epithelial cells), also called direct interaction, or by secreted stimulus from neighbour-
ing or distant cells (like neurons at the synapses) through indirect interaction. The interaction through se-
creted stimulus has already been extensively studied [118]. However, contact based cell-cell interactions re-
mains largely unstudied due to the need for better technologies to understand cellular interactions. To sys-
tematically understand cell-cell interactions one must be able to determine the mode of interaction (direct 
or indirect) while measuring molecular information and responses to stimuli in single cells [33]. 

Cell-cell interactions rely on surface-anchored receptors and ligands. Commonly the adhesion frequency, and 
the thermal fluctuation assays are used to measure the 2D binding kinetics of such interactions. These assays 
enable the quantification of the interaction thanks to the contact force (force required to generate the bond), 
the bond lifetime (duration of the bond), formation (time and force required to form the bond) and dissoci-
ation (time and force required to detach the adhesion) [119]. These measured parameters then enable to 
decipher the statistics (probablity of binding) and kinetics (on-rate, off-rate, affinity) of the interaction. 

Current microfluidic methods for cell-cell interaction rely on static cellular interactions (cells are placed in 
contact and then do not move) [46]. However static cell-cell interactions can be far from recapitulating what 
happens in the body, as tissues are extremely dynamic assemblies [120]. Hence there is a need for microflu-
idic technologies studying dynamic cell-cell interactions. Our goal is to be able to probe all possible interac-
tions of samples of two cell populations in a dynamic manner. In order to multiplex the interactions and thus 
investigate the interaction of a single cell from the first population against a subset of cells from the second 
cell population, we will rely on the biological principle of cell rolling [121]. The aim is to isolate single cells 
from a first population at precise locations and then make single cells from a second population roll-over the 
positioned cells and thus dynamically interact sequentially with all the previously isolated cells. 

Single cell isolation at precise locations through hydrodynamic trapping has already been extensively charac-
terized in microfluidics [122]. Hydrodynamic trapping relies on the use of flow barriers or constrictions to 
separate a target particle from the main flow to a precise location [123]. A wide variety of particles can be 
isolated by hydrodynamic trapping, ranging from bacteria to embryos [124][125][126][122][127]. Once the 
target particle is retained in the hydrodynamic trapping site it can easily be studied. Hydrodynamic trapping 
can be coupled with various cell analysis measurement method like fluorescence [128] or impedance spec-
troscopy [129]. The major aim of those arrays of hydrodynamic traps is to physically isolate single cells [130], 
this is often achieved by a deep trap cup (mechanical structure where the target particle is placed) fully iso-
lating the target particle from the main flow channel (Figure 2.1(i)) [131]. However, by adjusting the trap cup 
to the particle dimensions one can easily maintain a trapped particle partially in the main flow channel (Figure 
2.1(ii)) [132] and thus enable possible interactions with other particles flowing in the main channel. 
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Hydrodynamic trapping designs such as the one presented in Figure 2.1(ii) do not enable sequential cell-cell 
interaction despite having cells partially in the main flow channel. It is due to the fact that flowing cells will 
interact with the first trapped cell, but upon rolling on the trapped cell the flowing cell will be shifted towards 
flow lines located at the centre of the channel and thus prevent any possible interaction with a second 
trapped cell located close to the channel wall. To remedy this, we used the hydrodynamic filtering principle 
to partially re-aspirate the flow along the channel wall. It is aimed at bringing back the flowing cell towards 
the channel wall where the next trapped cell is localised. Hydrodynamic filtration uses small branches per-
pendicular to the main flow channel in order to remove carrier fluid and move particles closer to the side 
walls of the main channel [133][134]. The control of the flow entering the side branches dictates which frac-
tion of the flow from the main channel will be removed (Figure 2.1(iii)) [135]. 

 

 
Figure 2.1: Hydrodynamic trapping and filtering microfluidic devices.  

(i) Single microparticle capture in generation 1 devices: (A) triangular arrays, (B) elliptical arrays, (C) triangular arrays, (D) elliptical arrays, (E) conical 
arrays, (F) square arrays, and (G) particle aggregation at square traps (reprinted with permission from [131] Copyright Biomicrofluidics 2012, AIP 
Publishing LLC). (ii) (a) Cells captured in the trapping pockets, (b) magnification of captured cells and intrusion into drain channel (reprinted with 
permission from [132] Copyright Biomicrofluidics 2011, AIP Publishing, LLC). (iii) Principle of hydrodynamic filtration. (a)–(c) Schematic diagrams 
showing particle behavior at a branch point; (a) the relative flow rates distributed into side channels are low, (b) medium, and (c) high. Broken lines 
show the virtual boundaries of the flows distributed into side and main channels. (d) Schematic diagram showing particle concentration and classifi-
cation in a microchannel having multiple branch points and side channels. (reprinted with permission from [136] Copyright RSC 2005). 

 

By combining hydrodynamic trapping and filtration we designed a microfluidic device that can passively trap 
a sample of cells from a first population then sequentially and dynamically make a sample for a second cell 
population roll on top of the previously trapped cells (Figure 2.2). This novel design based on a “roll-over” 
behaviour enables the interrogation of all the possible cell-cell interaction combinations of samples of two 
cell populations. 
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Figure 2.2: Rolling chip principle.  

The cells from the first population are sequentially trapped. Once all hydrodynamic traps are filled cells from the second cell type roll onto the previ-
ously trapped cells and interact. 

 

In this chapter we will detail a novel design and give the theoretical background to design such device ac-
cording to the target particle dimensions. We will then characterize using CFD simulations and polystyrene 
beads the roll-over behaviour. Finally, we will use our new technology to investigate cell-cell interactions in 
the immune system with T cells and antigen presenting cells (APCs) and in the neuronal system with olfactory 
receptors (ORs). 

 

2.2 	Cell	rolling	chip	design	
The presented microfluidic device is composed of a main channel in which particles flow, in parallel with a 
low-pressure channel [137]. Those channels are linked by perpendicular narrow channels alternatively called 
“trap channels” and “bypass channels”. Particles are trapped at the junction between the main and the trap 
channels while, bypass channels are designed for partial flow aspiration. This chip can be operated in two 
modes: trapping then “roll-over” (Figure 2.3). 

 

2.2.1 Simplified	theoretical	model	
 

 
Figure 2.3: Microfluidic chip schematic. 

A) Schematic view of the particle trapping mechanism. The particle carried by the flow (Q) is trapped in the trap channel. B) Schematic view of the 
particle rolling mechanism. Particles carried by the flow roll on the trapped particles thank to the bypass channel. The bypass channels enable a partial 
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flow re-aspiration that modify the flow lines along which flowing particles move. This flow line modification enables to position the rolling particle 
along the channel wall and enable a stronger interaction with the following trapped particle. 

 

The trapping mode (Figure 2.3A) allows particle trapping at trap channels entrances. The specific widening 
of the trap channel entrance is called the trap cup and is where the trapped particle will be placed. Virtual 
widths are defined as the flow stream width from the main channel entering either the trap channel (w0) or 
the bypass channel (w1). Virtual width values depend on the ratio of flow rates respectively QT/QM and 

QB/QM1, no additional trapping force is applied. When the radius of a flowing particle is smaller than the 
virtual width (w0 in Figure 2.3A) of the trap, it is diverted towards the trap channel [135] and hydrodynami-
cally trapped [122] thanks to a mechanical constriction as shown in Figure 2.3A. When all trap channels are 
passively filled with particles the roll-over mode can be implemented. 

The roll-over mode (Figure 2.3B) allows the sequential interaction of flowing particles with all the previously 
trapped particles. The phenomenon relies on the hydrodynamic filtering principle [136]. In this case, bypass 
channels are defined in order to have a virtual width (w1 in Figure 2.3B) smaller than the radius of any flowing 
particles present in the main channel. Such bypass channels have virtual width designed to partially re-aspi-
rate the flow in order to re-position rolling particles along the main channel wall. The positioning along the 
channel wall after each trap enables the flowing particles to interact sequentially with all trapped particle 
and hence enables a multiplexing of the particle-particle interactions. 

To define the dimensions of the microfluidic device for our application we need to calculate the virtual widths 
and flow ratios entering the trap and bypass channels to respectively trap and partially re-aspirate the flow 
to enable the roll-over. Those calculations require to know the flow velocity profile in the microchannels. 
Then the flow ratio related to the hydraulic resistance of the microfluidic device will enable the dimensioning 
of the channels. We will first derive the flow velocity profile equation for shallow rectangular channels and 
then calculate the respective virtual widths for traps and bypass channels. Finally, we will generate a theo-
retical model for the hydraulic resistance calculation of the whole chip. 

The virtual widths (w0 and w1) are key elements in both trapping and rolling modes. In the first case they 
enable particle trapping, while in the second case, they prevent particles to be trapped in bypass channels 
and induce the “roll-over” behaviour. The design of trap and bypass channels needs to be tailored to the 
particle radius in order to adequately perform both trapping and rolling of particles. 

We have developed a simplified model of the fluidic behaviour observed in our device, in which we assumed 
a fully developed flow in all channels and simplified the design by removing the trap cup at the entrance of 
the trapping channels. We simplified the model by breaking down the full design (Figure 2.4A) into a smaller 
functional unit that will be repeated, each functional unit presenting the same flow and pressure drops. This 
functional unit is composed of a single trap and a single bypass channel (Figure 2.4B). This model enabled us 
to define a range of possible channel dimensions for which trapping, and roll-over would occur. However 
final dimensioning of the microfluidic channels was achieved experimentally. 

The simplified model is based on the following assumptions: (1) steady, pressure-driven and laminar flow, (2) 
use of a non-compressible Newtonian fluid, (3) homogenous height along the chip (h=20 𝜇m). The virtual 
width is linked to the ratio of flow rates between the main channel portion prior to the trap or bypass (QM or 
QM1) and the trap or bypass channels (QT and QB respectively). In shallow microfluidic channels (i.e. h<w), 
which is the case here, the flow velocity profile [138] is not parabolic but can be expressed [139] as: 
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Equation 2.1: 
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where 𝜂 is the viscosity of the fluid (9.8x104 Pa.s for water), ∆𝑝 is the pressure difference between channel 
ends, h, L, wM are the respective channel dimensions: height, length, width, and y, z are the coordinate axes 
along the channel width and height with 0 < 𝑦 < 𝑤C and 0 < 𝑧 < ℎ. The detailed derivation of such equa-
tion can be found in Annexe 6.1.1. 

 

 
Figure 2.4: Microfluidic device fabrication and design.  

A) Scanning Electron Microscope image of the designed silicon on glass microfluidic chip. The microfluidic device is composed of a repetition of a 
single basic chip unit. B) Zoom on the functional unit composed of a bypass channel and a trap channel. This functional unit is the basis of the simplified 
model. C) Illustration showing the equivalent electrical resistive model of a functional repeating unit of the chip composed of a bypass and a trap 
channel with the corresponding design dimensions. 

 

The flow rate for each channel can then be calculated by integrating the velocity flow profile equation (eqn 
2.1) along the height and the width of the channel. In this case QT was calculated using the virtual width w0. 
In such conditions, the trapping ratio is given by: 

 

Equation 2.2: 

𝑄P
𝑄C

=
𝑤Q
𝑤C

1 + ∑ 96ℎ
𝑛U𝜋U𝑤Q

V
𝑐𝑜𝑠ℎ <𝑛𝜋ℎ (𝑤C − 𝑤Q= − 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑤Q
ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤Cℎ =
− tanh <𝑛𝜋𝑤C2ℎ =[I

J	KLL

1 − ∑ 192ℎ
𝑛U𝜋U𝑤

I
J	KLL tanh <𝑛𝜋𝑤C2ℎ =

 

 

The necessary trapping condition is 𝑤Q > 𝑟  (with 𝑟  is the particle radius). 

In a similar manner the roll-over ratio _`
_a

 is obtained by replacing w0 by w1, with the rolling condition 𝑤b <

𝑟 	 in the equation above (Equation 2.2). The detailed calculations of the trapping and rolling flow ratios can 
be seen in Annexe 6.1.2. 

In our experimental setup flow rates are controlled using a pressure regulator at the main channel inlet. Using 

the Hagen-Poiseuille equation, Q=∆c
d

, the critical design dimensions can be calculated knowing the hydraulic 

resistance of each channel. Using the hydraulic-electric analogy, the fluidic circuit can be represented by an 
electric circuit [140] (Figure 2.4C). In order to simplify the calculation of the resistance of such a circuit we 
defined a unit resistance RK corresponding to the equivalent resistance of the main channel portion located 
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between a bypass and a trap channel. All the remaining resistances (trap RP, bypass Rf and main or low-
pressure channel portions) are linked to this unit resistance by a constant coefficient (respectively k, x, and 
b). An entrance resistance generating the pressure drop between the main channel and the low-pressure 
channel is present on the device but not detailed here. The equivalent resistance for the trapping area of the 
chip is: 

 

Equation 2.3: 

𝑅𝑒𝑞J = j4𝑅klm	
-J
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o +
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where n is the number of traps/bypass channels and 𝑅kp, 	𝑅kq, 	𝑅kl  are found using the Kennelly transfor-
mation and are defined as follows: 
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The detailed calculations of the equivalent resistance can be seen in Annexe 6.1.3. 

Once RK is defined all other hydraulic resistances can be calculated, by combining Equation 2.2 and Equation 
2.3, upon the definition of the desired main channel flow rate. In this study, the device design and operating 
conditions are based on theoretical analyses and have been improved with experimental data. 

 

2.2.2 Microfluidic	chip	design	
We designed and fabricated an array of hydrodynamic traps that passively captures beads and HEK (human 
embryonic kidney) cells. Design dimension consisted in 20 𝜇m high microchannels, 10 𝜇m diameter trap cups, 
with 5 𝜇m long and 4 𝜇m wide trapping channels. Two different chip designs were made for beads and cells 
applications, where the disposition as well as the dimensions of the traps and bypass channels were modified 
along the main flow channel.  

The first chip design was used for a proof of principle demonstration with beads and the theoretical model. 
It consists in 10 traps and bypass channels along a straight 30 𝜇m wide main channel (the design can be seen 
on Figure 2.4 and Figure 2.5). Bypass channels are 4.7 𝜇m wide and 12.2 𝜇m long and are placed between 
each trap channels (47.5 𝜇m distance to the traps). This design thus consists in two parallel channels with 
distinct outlets. 

A second chip was designed to be used with cells, traps and bypass channels were designed to account for 
the cell variability in size and deformability. The second design was used for the COMSOL simulations as well 
as all the cell experiments for the various biological applications. It is composed of a 30 𝜇m wide serpentine 
[130] main flow channel with a single trap at each turn, for a total number of 50 traps. Bypass channels are 



Cell-cell interaction through “roll-over” behavior 

37 

placed on either side of the trap channels (Figure 2.4A and B) at 25 𝜇m of the trap channel on either sides 
and are 2 𝜇m wide and 9 𝜇m long. A local widening (5 𝜇m wide and 20 𝜇m long) of the main flow channel has 
been implemented above each trap to account for cell size heterogeneity and to prevent cell clogging. This 
design enables a cell trapping efficiency of 100% and is composed of a single channel linked by the traps and 
bypass channels and thus has a single outlet. 

 

2.2.3 Microfabrication	
We first used polydimethylsiloxane (PDMS) to fabricate our microchannels. However, PDMS with such high 
aspect ratio structures was not adequate as the small bypass channels were often irregular in size, ripped 
off, collapsed or tilted (Figure 2.5A and Figure 2.5B). Furthermore, we realized that after a few hours after 
plasma bonding, our microfluidic chip was not functioning properly anymore, as the PDMS recovered its nat-
ural hydrophobicity [141] and thus water flow was hindered in the narrow bypass channels. In order to solve 
these issues, we decided to fabricate silicon (Si) on glass microfluidic devices (Figure 2.5C and Figure 2.6B) 
using DRIE (Dry Reactive Ion Etching). 

 

 
Figure 2.5: Brightfield images of the various fabricated microfluidic devices.  

A) Bypass channel collapsing in PDMS microfluidic devices. B) Bypass channel ripped off in PDMS microfluidic devices. C) Repetitive precision of bypass 
channel and trap channel geometry in Silicon and glass microchannel. Scale bar of 30 𝜇m. 

 

The devices are composed of a glass bottom with Si channel walls, capped with a PDMS layer used for gas 
transfer and fluidic connections. The fabrication method (Figure 2.6A) was selected as it enables high aspect 
ratio microchannel fabrication (AR=10, Figure 2.6B) using Si microstructuration. Additionally, this fabrication 
process leads to high contrast for brightfield and fluorescent imaging as the microchannels are transparent 
while the walls are opaque. Furthermore, this material retains a hydrophilic behaviour (compared to conven-
tional PDMS chips used for biological application that have high hydrophobic behaviours [142]) which is 
highly desirable in the case of narrow microchannels (bypass channels). The generated microfluidic channels 
can easily be washed and cleaned (acetone, IPA, bleach, sulfuric acid) before being reused. The fabrication 
process is as follows (simplified process flow in Figure 2.6A). A borofloat wafer is anodically bonded [143] 
(420 °C, 800 V) to the device layer of an unstructured silicon on insulator (SOI) wafer (20 𝜇m:0.5 𝜇m:250 𝜇m). 
The removal of the SOI handle and oxide layers are respectively achieved by grinding (DISCO grinder) and 
DRIE (AMS 200) of the Si and plasma etching (ASPTS) of the SiO2. The remaining 20 𝜇m high SOI device layer 
on the glass is then patterned (photolithography, coating, exposure and development of AZ1512HS 2 𝜇m) 
and etched using the Bosch process (DRIE) according to the final chip design. The microchips are then diced 
(DAD dicing machine, 1 mm/sec dicing speed, 0.5 L/min water flow rate), plasma bonded (oxygen plasma 
bonding, 350 mTorr, 45 sec, 29 W), and individually aligned with a pre-punched (OD=0.75 mm) PDMS slab 
(Sylgard Dow Corning, ratio 1:10 curing agent:polymer). The PDMS cap is used to ensure proper fluidic con-
nections and enables gas exchange. 
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Figure 2.6: Microfabrication process flow for silicon on glass microchannels.  

A) Simplified schematic of the process flow used to fabricate the microfluidic device. B) Scanning electron microscope image of a multiple bypass 
channels followed by a single trap. Scale bar of 30 𝜇m. 

 

This fabrication method also enabled us to test design variations with multiple bypass channels after each 
trap (Figure 2.6B). 

 

2.2.4 COMSOL	simulation	
COMSOL Multiphysics 5.3 Software was used to simulate the 2D and 3D streamline velocity profiles at a mid-
height of the channel. This simulation relies on solving the Navier-Stokes equations (assuming non-slipping 
walls) with the finite element method. The pressure inlet was set to 20 mbar, while no outlet pressure or 
depression were imposed. The beads were modelled as rigid spheres fixed at the centre of the trap cup or 
rolling in the main channel over trapped particles. The deformability of cells has not been simulated here. 
The design used for the simulations is the one optimized for cell trapping. It consists in a serpentine main 
channel connected by perpendicular traps and bypass channel. A bypass channel is positioned before and 
after each trap channel. We will first study the effect of the bypass channel following the trap and channel. 

 

 
Figure 2.7: 2D CFD Comsol velocity analysis. 

2D CFD analysis presenting the resulting flow-velocity streamlines and their respective value for the case of a trap with and without bypass channel 
(respectively A and B), without a) and with a trapped particle b). The velocity scale is in m/s. 
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The flow line simulation presented in Figure 2.7 shows how upon the trapping of a particle the flow velocity 
in the trap drops from 0.8 mm/s to less than 0.2 mm/s, while the flow lines in the main flow channel are 
deviated and accelerated towards the wall opposite to the trap. When comparing the condition with and 
without bypass channel one can observe the effect of the presence of such bypass channels on the deviation 
of the flow streamlines towards the wall where the traps are located. This effect demonstrates the role of 
the bypass channels in re-aspirating partially the flow to bring back any flowing particle present in the main 
channel along the channel wall and enables its interaction with the next trapped particle. A similar 3D CFD 
simulation of the flow velocity streamlines has been done (Figure 2.8A and Figure 2.8B), where horizontal 
(Figure 2.7C) and vertical (Figure 2.8D) shear stress on trapped particles have been simulated (inspired from 
[144]). 

 
Figure 2.8: CFD analysis presenting the resulting flow-velocity, shear stress and force distributions before and after cell trapping.  

3D simulation without cell immobilization: (A) flow-velocity field distribution in the area of the cell immobilization sites; (B) close-up of the first site 
in (A). 3D CFD simulation with an immobilized cell: (C) shear stress distribution in the horizontal cross-section at 10 𝜇m above the bottom of the 
channel after a single cell has been trapped at the center of the orifice; (D) vertical cross-section through the center of the cell and immobilization 
orifice. The red arrows in (C) and (D) proportionally represent the calculated x -, y - and z -component of the net force exerted on the 10 𝜇m diameter 
sphere. 

 

The shear stress values are maximal reaching 2.5 Pa on the vertical plane both at the top and bottom of the 
trapped particle. They are below critical cell wall shear stress values [145][146] and thereby the trapping of 
cells in the designed hydrodynamic traps at 20 mbar of inlet pressure does not result in any cellular effect 
(cell membrane rupture, apoptosis …). 

We also investigated through simulations the flow rates occurring in the main channel upon particle-particle 
interaction (Figure 2.9A). In order to do this, we studied dynamically how the presence of a particle flowing 
in the main channel affects the flow velocity profile when rolling over a trapped particle (Figure 2.9B). The 
simulation was achieved using a moving mesh around the rolling particle [147]. 

 

 
Figure 2.9: CFD analysis of the flow velocity distribution during rolling. 
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CFD analysis presenting the resulting flow-velocity distributions at a single trap location on the XY plane of middle channel height (10 𝜇m). 3D simu-
lation of a cell rolling over a trapped cell at different time points A, B and C. 

 

The flow distribution change upon the rolling of a particle over a trapped particle can be seen in Figure 2.9. 
One can see over the different time points that the flow velocity remains constant in the main flow channel 
with a maximum around 2.5 mm/s. This limited change in flow velocity even though the rolling particle in-
creases the main channel blocking is explained by the presence of the cavity placed above the trap channel 
in the opposite wall. This cavity prevents the flow acceleration and thus enables to maintain a constant in-
teraction time and interaction constraints on the two particles. One can see a local increase in the flow ve-
locity at the upstream corner of the cavity on Figure 2.9A. This local flow increase leads to an increased flow 
on the rolling particle upon entering in contact with the trapped particle (for cells this translate in a defor-
mation of the rolling cell), and thus an increased contact force between the two particles. 

 

2.3 Bead	characterization	of	roll-over	behaviour	

2.3.1 Material	and	methods	

 
Bead suspension  

10 𝜇m polystyrene beads (Spherotech) suspended in deionized water were diluted to a final concentration 
of 3x106 beads/mL in phosphate buffered saline (PBS, GIBCO) with 0.05% Tween 20 (Sigma). The working 
beads solution was placed in 2 mL glass vials (Chromacol clear 9 mm Screw Thread Glass Vial) and vortexed 
prior to each use in the microfluidic device. 

 

Experimental setup and device operation 

The beads experiments were performed with a Nikon Eclipse TE 300 inverted microscope, at a 20X objective 
and with a MQ003MG-CM B&W camera (Ximea). The camera was controlled with the XimeaCop software 
acquiring at 200 frames per second (FPS). Fluigent Flow-EZ pressure controller ranging from 0 mbar to 
1000 mbar was used to apply pressure on the glass vials. 100 𝜇m inner diameter Polytetrafluoroethylene 
(PTFE, IDEX 1571) tubing was used to connect the glass vials to the microfluidic chip through a custom-made 
vial cap. The bead movies were analysed using the Fiji Is Just ImageJ (FIJI) image analysis software and manual 
particle tracking plugins. 

 

The chip was primed with deionized water at high pressure (200 mbar) to remove bubbles. A first set of beads 
were loaded in the chip at 70 mbar to be trapped. Once all trapping sites were filled the applied pressure was 
decreased to 20 mbar for the rolling behaviour of beads. After each use the PDMS slab was removed from 
the chip and channels were cleaned with bleach (14%) for 20 min and placed for 2 h in sulfuric acid (H2SO4 
96%, TECHNIC). The cleaned chips were then bonded with PDMS and used again for further experiments. The 
chips did not show any fatigue resulting from cleaning and could be reused until the device broke (this often 
happened during the PDMS peeling step) by ripping off the silicon microstructures between the traps and 
bypass channels from the glass. 
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2.3.2 Results	
To study the effect of the bypass channel presence on the rolling bead trajectory and speed, a manual particle 
tracking plugin available in FIJI was used on movies of 10 𝜇m rolling beads. The presence of bypass channels 
(Figure 2.10) diverts the rolling bead trajectory towards the microfluidic channel wall. The distance between 
the rolling bead and the channel wall (named D in Figure 2.10A) is in average of 0.5 𝜇m after the bypass 
channel compared to 2 𝜇m before. This bead movement towards the channel wall is not observed in the 
absence of bypass channels (Figure 2.10B). Indeed, the distance D (Figure 2.10A) remains constant between 
the two traps around 3 𝜇m. This difference between the distance to the wall in both conditions demonstrates 
the role of the bypass channel to redirect the beads towards the channel wall. 

 

 
Figure 2.10: Bead characterization of the roll-over mechanism.  

A) Graph comparing the distance of the bead to the lower side wall as a function of the distance along the channel wall in the presence of the bypass 
channel and in its absence. The trap is indicated by an arrow at -50 𝜇m, while the bypass channel is indicated with a dotted line located at 0 𝜇m on 
the X axis. The points were acquired every 3.7 msec. Each curve on the graph is linked to its corresponding brightfield time lapse image (B and C) or 
simulation result (D). B) Brightfield time lapse image of a 10 𝜇m bead rolling on top of trapped 10 𝜇m beads without bypass channels. C) Brightfield 
time lapse image of a 10 𝜇m bead rolling on top of trapped 10 𝜇m beads with bypass channels. The dotted line indicates the position of the bypass 
(C) or the missing bypass channel (B). D) CFD analysis presenting the flow velocity distribution at different time points during the rolling event of a 
particle over another trapped one and its deviation by the subsequent bypass channel. Scale bar of 30 𝜇m. 

 

The time lapse images (stacking of images taken every 3.7 msec) of rolling beads (Figure 2.10C) enable a 
visualization of the slowing effect of the bypass channel (from 1704 𝜇m/sec to 1187 𝜇m/sec.). The bead de-
celeration can be visualized by the shortening of the distance between two sequential bead positions after 
the bypass channel. A 2D dynamic (remodelling mesh) CFD analysis of the flow velocity and direction changes 
during the movement of a flowing particle from one trap to the following was performed (Figure 2.10D). The 
analysed distance D has been plotted over the channel length and shows a similar trend as for the real case 
with bypass channels (Figure 2.10C). However, a small discrepancy between experiments and simulations 
can be observed indicating that simulations are missing physical effects (wall effect, lift effect…). We pur-
posely decided to keep both the theoretical model and the simulation simple in order to get a first idea of 
the performance of each design and evaluate the importance of the different parameters.  
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The presence of bypass channels in the device enables a dual action to improve the dynamic particle-particle 
interaction. On the one hand these features divert the rolling beads towards the channel wall. The shift in 
trajectory enhances the length over which the rolling bead interacts with the surface of the trapped bead. 
This contact length increases from 8.55 𝜇m when bypass channels are present compared to 4.28 𝜇m when 
there are no bypass channels. On the other hand, they slow down rolling beads, increasing the contact time 
with the trapped bead (from 3.7 msec to 14.8 msec). 

 

2.4 Biological	applications	of	the	roll-over		

2.4.1 Motivation	
We have demonstrated using beads that our design for particle-particle interaction is functional and enables 
to sequentially probe the interaction of a single rolling particle with multiple trapped particles at defined 
locations. This novel concept of roll-over enables to interrogate the interaction of two different particle li-
braries. We have previously used polystyrene beads for experimental validations. However, this rolling chip 
design can be adapted to investigate cell-cell interactions. 

Cell-cell interactions play a major role in the body both for tissue homeostasis [30] and formation [31]. Inter-
actions mediated by the same proteins on the cell surfaces (homotypic interaction) or between different 
proteins (heterotypic interactions) are involved from the embryonic development [32], and can be related to 
diseases [33] and immune functions [35]. We decided to apply our technology to two different applications 
involving homotypic and heterotypic interactions, linked to different receptors with either complex or un-
known physics of interactions. 

We first focused on the interactions between T cell and antigen presenting cells (APCs) relying on the T cell 
receptor (TCR) of the T cell binding with the peptide-major histocompatibility complex (pMHC) of the APC. T 
cell and APC interactions are currently of great interest for immunotherapies applications. Indeed, the iden-
tification of tumour-reactive T cells requires the interrogation of a library of T cells harvested from the patient 
against a library of engineered APCs presenting potential tumour neoantigens (repertoire of peptide dis-
played on the tumour cell surface and specific to the tumour cells) [51][60]. We decided to study the physics 
involved in the interaction between T cells and APCs compared to previous work reporting the T cell popula-
tion response after activation by neoantigens presenting APCs [80][87]. This interaction of immune cells was 
first investigated without the rolling behaviour (static heterotypic cell interaction) in order to identify the 
interaction time threshold necessary to generate a stable cell doublet. We then explored whether T cells 
could be activated upon rolling over trapped APCs presenting specific epitopes (dynamic heterotypic cell 
interaction) [148]. We focused on early T cell activation markers [80] such as calcium flux [149] and immune 
synapse formation [150]. 

Our second application involved olfactory receptors (ORs) part of the wider G protein coupled receptors 
(GPCRs) family. ORs are believed to be involved in the wiring of the olfactory system. This wiring is achieved 
thanks to cell-cell interactions used to direct axons molecular cues in the olfactory bulb [151][152][114]. The 
mouse olfactory receptor mOR256-17 (Olfr15) will be investigated as it is localized in the axons of olfactory 
sensory neurons (OSN) [114] and has been shown to be involved in homotypic and heterotypic cells adhesion 
[116]. However, the mean of action of the receptor still remains unknown and requires new investigation 
tools to be further characterized. Therefore, we will use our novel roll-over device to study the interaction 
kinetics between mOR256-17 expressing cells and control cells (not expressing the receptor). 
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2.4.2 Material	and	methods	for	the	T	cell	and	antigen	presenting	cells	experiments	
All the T cell and antigen presenting cells (APC) related work has been done in collaboration with Marion 
Arnaud from Dr. A. Harari’s group in Pr. G. Coukos’ laboratory. 

 

B cell pulsing 

B cells were washed with RPMI gently, once at 200 g for 12 min and then at 300 g for 8 min. The cells were 
then resuspended at 1 Mio/mL in RPMI with 1% HS (horse serum). Two conditions were performed, the 
pulsed and unpulsed (called “control”) B cells. In the pulsed B cells solution, the peptide influenza (flu) was 
added at a concentration of 10 𝜇M and incubated for at least 1 h at 37 °C. 

 

Antibody coated bead preparation 

2x105 beads were incubated with 1 mg of antibody at a ratio 1:40 biotinylated CD3 to biotinylated CD28 an-
tibodies for 1h at room temperature. 

The beads were then washed twice with DMEM 10% FBS (fetal bovine serum) and centrifuged for 2 min at 
13’000 rpm. 

 

Cell suspension preparation 

Both B cells solutions (pulsed and unpulsed conditions) were washed twice at 300 g for 8 min with RPMI and 
resuspended at 1x106 cells/mL in filtered (pore size 0.22 𝜇m) FACS buffer (PBS with 0.2% BSA, 5 mM). The T 
cells (MelanA CD8+ clones) were washed at 200 g for 12 min then at 400 g for 5 min and resuspended at 
1x106 cells/mL in filtered FACS buffer. The final cell working solution was filtered in a cell strainer of pore size 
30 𝜇m to remove any possible cell aggregate. 

 

Fluo-4AM T cell loading protocol 

T cells are incubated for 30 min at 37 °C with 4 𝜇M of Fluo-4AM solution. 

 

Experimental setup and device operation 

The experiments were performed with a LEICA inverted microscope, at a 20X objective and with a UI-3060CP 
camera (IDS). The camera was controlled with the Ueye Cockpit software acquiring at 100 frames per second 
(FPS). Elveflow A1 pressure generator and controller ranging from -1000 mbar to 1000 mbar was used to 
apply pressure on the glass vials. 100 𝜇m inner diameter Polytetrafluoroethylene (PTFE, IDEX 1571) tubing 
was used to connect the glass vials to the microfluidic chip through a custom-made vial cap. The bead and 
cell movies were analysed using FIJI software and manual particle tracking plugins. 

The chip was primed with deionized water at high pressure (200 mbar) to remove bubbles. 

For the static interaction experiments B cells were loaded in the chip at 70 mbar to be trapped. Once all 
trapping sites were filled a short high-pressure pulse at 100 mbar was applied (in order to partially push the 
previously trapped cells through the traps) and the pressure was then set back to 70 mbar to enable T cell 
trapping at the same location as B cells. 
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For the dynamic interactions experiments either HEK cells pulsed with the Flu peptide or anti-CD3 and anti-
CD28 coated beads were trapped at 70 mbar. T cells were then rolled on the trapped particles at 2 mbar.  

For the calcium flux analysis experiments T cells were directly trapped and activated using increasing con-
centration solutions of PMA-ionomycin (Invitrogen). 

After each use the PDMS slab was removed from the chip and channels were cleaned with bleach (14%) and 
sulfuric acid (H2SO4 96%, TECHNIC). The cleaned chips were then bonded with PDMS and used again for fur-
ther experiments. 

 

2.4.3 Results	of	the	T	cell	and	antigen	presenting	cells	experiments	
We first studied the static interaction of T cells with B cells by sequentially loading and trapping of B cells 
then T cells (Figure 2.11A) in the microfluidic chip. First B cells are loaded in the device and trapped at specific 
locations (Figure 2.11A step 1). Once all traps are filled a short increase in pressure can be applied to partially 
push the APCs through the trap in order to release some fluidic leaks and enable T cell trapping at the same 
locations. T cells are then flushed in the device and trapped (Figure 2.11A step 2). After co-trapping, cell 
doublets are left in contact to interact for varying amounts of time (Figure 2.11A step 3). Finally, a reverse 
flow is applied, cell doublets with strong interactions remained bound together after untrapping, while weak 
binding doublets detached upon untrapping. The proportion of paired versus detached T cells after untrap-
ping is shown as a function of the contact time for which doublets were left to interact confined in the hy-
drodynamics traps (Figure 2.11B). 

 

 
Figure 2.11: Microfluidic chip use for T cell and APC interaction study. 

(A) Chip operation. Step 1: The chip is loaded with APCs, the cells are flushed in the chip, hydrodynamically trapped and then partially pushed through 
the traps. On the right a time lapse image of APC trapping can be seen with the sequential positions of the APC indicated with numbers. Step 2: T cells 
are then loaded in the chip and co-locally trapped with APCs. Time lapse picture of a T cell being trapped with an APC. Step 3: The cells are left to 
interact and then a reverse flow is applied to retrieve them. If T cells are reactive against the neo-epitope presented on the APC, a doublet will be 
formed and can be retrieved. In the case where there is no specific interaction the doublet will be broken, and individual cells will be harvested. 
Picture of paired cell doublets. 30 𝜇m scale bar. (B) Graph of the necessary contact time between APCs and T cells to generate a strong interaction 
(pairing event). A 1 sec threshold has been defined to discriminate stable doublet formation. 

 

In the presented experiments B cells were either pulsed with an influenza virus (Flu) peptide or left unpulsed 
as negative control. As expected, we observed that T cells interact strongly and specifically with the pulsed 
APC but not with unpulsed APC. The necessary minimal contact time to generate a strong interaction be-
tween T cells and pulsed APC can be extracted from Figure 2.11B. On the graph a threshold at 1 sec appears, 
all cells interacting for less than 1 sec do not generate strong interactions, even when APCs are pulsed, on 
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the contrary all pulsed cells placed in contact with T cells for more than 1 sec generated strong interaction 
and doublet formation. With our device, we managed to generate reproducible and high throughput immune 
cell pairs, which enabled us, for the first time, to define a minimal cell interaction time threshold (under 
infinite contact force) to generate a stable immune synapse. 

 

We then decided to investigated immune cell interactions in a dynamic manner by rolling T cells on trapped 
APCs similarly to previous studies [54]. Our goal being to identify early T cell activation, we decided to focus 
on the changes in intracellular calcium concentrations taking place right after T cell activation [62] (see intro-
duction on T cell activation markers). On the hand one could think of using impedance spectroscopy to detect 
the change in the cytosolic conductance due to calcium concentration changes using microchannels com-
bined with electrodes (Annexe 6.2, 6.3)[153]. However, a cytosolic calcium concentration increase from 50-
100 nM to 1 mM as seen during T cell activation only induces a change of 0.14% in the cytosolic conductivity 
of Jurkat cells (Annexe 6.4). On the other hand calcium fluxes are commonly visualized using fluorophores 
bound to the free cytosolic calcium (like the ratiometric dye FURA or the simpler Fluo-4AM) [47][149]. To 
validate our hypothesis and the adapted on-chip calcium staining protocol (Annexe 6.5), we loaded our T cell 
model, Jurkat cells, with the calcium fluorophore Fluo-4AM, trapped them and stimulated them with PMA-
ionomycin (Figure 2.12). PMA-ionomycin is used as a positive control as it acts on T cells by increasing the 
cytosolic calcium concentration without the need for a surface receptor recognition and activation [154]. In 
this experiment exceptionally T cells are trapped and not rolling over trapped APC. We can see that the design 
optimized for APCs is not optimal for T cells trapping as they are largely aspirated in the traps and do not 
stick out in the main channel Figure 2.12A).  

 

 
Figure 2.12: Calcium imaging on chip with Jurkat cells. 

A) Brightfield and overlapped fluorescence image of 9 single Jurkat cells isolated in hydrodynamic traps without any activation agent or stimulating 
molecule. The fluorescence signal indicates calcium fluxes in the cytoplasm upon shear stress applied by the flow on trapped Jurkat cells. B) Brightfield 
image of a single cell trapped in a hydrodynamic trap. This single cell was then exposed to increasing PMA-ionomycin concentration solutions in order 
to generate a calibration curve. C) Calibration curve of the obtained fluorescence signal and the activation level of the Jurkat cell following different 
PMA-ionomycin concentration exposure. Scale bars indicate 60 𝜇m. 

 

This first experiment enabled us to observe that upon Fluo-4AM loaded Jurkat cell trapping there is a strong 
background fluorescence (Figure 2.12A). This phenomenon can be explained by the fact that calcium is an 
important secondary messenger in the cell and is involved in the mechanical stress pathway [155][156]. Thus, 
by flowing Jurkat cells in microfluidic channels and trapping them in hydrodynamic traps, we trigger intracel-
lular calcium release linked to the shear stress applied by the flow on the cells and thus, not specific to the T 
cell and APC interaction. Despite the background fluorescence a calibration curve for PMA-ionomycin ranging 
from 0 to 8 mM (Figure 2.12B and Figure 2.12C) could be measured, indicating that strong calcium signals 
could be detected. 
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Dynamic T cell activation was then investigated where either antibody coated beads or APCs were trapped, 
and T cells were rolled over [54]. Those activations methods involve the recognition of surface ligands by the 
TCR and is therefore closer to what is happening in the body. No activation marker of T cells rolling on acti-
vating agents could be obtained. Indeed, no calcium fluxes could be observed in T cells upon rolling over a 
trapped bead or APC. This was corroborated by the brightfield images indicating no slowing down or stopping 
of rolling T cells. We believe this lack of result is linked to the intrinsic activation mechanism of the TCR. 
Indeed the TCR relies on a push and pull mechanism [157]. In order to generate a stable interaction with its 
ligand it requires a specific contact force and contact time [158][159]. The contact force has previously been 
studied using the dual pipette assay and demonstrated that a force of 10 pN per receptor pair is necessary 
[158]. And thanks to our previous experience of static T cell-APC interaction we identified that TCR require 
at least 1 sec of interaction time to generate a stable bond. We cannot achieve with our current device a 
combination of the right contact force and contact time for the T cell to be activated in a dynamic manner. 

The TCR having a very specific activation mechanism we decided to use olfactory receptors in order to vali-
date our dynamic cell-cell interaction device. 

 

2.4.4 Material	and	methods	for	the	olfactory	receptor	experiments	
All the experiments in this paragraph have been done in collaboration with Dr. Thamani Dahoun. 

 

Cells transfection 

Twenty-four hours before transfection HEK 293 cells (ATCC) growing in DMEM containing 10% fetal bovine 
serum (FBS) (GIBCO) were seeded on 48 wells (Greiner) at a concentration of 100’000 cells/ml. For olfactory 
receptor experiments: cells were then either co-transfected with pA1-mOR256-17-EGFP[160] and 
pRTP1S[160] at a ratio of 50% w/w or transfected with a citrine encoding plasmid expressing a variant of the 
yellow fluorescent protein (YFP) (Clontech) and used as a negative control. For neurokinin 1 (NK1) and the 
dopamine (D2) receptors experiments: cells were either transfected with pA1-NK1-EGFP or pD2-YFP (both 
plasmids kindly provided by Dr. T. Dahoun) or the empty vector pEAK8 (Edge Biosystems) at a ratio of 100% 
w/w. all the transfection were performed using Lipofectamine 2000 (Invitrogen) following the manufac-
turer’s protocol. To avoid any effect of lipofectamine on our experiments, the medium has been replaced 
with fresh medium supplemented with 10% FBS 5h after transfection. The transfection efficiency of 65.4% of 
cells expressing the A1-mOR256-17-EGFP and RTP1S after 48h was measured with the flow cytometer Cyan 
ADP LX 9 color analyser (DakoCytomation) using 488 nm excitation wavelength (Figure 2.13). Data analysis 
were performed using Summit™ software (DakoCytomation). 
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Figure 2.13: Transfection efficiency data. 

A) Flow cytometry of mOR256-17 cell expression. The eGFP fused to the OR allows the quantification of the amount of receptor expressed by the cells 
and excited at 488 nm (blue line) compared to cells transfected with an empty vector (red line). B) Transfection efficiency data. Courtesy of Dr. T. 
Dahoun. 

 

Cell suspension preparation 

Cells transiently expressing the different proteins (A1-OR256-17-EGFP and RTP1S, Cit, NK1 or D2 receptors) 
were detached using trypsin-EDTA (GIBCO) for 2 min at 37 °C, resuspended in DMEM 10% FBS and centrifu-
gated at 180 g for 2 min. The cell pellet was diluted in PBS complemented with 1 mM of EDTA and filtered 
with a 40 𝜇m cell strainer (Falcon), before being placed in a 300 𝜇L glass vial (Chromacol clear 9 mm Screw 
Thread Glass Vial). The final cell concentration before injection in the microfluidic device was 1x106 cells/mL. 
Cells were kept on ice before the experiment to prevent receptors internalization. 

 

Experimental setup and device operation 

The cell experiments were performed on a LSM510 laser scanning microscope (Zeiss) equipped with 20X dry 
objective. The cell movies were acquired at a frame rate of 1.27 FPS. Fluigent Flow-EZ pressure controller 
ranging from 0 mbar to 1000 mbar was used to apply pressure on the glass vials. 100 𝜇m inner diameter 
Polytetrafluoroethylene (PTFE, IDEX 1571) tubing was used to connect the glass vials to the microfluidic chip 
through a custom-made vial cap. The cell movies were analysed using FIJJ software and manual particle track-
ing plugins. 

The chip was primed with deionized water at high pressure (200 mbar) to remove bubbles. A sample of the 
first cell population was loaded in the chip at 70 mbar to be trapped. Once all trapping sites were filled the 
applied pressure was decreased to 2 mbar for the rolling of the sample of the second cell population. After 
each use, the PDMS slab was removed from the chip and channels were cleaned with bleach (14%) for 20 min 
and placed for 2 h in sulfuric acid (H2SO4 96%, TECHNIC). The cleaned chips were then bonded with PDMS 
and used again for further experiments. The chips did not show any fatigue resulting from cleaning and could 
be reused until the device broke (this often happened during the PDMS peeling step) by ripping off the silicon 
microstructures between the traps and bypass channels from the glass. 

 

2.4.5 Results	of	the	olfactory	receptor	experiments	
To investigate cell-cell interactions, we decided to compare the adhesion of cells expressing the olfactory 
receptor mOR256-17 (known to be functionally expressed at the plasma membrane of HEK cells [160] and 
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involved in cell-cell adhesion [116]), to cells expressing a cytosolic fluorescent protein (citrine). We first 
loaded a population of cells transfected with the mOR256-17 receptor fused to the enhanced green fluores-
cent protein (EGFP), the EGFP-fluorescent signal allowed us to determine which trapped cells expressed the 
OR in the microfluidic device. To perform the roll-over experiment, we flushed a second cell population ex-
pressing either the mOR256-17 receptor (OR-GFP, hereafter indicated with a “+”) or the citrine fluorescent 
protein (Cit, indicated with a “-” sign as it corresponds to the negative control). In this study cell-cell interac-
tion events between two cells over-expressing OR-GFP will be indicated (+/+) and between two cells express-
ing citrine (-/-). While interactions between OR-GFP expressing cells and citrine expressing cells are labelled 
(+/-), independently of which cell is rolling. We observed that the instantaneous rolling velocity of a cell ex-
pressing OR-GFP is reduced when the cell rolls over a trapped cell expressing also OR-GFP (+/+) while its 
instantaneous velocity remains high when the cell passes over a trapped cell expressing Cit (+/-) (Figure 2.14A 
and Figure 2.14B). The doublets (+/+) showed an average velocity of 0.7 𝜇m/sec at the trap location, while 
the doublets (+/-) exhibited a velocity of 79.8 𝜇m/sec. Interestingly, cells expressing Cit and rolling over 
trapped cells expressing also Cit (-/-) display a similar rolling speeds as (+/-) doublets of 79.8 𝜇m/sec. These 
results indicated that rolling cells expressing OR-GFP interacted specifically only with trapped cells expressing 
also OR-GFP. 

 

 
Figure 2.14: OR adhesion assay.  

A) Graph of the measured instantaneous rolling cell position at each frame as a function time, for the (+/+) and the (+/-) doublet case. B) Fluorescence 
and brightfield merge time lapses. Top image is of a rolling OR-GFP expressing cell on an OR-GFP expressing cell (+/+). Bottom image is a time lapse 
of an expressing OR-GFP cell rolling on a citrine expressing cell (+/-). Trapped cells are indicated with a red arrow. The flow direction is indicated with 
a black arrow. The images have been acquired every 787 msec. C) Percentage of adherent doublets of Cit vs. Cit (-/-), OR-GFP vs. Cit (+/-) or OR-GFP 
vs. OR-GFP (+/+). Significant number of adherent doublets is measured for (+/+) doublets when compared to (-/-) or (+/-) doublets. The number “n” 
of cell doublets is the results of multiple experiments. D) OR-OR bonds were sorted according to their durations. The natural log of the number of 
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events with a lifetime > tb was plotted against tb and fitted in a straight line. The negative slope represents the koff dissociation rate indicated on the 
graph). The goodness-of-fit was indicated by the R2 values. 

 

We measured 17% of adherent doublets for (+/+) doublets, while no adherent doublets have been detected 
with cells doublets involving cells expressing Cit (Figure 2.14B). These results are consistent with previous 
studies [116] on OR homophilic interactions. We measured the time spend by the rolling cell at the trap 
location, i.e. interacting with the cell trapped, and we found that for (+/+) doublets 40% of the rolling cells 
spend between 30 sec and 40 sec in contact with the trapped cell. With a maximum bond lifetime of 150 sec. 
Only 20% of the (+/+) doublets stayed less than 10 sec in contact with the trapped cells, compared to 100% 
of the (+/-) and (-/-) doublets (5 sec in average). The increased contact time of (+/+) doublets indicates a 
specific homotypic interaction happening only in the presence of the OR-GFP on both cells (Figure 2.14C). 

This slowing down of the rolling cell can be associated to the binding kinetics of the OR. The time measured 
as the bond lifetime (i.e. time the cells interact together) corresponds to the time from association to disso-
ciation, also called the bond time tb in binding kinetics. In the case of a single-step first-order dissociation 
(assumed here [161]) of single OR-OR bond, the bond lifetime can be linked to the dissociation constant koff. 
The experiment performed can be assimilated to a thermal fluctuation assay [162]. The following equation 
[76] enables the calculation of koff : 

𝑃q = 𝑒xk�����  

 

With Pb the probability of a bond formed at time 0 to remain intact at time tb. The plot (Figure 2.14D) of the 
bond lifetime as Ln(Number of events with a lifetime > tb) versus tb gives koff as the negative slope of the 
linear fit. We obtained a value of koff of 33.4 msec-1 consistent with the long bond lifetimes observed. 

We then decided to investigate homotypic and heterotypic interactions of other G protein coupled receptors 
(GPCRs) as done by Richard et al. [116]. In Figure 2.15, OR-GFP corresponds to the receptor investigated 
previously the mOR256-17 (Figure 2.14), D2 stands for the dopamine receptor D2 [163] and NK1 is for the 
Neurokinin 1 receptor [164]. No studies on the homotypic or heterotypic interaction activity of those two 
receptors (D2 and NK1) have been done before. 

 

 
Figure 2.15: GPCR homotypic and heterotypic adhesion assay.  

A) Percentage of adherent doublets for homotypic interactions OR-GFP, D2, NK1 and heterotypic interactions (between D2 expressing cells and OR-
GFP expressing cells for the different conditions (+/+), (-/+), (-/-). B) Fluorescence and brightfield merge time lapse of a rolling D2 expressing cell on 
an D2 expressing cell (+/+) both labelled in yellow. C) Fluorescence and brightfield merge time lapse of a rolling NK1 expressing cell on an NK1 ex-
pressing cell (+/+) both labelled in green. D) Fluorescence and brightfield merge time lapse of a rolling D2 expressing cell (in yellow) on an OR-GFP 
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expressing cell (in green) (+/+). Trapped cells are indicated with a red arrow. The flow direction is indicated with a black arrow. The images have been 
acquired every 787 msec. Scale bars of 25 𝜇m. 

 

We could observe a specific homotypic activity of all receptors with 17.14% of (+/+) adherent doublets for 
the mOR256-17 receptor, 9.52% for the D2 receptor (Figure 2.15A and Figure 2.15B) and 23.53% for the NK1 
receptor (Figure 2.15A and Figure 2.15C). However, no heterotypic interactions could be observed between 
the mOR256-17 and the D2 receptors (Figure 2.15A and Figure 2.15D). Additional experiments should be 
performed to confirm such results by increasing the number of events observed. The preliminary data seem 
to indicate that the presented receptors have a homotypic activity independent of their respective ligands. 

 

2.5 Conclusion	
This first chapter presents the design of a novel cell-cell interaction device based on “roll-over”. This design 
allows to immobilize a sample of a first cell population at specific location using hydrodynamic traps and then 
enables the interaction with a sample of a second cell population through a rolling behaviour. We successfully 
characterized this novel roll-over behaviour using beads and simulations. We were able to identify a 1 sec 
interaction time threshold necessary for the generation of a stable T cell and APC bond. However due to the 
intrinsic nature of the TCR no dynamic T cell activation could be observed. We then demonstrated the capa-
bilities of this device to probe the homotypic interaction of ORs, it enabled us to measure the bond lifetime 
of such interactions for the first time. We also investigated the homotypic and heterotypic of other GPCRs 
using our novel tool. However, in our investigations the contact force between both cells when confined in 
the hydrodynamic traps could be controlled, we approximated this force to be infinite in the case of the dual 
trapping. The impact of the contact force could be further investigated. Additionally, in this chapter we do 
not discuss the potential multiple sequential activation of a single cell rolling over multiple activating ones. 
Indeed for some applications the repeated contact between a receptor and its ligand is required [165] while 
in other cases the repetition inhibits the cell activation [166]. The impact of such multiple cell-cell interactions 
could be studied to investigate the impact on the activation and the possible pre-activation or inhibition 
phenomenon. 

We developed a novel dynamic cell-cell interaction device based on a roll-over behaviour. In contrast to con-
ventional approaches that involve dual cell confinement in traps (hydrodynamic, electric [167], optic 
[168][73], acoustic [169]) [170], this novel design enables high multiplexing of screening by making a single 
cell interact with hundreds of others. Furthermore, this device adds the dynamic aspect of cell-cell interac-
tion, thanks to cells flowing over trapped cells. The biological applications presented demonstrate the capa-
bilities of such device for various cell types (immune cells, neurons). We believe that this device could be 
used for other cell-cell interactions applications where small, rare cell samples are involved, and the need of 
interaction multiplexing is strong, like cancer stem cells [33]. This roll-over design has low to medium 
throughput as the rolling speed is low (between 20 and 50 𝜇m/s) due to cell-cell interaction time require-
ments. Thereby it is adapted for small cell samples (50 cells could interact with 50 cells in 1 h). In order to 
use the full capabilities of such roll-over design one must first identify and understand the mechanical and 
kinetic properties of the interacting proteins studied in order to be able to tailor the dimensions and param-
eters of the device for the desired application [76][171][172].  
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 Cell-cell	interaction	in	droplets	
3.1 Introduction	
Droplet-based microfluidics is a sub-branch of microfluidics, characterized by the generation and manipula-
tion of discrete volumes of solutions, generated with the use of immiscible phases. Each volume is a micro-
reactor unit that can be independently controlled, transported and analyzed. Thus, parallel and fast pro-
cessing of multiple identical microreactors can be performed, which is of great interest for cell encapsulation 
and cell-cell interaction analysis. Droplet microfluidics have the advantage of enabling high throughput single 
cell encapsulation and analysis in individual microreactors [117], and thus have been used in many different 
biological applications such as antibody, drug or enzyme screening [173], genomics and transcriptomics 
[83][16] or even cell-cell interactions [174]. However, co-encapsulation of two cells in a droplet can be chal-
lenging. Indeed, cell encapsulation in droplets is a stochastic process, where the probability of observing k 
particles occupying a droplet follows a discrete Poisson distribution [175] given by: 

 

𝑃�(𝑘,^Km��KJ ) =
𝜆k𝑒x�

𝑘!
 

 

Where 𝜆 is the average number of particles per droplet and is defined as 𝜆 = l
�����

 with c the concentration 

of the particle suspension and Vdrop the droplet volume.  

To achieve a maximum of single cell encapsulation rate (𝑃�(𝑘 > 1,^Km��KJ ) ≪ 1) one must flow particles at 
very low concentration, thus generating a high number of empty droplets which reduces the screening 
throughput and increases the reagent cost. In the case of co-encapsulation of cell-particle or cell pairs in a 
one-to-one manner, the conventional approach (random cell co-encapsulation by co-flow [61]) only enables 
a low pairing efficiency resulting from the multiplication of the low-probability Poisson statistics of two rare 
events (two distinct particles are trapped in the same droplet). This results mostly in the generation of drop-
lets without particles, with single particles or with doublets from the same particle type. Thus, leading to a 
significant sample loss and possible errors in the downstream analysis. This sample loss can be problematic 
in the case of rare biological samples [176] like cancer cells (Annexe 6.6). 

To overcome such Poisson limitations, various studies investigated new deterministic methods for particles 
co-encapsulation in droplets. These new methods either relied on passive mechanisms used before cell en-
capsulation in droplets like hydrodynamic effects for cell ordering [177][178], packing of cells [179], and dean 
flow [180] or on active droplet manipulation [181] after cell encapsulation in droplets. All these methods 
either generate a low throughput, lead to important sample loss or lack robustness, thus there is a need for 
robust, efficient, and rare sample compatible methods for one-to-one particle encapsulation in droplets. 
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In this chapter we first investigated a random cell co-encapsulation in droplet device. With this first design 
we could study the homotypic interactions of olfactory receptors (ORs) in confined environments. However, 
we soon realized the limitations of such device in particular for rare biological samples and decided to de-
velop a novel microfluidic chip that could reliably and robustly co-encapsulate cells without any cell sample 
loss.  

 
Figure 3.1: Droplet chip principle.  

The two cell populations are individually encapsulated in droplets from different sizes. The droplets are then sorted to remove all empty droplets. 
Cell containing droplets are trapped in pairs, each one containing a single droplet from each type. The droplet pairs are then merged and sorted upon 
analysis of positive cell-cell interaction. 

 

We developed a novel microfluidic device based on active droplet manipulation for the encapsulation of two 
distinct particles (in our case cells) in single droplets (Figure 3.1) inspired by [181]. This is achieved by encap-
sulating single particles of the two populations in water-in-oil droplets of different sizes. Particles from the 
first population will be encapsulated in the big droplets while particles from the second population will be 
encapsulated in smaller droplets. Each droplet population is then sorted to remove all empty droplets. Pairs 
of droplets composed of a single droplet from each size are generated. Those pairs are then merged, which 
generates a library of droplets co-encapsulating single particles from two different populations. Those drop-
lets can then be removed from the traps and further analysed. During the merging event, the two cells from 
different populations are placed in contact, cell pair formation can be observed, and the kinetics of the inter-
actions can also be quantified. 

In this chapter we detailed this novel microfluidic chip design and fabrication. We then characterized each 
building block of our device as well as the overall function. Finally, our goal is to use our novel technology to 
investigate cell-cell interactions, by screening T cells against antigen presenting cells (APCs) to identify tu-
mour reactive T cells, or olfactory receptors (ORs) with their homotypic and heterotypic binding interactions. 

3.2 Random	cell	co-encapsulation	in	micro	droplets	and	analysis		

3.2.1 Motivation	
We first investigated a simple microfluidic droplet chip design based on random cell co-encapsulation; such 
designs can be implemented for biological applications where cell samples loss is less critical [81][61]. In this 
case the aim is to generate a high number of droplets, to counterbalance the Poisson distribution [175] ruling 
the cell in droplet encapsulation where only few droplets will contain a single cell of each population. Once 
a high number of droplets is generated, they can be immobilized and analyzed to identify which ones encap-
sulate pairs of single cells from each population. 
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3.2.2 Material	and	methods	

 
Chip design 

The microfluidic chip design (Figure 3.2A) was inspired from [61] and adapted to the desired droplet size. The 
device consists of three inlets, one for the oil used to generate the droplets and two for the distinct cell 
suspensions. The design has two outlets, a major one after the droplet immobilization array and a minor one 
for the overflow of droplets once all the immobilization array is filled up. It consists of a 1000 droplet immo-
bilization sites of 80 𝜇m diameter organized in 25 rows of 40 traps spaced by 40 𝜇m (Figure 3.2B). 

 

 
Figure 3.2: Schematic of the simple droplet microfluidic chip.  

A) Full design of the entire microfluidic chip. B) Detailed dimensions of three droplet immobilization sites. 

 

Microfabrication 

The device is made out of polydimethylsiloxane (PDMS) microchannels closed with a glass slide patterned 
with Titanium and Platinum (Ti-Pt) electrodes. The fabrication process is as follows. A silicon (Si) master is 
patterned with a photolithography step followed by a silicon etching step. The Si wafer is primed with hexa-
methyldisilizane (HMDS) then 2 𝜇m of AZ1512 HS (AZ 1500 series, MicroChemicals) is spun and baked 
(ACS200 Gen3, Süss MicroTec). The wafers are then exposed to ultraviolet light through direct writing 
(VPG200 Photoresist Laser writer, Heidelberg) to pattern the channels. After resist development the Si is 
etched to a final height of 40 𝜇m using a Bosch process (AMS 200SE, Adixen). The photoresist is then stripped 
with 5 min Oxygen plasma at 500 W. The final Si mold is silanized at room temperature overnight using Tri-
chloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOTS, Sigma-Aldrich).  

Devices are made by mixing curing agent and PDMS polymer (PDMS 184 Sylgard, Dow Corning) at a ratio of 
1:10 (wt/wt). The mixture of PDMS is then mixed and degassed in a vacuum chamber for 10 min, before being 
poured on the masters and degassed again prior to curing for at least 4 h at 80 °C. 

After PDMS curing the masters are removed. The patterned PDMS slab is then cut out into individual chips 
and inlets/outlets are punched with a biopsy puncher of 0.75 mm outer diameter. 

The PDMS channels are cleaned using frosted tape and bonded to a glass slide with oxygen plasma at 
530 mTorr, 29 W for 45 sec. 

 

Cell transfection 

Twenty-four hours before transfection HEK cells (ATCC) growing in DMEM containing 10% fetal bovine serum 
(FBS) (GIBCO) were seeded on 48 wells (Greiner) at a concentration of 100’000 cells/ml. Cells were then ei-
ther co-transfected with pA1-OR256-17-EGFP[160] and pRTP1S[160] at a ratio of 50% w/w or transfected 
with a citrine encoding plasmid expressing a variant of the yellow fluorescent protein (YFP) (Clontech) and 
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used as a negative control using Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. To 
avoid any effect of lipofectamine on our experiments, the medium has been replaced with fresh medium 
supplemented with 10% FBS 5h after transfection. 

 

Cell suspension 

Cells transiently co-expressing A1-OR256-17-EGFP and RTP1S or expressing citrine were detached using tryp-
sin-EDTA (GIBCO) for 2 min at 37 °C, resuspended in DMEM 10% FBS and centrifugated at 180 g for 2 min. 
The cell pellet was diluted in PBS complemented with 1 mM of EDTA and filtered with a 40 𝜇m cell strainer 
(Falcon), before being placed in a 300 𝜇L glass vial (Chromacol clear 9 mm Screw Thread Glass Vial). The final 
cell concentration before injection in the microfluidic device was 1x106 cells/mL. Cells were kept on ice before 
the experiment to prevent receptors internalization. 

 

Experimental setup 

The experiments were performed with a Nikon Eclipse TE 300 inverted microscope, using a 5X objective and 
with a MQ003MG-CM camera (Ximea). The camera was controlled with the XimeaCop software acquiring at 
100 frames per second (FPS). A Fluigent Flow-EZ pressure controller ranging from 0 mbar to 1000 mbar was 
used to apply pressure on the glass vial containing the oil solution (QX200 Droplet oil generation for 
EvaGreen, BioRad). Two Fluigent MFCS pressure controllers ranging from -800 mbar to 1000 mbar were used 
to apply pressure on the glass vials containing the aqueous solutions. 500 𝜇m inner diameter Polytetrafluo-
roethylene (PTFE, IDEX 1569) tubing was used to connect the glass vials to the microfluidic chip through a 
custom-made vial cap. The pressure at the cell inlets were of 60 mbar and the pressure at the oil inlet was of 
90 mbar. 

 

3.2.3 Results	
HEK cells were randomly encapsulated in droplets, the generated droplets where then stored in a droplet 
array in order to image and analyse the cell encapsulation rate (Figure 3.3A). The co-encapsulation rate was 
measured to determine the number of cells lost (single cells in droplets or more than 2 cells in droplets) for 
each cell concentration. Overall this first design indicates that random cell co-encapsulation of the same cell 
type leads to cell loss of around 70% for concentrations of cells at 6 Mio cells/mL and above (Figure 3.3B). 

 

 
Figure 3.3: Cell co-ensapsulation in droplet array. 

A) Droplet immobilization array with HEK cells randomly encapsulated in droplets. Scale bar of 240 𝜇m. B) Graph of the cell loss percentage as a 
function of the cell concentration. The number “n” of cell doublets is the results of multiple experiments. C) Percentage of adherent doublets of Cit 
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vs. Cit (citrine), or OR-GFP vs. OR-GFP (OR-GFP). Significant number of adherent doublets is measured for (OR-GFP) doublets when compared to 
(Citrine) doublets. The number “n” of cell doublets is the results of multiple experiments. 

 

We then decided to co-encapsulate cells either transfected with OR-GFP or citrine. After the co-encapsulation 
of cells, we analysed the percentage of adherent cell doublets after transfection with the mOR256-17. We 
measured 30% of adherent doublets in the case where both cells encapsulated over expressed the OR, while 
no adherent doublet could be seen in droplets co-encapsulating cells expressing citrine (Figure 3.3C). These 
results are consistent with the previous data obtained using the roll-over device (see section 2.4.5). Thus, 
using our random cell co-encapsulation device, we could demonstrate the homophilic activity of ORs in a 
confined environment. This result was however achieved with a cell loss of 70% thus indicating the need for 
devices with a controlled cell co-encapsulation and therefore a lower cell loss. Additionally, further analysis 
could be done on the binding kinetics and durations of the interaction between cells expressing the OR-GFP. 

3.3 Active	cell	co-encapsulation	in	micro	droplets	
The chip design (Figure 3.4) is dictated by the different steps to be performed in the device. The device is 
composed of polydimethylsiloxane (PDMS) two-step microchannels closed by a glass slide patterned with 
electrodes. 

 

The microfluidic device presented here consists in three inlets (two for oil and one for the aqueous phase) 
and three outlets (two waste outlets for the empty droplets and the droplets with non-reactive cell pairs and 
one for the droplets with reactive cell pairs). This device combines electric and fluidic components, the mi-
crochannels consist in two layers, the bottom one where droplets flow (Figure 3.4 in light blue) and the top 
layer used to create the grooves for the rails or to generate the traps (Figure 3.4 dark blue). The electric 
system is composed of three pairs of electrodes, two pairs are directly in the bulk of the PDMS and are gen-
erated by inserting molten low temperature solder in microchannels (in red in Figure 3.4), these electrodes 
are for the sorting of droplets and require precise alignment. The last electrode pair is made of Titanium-
Platinum (Ti-Pt) patterned on the glass slide used to close the microchannels (Figure 3.4 in orange) it is in-
volved in the electrocoalescence of droplets. The different steps performed in the device and the respective 
design dimensions are detailed hereafter. The microchannel height and the rail/trap height are of 40 𝜇m. 

 

 
Figure 3.4: Schematic of the droplet chip design.  
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The chip is composed of three inlets and three outlets. The microchannels are indicated in light blue. In dark blue is indicated the rails and traps made 
as grooves in the top wall of the microchannels. In red are the electrodes made out of molten low temperature solder inserted in microchannels. In 
orange is indicated the electrodes patterned on the glass slide used to close the microchannels. Those electrodes are aligned with the microchannel 
upon bonding. The different steps performed in the microfluidic device are indicated in numbered boxes. 

 

Step I: Droplet generation 

Our approach first relies on the random encapsulation of the two cell populations into two different droplet 
types (distinguished by their size). Our droplet generation system (Figure 3.5) is based on a quasi 2D with two 
90° side channels flow focusing principle, this passive droplet generation system is extensively used thanks 
to its stability and reproducibility in terms of droplet size [182]. We sequentially encapsulate each cell type 
in the corresponding droplet size. The dimensions of the droplet generation nozzle were inspired from [173]. 

 

 
Figure 3.5: Step I: droplet generation. 

Scheme of the 2D 90° droplet generation system with the aqueous inlet and the oil inlets. The width of the microchannels are indicated and what will 
be called the droplet length in the confined configuration is indicated. 

 

The aqueous phase channel and the droplet channel are 35 𝜇m wide while the oil inlets are 50 𝜇m wide. By 
modifying the pressures applied at the two inlets we can adjust the size of the generated droplets. In order 
to characterize the droplet size in the confined configuration the length (L as indicated in Figure 3.5) will be 
used. 

 

Step II: Droplet dielectric sorting 

The generated droplets are then sorted in order to remove all empty droplets; thus, we obtain after sorting 
a library of single cell containing droplets. Our sorting system (Figure 3.6) is based on active dielectric sorting 
[183] after optical cell detection in droplets. Droplet sorting by electrical means enables a high throughput 
[184], fast and accurate sorting [185] compared to passive sorting (based on hydrodynamic features 
[186][187]) and is easier for us to implement compared to other active sorting mechanisms (pneumatic [188], 
magnetic [189], acoustic [190] or thermal [191]). The detection of the droplets requiring sorting takes place 
before the sorting region, after the droplet spacing junction (see Figure 3.4). The detection method is based 
on brightfield imaging, the change of intensity in a droplet linked to the presence of a cell is detected and 
triggers the dielectric sorting. Dielectrophoresis (DEP) is the migration of a particle caused by a dielectric 
force which is exerted on it in a non-uniform field (AC electric field) the force is given by [192][193]: 

 

�⃗� = 𝑚��⃗ . ∇𝐸�⃗  
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Where 𝑚��⃗  is the dipole moment of the particle and 𝐸�⃗  is the electric field. The electrode near the bifurcation 
is energized to pick up the droplets with a single cell inside. DEP force steers the droplets into the collecting 
channel (upper branch of the junction Figure 3.6). In this device similarly to previous studies [194][195], one 
branch of the sorting junction has a lower hydrodynamic resistance than the other so that when no electric 
field is present droplets flow in the branch with the lower resistance (lower branch of the junction Figure 
3.6). 

 

 
Figure 3.6: Step II: droplet sorting. 

Scheme of the droplet sorting system of the presented device. Droplets arrive at the sorting junction and are then dielectrically sorted towards the 
upper channel of the junction when a cell presence is detected. In the case of an empty droplet, no electric field is applied, and the droplet goes 
towards the waste in the lower channel of the junction. The widths of the microchannels and the space between the electrodes and the microchannels 
are indicated. The diameter of the droplet in the “pancake” droplet configuration (confinement only over the height of the droplet) is indicated [196]. 
Electrodes are in red. 

 

As electrodes require a precise alignment for the reproducibility of the dielectric sorting, we decided to use 
some microchannels made out of PDMS and fill them with molten low temperature solder (shown in red on 
Figure 3.6). This method enables high reproducibility in the positioning of the electrodes compared to the 
sorting fluidic channels. Droplets arrive from the spacing junction (35 𝜇m wide) where the detection of a cell 
presence is performed. In the case where the droplet contains a cell the detection system will trigger the 
electrodes and the droplet will be sorted to the upper channel of the junction (80 𝜇m wide), on the contrary 
if no cell is detected in the droplet it will passively be directed towards the lower side channel of the sorting 
junction (125 𝜇m wide). Droplets when arriving at the sorting junction switch from a confined conformation 
to a pancake droplet conformation (confined only in height and having a pancake-like shape [196]), thus 
shifting our droplet size parameter from the length of the droplet (confined conformation) to the diameter 
of the droplet (pancake conformation). 

 

Step III: Droplet railing 

Once the cell containing droplets are sorted, they are directed towards the trapping and pairing area. Our 
goal is to generate pairs of droplets each one containing a single cell from one of the two populations. In 
order to prevent any droplet loss (in low flow areas) on their way to the trapping area we decided to guide 
the droplets using rails. By creating etches (40 𝜇m deep and 10 𝜇m wide) in the microchannel top wall called 
rails, it is possible to guide droplets along the created groove [197]. The groove diameter being smaller than 
the droplet diameter it enforces the droplet to squeeze and no longer adopt its relaxed shape. This defor-
mation increases the interfacial area of the droplet and leads to an increase of its free energy [198]. In order 
to efficiently guide the droplets along the rails the maximal force due to the surface energy gradient should 
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be kept bigger than the hydrodynamic drag force. The rail starts from the sorting junction and ends at the 
beginning of the droplet size filtering area. 

 

Step IV: Droplet size filtering 

In order to increase the trapping and pairing efficiency of our device we added a passive filtering mechanism 
using the railing system already present (Figure 3.7). This size-based binary filtering enables to position the 
two different droplet types towards their respective traps. This filtering mechanism [199] is based on the 
Laplace trapping principle [200] defined by the Young-Laplace equation: 

 

∆𝑝 =
2𝛾
𝑅

 

 

where R is the radius of curvature of the interface and γ the interfacial tension between the two phases. 

 

 
Figure 3.7: Step IV: droplet railing.  

Scheme of the droplet size filtering system. On the left time lapse of a big droplet shifting from the original rail to the wider new rail. On the right 
time lapse of a small droplet remaining on the original narrow rail. 

 

When a droplet enters a narrow channel, due to the changing cross-sectional area of the groove, the radius 
of curvature of the interface increases and the Laplace pressure decreases whereas the rest of the droplet 
will experience a higher Laplace pressure (indeed entering the groove leads to a decrease of the total surface 
area of the droplet and a reduction of its surface energy). As a result, a net force is induced on the droplet 
pointing towards the energy minimum. In this passive filtering mechanism two rails of different widths (the 
narrow rail on which droplets arrive is 10 𝜇m wide while the new rail onto which big droplets are deviated is 
20 𝜇m wide) are separated by a small gap (this 10 𝜇m gap defines the threshold for the droplet size filtering). 
All droplets arrive from the narrow rail, big droplets due to their larger radius will come in contact with the 
wider rail and follow this new rail as it will enable them to decrease their surface energy. While small droplets 
will never encounter the wider rail and remain on the narrow rail.  

 

Step V: Droplet trapping and pairing 

Once the droplets arrive to the trapping area (Figure 3.1 step III) our goal is to trap pairs of droplets from 
different size using specifically designed floating trap arrays [201][181][202] (FTA). FTA are passive droplet 
trapping systems that rely on the buoyancy of droplets over the surrounding oil due to the lower density of 
the aqueous phase contained in the droplet. Efficient trapping is achieved by optimization of the geometric 
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parameters of the trap such as: trap diameter (dtrap in Figure 3.8), trap height (htrap), channel height (hchannel). 
Optimally, htrap should be sufficient enough (close to the droplet diameter D) to avoid clogging but not too 
deep in order to trap only single droplets. In addition, a htrap parameter deeper than twice the droplet diam-
eter will lead to inefficient droplet trapping by floatation under high flow rates (>7 µL/min). In order to 
achieve flow reduction and thus increase the trapping efficiency as well as, enable the incorporation of elec-
trodes (used for the merging step) in the microchannels we decided to widden the channels in the trapping 
area to 364 𝜇m. It was shown that ideal geometric parameters follow the rule: dtrap = htrap = hchannel = 1.17D 
[201]. The designed trapping system is used also for the pairing and thus each trap consists in two traps used 
to pair one droplet of each size, htrap = hchannel = 40 𝜇m with for small droplets dtrap(small) = 40 𝜇m, while for 
big droplets dtrap(big) = 60 𝜇m (Figure 3.8). According to the relation found previously the ideal droplet size 
for the small traps should be of 34.2 𝜇m in diameter and for the big droplets 51.3 𝜇m. The design used for 
the experiments presented below consists in a trapping area with 300 traps, this number of traps can be 
further increased up to thousands of traps. 

 

 
Figure 3.8: Step V: droplet trapping and pairing.  

The left scheme shows the droplet trapping and pairing area with10 traps filled with 2 droplets of each type. The electrodes used for the droplet 
merging are represented (in orange). The right scheme shows top and side views of a single droplet trap, the critical trap dimensions for an efficient 
droplet trapping are indicated in the scheme. 

 

FTA have the advantage of relying on simple passive trapping and pairing mechanisms, not needing droplet 
synchronisation and enabling a simple release of the trapped droplets compared to other droplet pairing 
mechanisms like droplet clustering [203], trapping [204], or on flow droplet pairing [205]. Indeed the release 
of the droplet can be achieved by simply flipping the chip over and relying again on the buoyancy of the 
droplet over the oil [201], or by using a UV laser to generate cavitation in the target wells [51]. 

 

Step VI: Droplet merging 

Once all traps are filled with droplet pairs, we need to merge the droplets in order to generate an array for 
single droplets containing two cells from different populations. Droplet coalescence (or droplet merging 
[206]) can either rely on passive mechanisms using the structure of the microchannel [207], the surface prop-
erties of droplets [208] or on active mechanisms (electric [209], thermal [210], magnetic [211]). We decided 
to use electrocoalescence (EC) as it has already been widely used and studied, additionally it does not harm 
the contained cells during merging compared to chemical induced coalescence. As reported in the literature 
[212][213], droplet electrocoalescence occurs when there is a difference in conductivity and/or permittivity 
between the dispersed and the continuous phase under the application of an electric field. The phenomenon 
arises due to polarisation charges accumulated at the droplet interface, which can induce droplet-droplet 
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interactions, leading to droplet deformation and coalescence. When two droplets are in close proximity and 
subjected to an electric field, the surfactant molecules (having dipolar head-groups) can be displaced or re-
aligned along the field lines [214]. This can induce a destabilization of the interface that contacts the droplets, 
leading to the rapid fusion of the two emulsions. In the presented device the electric field is applied between 
the two electrodes positioned on either side of the traps. The merging takes place over the whole trap array 
simultaneously. After merging, the array contains droplets co-encapsulating two cells of different popula-
tions. The droplets can easily be removed from the traps by increasing the hydrodynamic force or by flipping 
the microfluidic device. 

 

Step VII: Droplet analysis and sorting 

Once the droplets are freed from the traps further analysis can be made on the droplets co-encapsulating 
two cells from different populations. In our case we decided to investigate the cell-cell interactions between 
the two encapsulated cells. To do so, we observe in brightfield the presence of cell pairs in the droplets. Such 
encapsulated cell doublets behave differently than two independent single cells due to the fluid movement 
in the droplets. Another possible sorting method relies on fluorescence detection of a labelling compound 
activated upon cell-cell interaction. This is the case with calcium imaging during T cell activation after contact 
with an APC. Droplets containing cell doublets are then sorted and can be demulsified in order to study the 
properties of the reactive single cell. The droplet sorting system used here for the final target droplet isolation 
is the same one used previously to remove the empty droplets, only the detection method on which the 
sorting is decided will be different and adapted to the target application. 

 

3.3.1 Microfabrication	
The device is made out of polydimethylsiloxane (PDMS) microchannels closed with a glass slide patterned 
with Titanium and Platinum (Ti-Pt) electrodes. The fabrication process is as follows (simplified process flow 
in Figure 3.9). Silicon (Si) masters are patterned with a soft photolithography step followed by a silicon etch-
ing step. The Si wafer is primed with hexamethyldisilizane (HMDS) then 2 𝜇m of AZ1512 HS (AZ 1500 series, 
MicroChemicals) is spun and baked (ACS200 Gen3, Süss MicroTec). The wafers are then exposed to ultraviolet 
light through direct writing (VPG200 Photoresist Laser writer, Heidelberg) to pattern the channels. After resist 
development the Si is etched to a final height of 40 𝜇m using a Bosch process (AMS 200SE, Adixen). The 
photoresist is then stripped with 5min Oxygen plasma at 500W. The second layer of the master mold (for the 
rails and traps) consists of a 40 𝜇m layer of SU-8 (MC3050, MicroChemicals) aligned over the previously pat-
terned Si features for the microchannels (MA6Gen3, Süss MicroTec). 

The final Si mold is silanized at room temperature overnight using Trichloro(1H,1H,2H,2H-perfluorooc-
tyl)silane (PFOTS, Sigma-Aldrich).  

Devices are made by mixing curing agent and PDMS polymer (PDMS 184 Sylgard, Dow Corning) at a ratio of 
1:10 (wt/wt). The mixture of PDMS is then mixed and degassed in a vacuum chamber for 10 min, before being 
poured on the masters and degassed again prior to curing for at least 4 h at 80 °C. 

After PDMS curing the masters are removed. The patterned PDMS slab is then cut out into individual chips 
and inlets/outlets (both forming the microchannels and electrodes) are punched with a biopsy puncher of 
0.75 mm outer diameter. 

The electrode patterned glass slides are made using a borofloat wafer on which 20 nm of Ti and 200 nm of 
Pt were sputtered (SPIDER 600, Pfeiffer). The metallized wafer is then patterned (photolithography, coating, 
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exposure and development of AZ1512HS 2 𝜇m) and etched using ion beam etching (IBE350, Veeco Nexus) 
according to the final merging electrode design. The patterned glass wafer is then diced into individual glass 
slides (DAD dicing machine). 

 

 
Figure 3.9: Simplified schematic of the process flow used to fabricate the microfluidic device.  

On the left the fabrication steps to produce the PDMS microchannels. On the right the fabrication steps producing the Ti-Pt electrodes on glass. The 
final device is obtained by aligning and bonding the PDMS microchannels with the electrode patterned glass slide. 

The PDMS channels and patterned glass slides are cleaned using frosted tape and bonded with oxygen plasma 
at 530 mTorr, 29 W for 45 sec. 

Once the devices are closed the liquid metal electrodes are made by inserting low temperature solder (Indal-
loy #19, Indium Corporation) in the preheated microchannels dedicated for the electrodes. Metal pins are 
then inserted in the inlet of the electrode microchannel for electrical connection.  

 

We decided to use for the sorting, electrodes made out of molten solder in pre-patterned microchannels 
[173] (see Annexe 6.7). This method has for major advantage the identical electrode positioning relative to 
the main microchannel in all devices made, despite the shrinking of the PDMS. Additionally, it enables to 
have a better distribution of the electric field over the full channel height. However due to the presence of 
PDMS between the electrode and the droplet it requires a high electric field to achieve droplet sorting. Merg-
ing electrodes are patterned on the glass slide used to close the microchannel and therefore are inside the 
microchannels. This method is simple to use and requires a lower voltage. The alignment constraints are 
limited in the case of the merging electrodes as the positioning of the electrodes compared to the traps is 
less critical and alignment errors can be mitigated by electrode design (wider electrodes). 
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3.3.2 Material	and	methods	

 
Microfluidic chip priming 

Each microfluidic device was only used once and required appropriate priming in order to improve the hy-
drophobicity of the device before use. The Aquapel (Aquapel) solution was used to prime the devices. The 
solution was manually flushed using a 1 mL syringe and left in the channel for 10-30 sec. The surface treat-
ment solution was then removed by flushing air in the device. Finally, the device was rinsed with oil (QX200 
Droplet oil generation for EvaGreen, BioRad).  

 

Aqueous phase suspension 

The aqueous phase used for the droplet size characterization and branching experiments is water, colored 
with a small amount of food dye. The aqueous phase used for the droplet encapsulation experiments is a 
Human Embryonic Kidney (HEK) cell suspension in Dulbecco’s Modified Eagle Medium (DMEM) at the desired 
cell concentration. 

 

Droplet volume calculation 

The following formula was used for the calculation of the droplet volume from the droplet length (L) in the 
confined configuration [215]: 
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Where V, L, h and w are respectively the droplet volume and length, the height and width of the microchan-
nel. The coefficient c depends on the channel geometry. For right angled channels c=0. In the presented 
device microchannels in which droplets will be analyzed in the confined configuration have a width w=35 𝜇m 
and a height h=40 𝜇m. 

 

Experimental setup 

The experiments were performed with a Nikon Eclipse TE 300 inverted microscope, using a 5X objective and 
with a MQ003MG-CM camera (Ximea). The camera was controlled with the XimeaCop software acquiring at 
500 frames per second (FPS). A Fluigent Flow-EZ pressure controller ranging from 0 mbar to 1000 mbar was 
used to apply pressure on the glass vial containing the aqueous solution. Two Fluigent MFCS pressure con-
trollers ranging from -800 mbar to 1000 mbar were used to apply pressure on the glass vials containing the 
oil (QX200 Droplet oil generation for EvaGreen, BioRad). 500 𝜇m inner diameter Polytetrafluoroethylene 
(PTFE, IDEX 1569) tubing was used to connect the glass vials to the microfluidic chip through a custom-made 
vial cap. The pressure applied at the aqueous phase inlet will be called Paq, and the oil inlet pressures will 
respectively be called Poil and Pspacing for the oil inlet used for the droplet generation and the oil inlet used for 
the droplet spacing. 

The droplet sorting detection is done by a custom-made LabVIEW code (LabVIEW 64bit 2017, National in-
strument) using the NI-Vision toolbox (Ni-Vision acquisition VAS18, and NI-Vision development module 
2017). The LabVIEW code workflow is detailed in Figure 3.10. When a target droplet is detected the LabVIEW 
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code triggers a DAQ board (National Instrument USB-6008) using the NI-DAQmx (v18) module which activates 
a signal generator (33220A, Agilent), the signal (square signal, 10 V peak-to-peak without offset and a 1 kHz 
frequency) from the generator is then amplified to reach 1000 V (BOP1000, KEPCO). 

 

 
Figure 3.10: Workflow of the LabVIEW code. 

The camera acquires images at 500 FPS. Those images are then analyzed and processed by the LabVIEW code. Upon detection of a cell in a droplet 
the code triggers a DAQ board that itself leads to the generation of a square signal. This signal is then amplified and delivered to the electrodes in the 
microfluidic device. 

 

For the droplet merging the triggering of the electric field is manually done when all traps are filled. The 
merging was achieved using a square (AC) signal with a peak-to-peak amplitude of 400 V and a frequency of 
1 kHz using the same signal generator as for the sorting (33220A, Agilent). The signal was applied to the 
electrodes thanks to a custom-made printed circuit board (PCB). 

 

LabVIEW code 

A custom-made LabVIEW code is used for the detection of target droplets in the sorting step. It analyses the 
images from the camera and detects the presence of a cell in a droplet. Upon the detection of a target droplet 
it triggers a voltage pulse that will then be amplified and delivered at the electrodes in the microfluidic device 
for the sorting of the droplet of interest. 

The LabVIEW code is controlled by a user interface, this user interface enables to visualize the droplets as 
well as get information on the detection of target droplets. The current user interface is optimized for re-
search and on-going optimization of the setup but could be highly simplified for future use. 

The main LabVIEW code controls different sub-VIs performing the various functions (image analysis, ROI def-
inition, intensity analysis, DAQ communication …) the detailed coding of each sub-VI can be found in Annexe 
6.8. 

 

3.3.3 Results	

3.3.3.1 Droplet	generation	
First, we characterized the droplet generation system. During the experiments one of the inlet pressure value 
was gradually increase by steps of 10 mbar while the two others were kept constant. The ranges of pressures 
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investigated were from 30 to 70 mbar for Paq, from 50 to 120 mbar for Poil, and from 30 to 70 mbar for Pspacing. 
We use the pressure P* (pressure in the microchannel before the sorting junction) which is a function of the 
three inlet pressures, in order to free ourselves from the three different inlet pressures and simplify the 
graphical representations. All details on the calculations to obtain P* from Paq, Poil and Pspacing can be found in 
Annexe 6.9. One can see Figure 3.11A that the droplet length is critical for the droplet branching at the sorting 
region (linked to the hydraulic resistance of each branch). A good branching corresponds to the case were a 
droplet passively goes in the lower branch after the sorting junction. To achieve a good branching the droplet 
needs to be below 90 𝜇m in length (corresponding to a droplet volume of 104 pL). This is due to the fact that 
above this droplet length the droplets cannot be properly spaced at the spacing junction (minimum of two 
times the droplet length between each droplet). From this graph (Figure 3.11A) it is clear that different P* 
values lead to the same droplet length, however the droplet generation rate (number of droplets generated 
per second) will be different for each P*. One can see that the droplet generation system used in the pre-
sented device is limited in terms of droplet size, indeed only droplets between 40 and 90 𝜇m in length can 
be properly generated and branched. We decided to use the following pressure combinations for the two 
different droplet sizes used: for small droplets Paq = 55 mbar, Poil = 113 mbar and Pspacing = 0 mbar (droplet 
generation rate of 10 droplet/sec) and for the big droplets Paq = 65 mbar, Poil = 60 mbar and Pspacing = 68 mbar 
(droplet generation rate of 60 droplet/sec. This corresponds to droplet volumes of 94 pL and 104 pL. 

 

 
Figure 3.11: Droplet generation characterization.  
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A) Droplet length characterization as a function of P*. The shaded areas indicate the branching at the sorting region. B) Brightfield images of a cell 
encapsulation event in a droplet (the cell is indicated by a red arrow). Scale bar 100 𝜇m. C) Histogram of the cell encapsulation event according to the 
cell concentration in DMEM. The number of droplets analyzed for each concentration condition is of 500 droplets. 

 

We then investigated HEK cells encapsulation in droplets (Figure 3.11B). It was observed that high cell con-
centrations (7 Mio cells/mL) lead to the highest number of droplets with a single cell encapsulated (40%) 
however there is also more than 30% of droplets with 2 cells or more inside (Figure 3.11C). All those cells 
from the same type co-encapsulated are not desired in our application and will result in sample loss. On the 
contrary when a cell suspension is at a low concentration (2.5 Mio cells/mL) no droplets contain more than 
one cell, but a wide majority of droplets (more than 90%) are empty. Despite generating no sample loss this 
cell concentration will require extensive encapsulation times for large cell populations. As a compromise we 
decided to select 4 Mio cells/mL as the most promising cell concentration as it enables a minimal sample loss 
(less than 5% of droplets with more than 1 cell) while delivering a good cell encapsulation throughput (more 
than 10% of single cells encapsulated and around 80% of empty droplets). The number of droplets containing 
more than one cell can even be further decreased to 0% by changing the cell suspension medium from DMEM 
to PBS with 1 mM EDTA. 

 

3.3.3.2 Droplet	dielectric	sorting	
The droplet sorting was first characterized using beads. The reliability of the brightfield automated detection 
method was investigated. This detection method relies on the identification of a droplet then focuses on the 
inner droplet space to detect light intensity changes (Figure 3.12B). The detection method is reliable at 100% 
for droplet generation rates above 27 Hz (Figure 3.12A). The detection system developed and currently used 
is unable to distinguish between a single cell or multiple cell presence in a droplet. This leads to false positives 
as our system will sort out droplets containing more than one cell. In order to prevent this issue, we work at 
the dilution limit to maximise single cell encapsulation. In this setup low droplet generation rates increase 
the risk of having particle aggregates due to the lower flow in the aqueous phase inlet channel, thus leading 
to errors in the particle detection. The automated droplet sorting for either cells or beads (Figure 3.12A) can 
reach up to 57 Hz, this speed limitation is due to the camera acquiring at a maximum of 500 FPS. Indeed, 
over our detection distance (1 mm) the same droplet must be analysed multiple times to validate the particle 
detection, thus the droplet speed must be limited to 50 mm/sec in order to be seen 10 times over the detec-
tion length at 500 FPS. However, by changing the camera to a high-speed camera the detection speed can be 
increased.  
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Figure 3.12: Droplet sorting system.  

A) Bead detection in droplet characterization as a function of the droplet generation rate. For each droplet generation rate 30 droplets containing 
beads were analyzed. B) LabVIEW code: 1- imaging of a droplet, 2- detection of the droplet in red and detection of the cell in a droplet in green, 3- 
droplet sorting at the junction. C) Dielectric droplet sorting as a function of the distance between two sequential droplets (this distance has been 
related to the droplet length). Different voltages for the sorting were investigated. For each condition (voltage and droplet spacing) 15 droplets were 
analyzed for the sorting efficiency. D) Upper panels: time lapse of a droplet containing a bead being sorted in the upper channel after the sorting 
junction. Lower panels: Time lapse of an empty droplet passively going towards the waste channel. 

 

We then investigated the required voltage to sort different droplet sizes. We characterized the sorting effi-
ciency as a function of the spacing between two consecutive droplets. This parameter was  previously shown 
to be an important for droplet sorting [216]. This spacing was normalized by the length of the droplets, hence 
when there is a droplet spacing of 2 it means that the distance between two consecutive droplets is twice 
the length of the droplets. The electrical signal applied to the electrodes is a train of square pulses at a fre-
quency of 1 kHz (Figure 3.13). The voltage was varied between 600 and 1000 Vpp. It appeared that sorting is 
possible for voltage values between 700 and 900 Vpp but the optimal sorting is achieved at 800 Vpp and 
900 Vpp (Figure 3.12C). Below 700 Vpp the electric field is not strong enough to deflect the target droplet. 
On the contrary a voltage of 1000 Vpp or above leads to interferences with imaging (flickering light). Once 
the voltage is applied at the signal generator it is instantaneously delivered at the electrodes (Figure 3.12D). 
We decided to investigate the sorting efficiency as a function of the droplet spacing as it has been shown in 
the literature that it is a crucial parameter for the sorting [173] [194]. Indeed, it appears that for spacing 
distances at least twice the size of the droplet, the sorting at 800 Vpp has an efficiency of 100%. Spacing 
ensures that the droplets pass the detection region one at a time, and that the droplets do not crowd the 
sorting junction, which can result in droplet collisions that interfere with controlled sorting [217].  
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Figure 3.13: Chronogram of the signal at the electrodes. 

 After a detection event of a particle in a droplet the signal generator is triggered after a delay time (d). The signal generator then delivers a train of 
square pulses at a frequency of 1 kHz and 8 Vpp. This signal is then amplified to 800 Vpp. The pulse train is applied at the electrodes for a specific 
duration t linked to the time between each droplet arrival at the sorting junction. 

 

There is a sorting delay between the detection of a particle in a droplet (after the spacing junction) and the 
sorting of a droplet (at the sorting junction) called d (Figure 3.13). The software detection of a particle in a 
droplet takes 20 msec and is therefore faster than the droplet travel time from the detection region to the 
sorting junction. The delay is regulated by the LabVIEW code, the activating signal from the DAQ to the signal 
generator can be delayed according to the droplet speed and the length of the channel between the detec-
tion area and sorting. Additionally, the duration for which the voltage is delivered (called t in Figure 3.13) is 
tailored to the time interval between each droplet arrival. The table below summarizes the time parameters 
to be used. 

 

Table 3.1: Droplet speed and time interval parameters used for the calculation of the delay and time duration of the signal for the dielectric droplet 
sorting. 

Droplet 
type 

Droplet speed at detection 
area (mm/sec) 

Time between two consecutive droplet ar-
rival at the sorting junction (sec) 

d 
(msec) 

t 
(sec) 

Small 
droplets 

10.8 1.08 600 800 

Big drop-
lets 

8.016 0.517 800 400 

 

The sorting delay applied between the detection of a cell in a droplet and the triggering of the electrodes is 
of 600 msec for the small droplets and 800 msec for the big ones (for the latest design dimensions with a 
distance between the droplet detection area and sorting junction of 6.5 mm). The throughput of the overall 
system is currently limited by the detection throughput linked to the camera frame rate. 

 

3.3.3.3 Droplet	rail	filtering	
The aim of this droplet rail filtering system is to place each droplet type on the right rail closer to their re-
spective trap and thus prevent double trapping of big droplets in the traps or low trapping efficiency of small 
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droplets. The passive droplet rail filtering relies on change of surface energy of droplets upon encountering 
grooves of different sizes. We investigated the effect of the gap distance (d) between the two rails and the 
height of the rail (h) on the filtering efficiency and the size threshold at which droplets will be filtered.  

Droplets are introduced in the filtering region from the upper (narrow) rail, then droplets are sorted between 
the different rails (upper and lower) according to their droplet size. Small droplets do not deform enough to 
encounter the lower wider rail and thus be deviated (Figure 3.14A (i)). However big droplets are deformed 
by the lower, wider rail and thus face the lower Laplace pressure in the new rail, which enables the transfer 
of big droplets to the lower rail (Figure 3.14A (ii)). All droplets with radii larger than 35 𝜇m are shifted to the 
new rail (high-pass filtering), and droplets with radii smaller than 20 𝜇m remained entirely on the old rail 
(low-pass filtering) as shown in Figure 3.14B. 

Droplet filtering analogous to the high or low-pass filter of an electric circuit was investigated by varying the 
distance between rails (d) and the rail height (h). 

Three distances between the upper and lower rails were compared to study the effect of the rail separation 
on the filtering (Figure 3.14C) while keeping the height of the rail constant (h=40 𝜇m). By increasing  the 
distance between the rails, the required droplet deformation becomes larger, thus shifting the threshold 
radius of droplet deviated to the lower rail [199]. Indeed, for rails with a distance of 0 𝜇m, 100% of droplets 
with radii larger than 17 𝜇m are deviated to the lower rail. This threshold radius increases to 33 𝜇m for rails 
spaced of 10 𝜇m, and for rails with a distance of 20 𝜇m the droplet radius for which all droplets are deviated 
to the lower rail was never reached, as droplets big enough could never be generated. 

The effect of the rail height (h) on the droplet radii filtering threshold was also investigated (Figure 3.14D). 
Two different rail heights (40 𝜇m and 60 𝜇m) were studied with the same spacing of d=10 𝜇m, for both con-
ditions the droplet radii threshold at which all droplets are deviated to the lower rail is approximately at 
33 𝜇m. However, the threshold at which all droplets remain on the upper rail is different, for 40 𝜇m high rails 
droplets with radii smaller than 24 𝜇m will remain on the upper rail, while for 60 𝜇m high rails this threshold 
radii is shifted to 27 𝜇m. The effect of the rail is interesting as it enables us to define the steepness of the 
filter.  
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Figure 3.14: Droplet rail filtering system.  

A) (i) Time-lapse of a small droplet continuing on the upper narrow rail. (ii) Time-lapse of a big droplet being deviated to the lower wider rail B) Graph 
of the ratio of deviated droplets as a function of the droplet radius for the experimental case presented in A). The droplet either remain on the upper 
rail (low-pass filtering) or are deviated to the lower rail (high pass filtering) according to their size. C) Graph of the percentage of deviated droplets as 
a function of the droplet radius for different gap distance between rails (called d). D) Graph of the percentage of deviated droplets as a function of 
the droplet radius for different rail height. Scale bars of 100 𝜇m. 

 

For our final application the combination of the rail spacing of 10 𝜇m and rail height of 40 𝜇m was retained 
as it enables us to have a filtering threshold in the middle of our droplet size generation range and to dis-
criminate our small droplets of radius 23.5 𝜇m from the big ones of radius 33.5 𝜇m. 

 

3.3.3.4 Droplet	trapping	and	pairing	
To optimize the droplet efficiency (defined as the number of traps containing a droplet over the total number 
of traps available) we investigated the effect of the trap diameter (dtrap (small) and dtrap (big)) and the trap 
height (htrap) as well as the presence of rails.  

The droplet sizes selected at the droplet generation step lead to droplets of diameter 47 𝜇m in the “pancake” 
droplet configuration for small droplets (volume of 94 pL) and droplets of diameter 67 𝜇m for the big ones 
(volume of 104 pL). 
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Figure 3.15: Droplet trapping array.  

A) Brightfield image of big droplets trapped. B) Time-lapse of a big droplet being trapped in the second trap of the array. C) Time-lapse of a small 
droplet being trapped at the 90th trap of the array. D) Brightfield image of six traps containing a single droplet of each type (two different dyes). Scale 
bars of 100 𝜇m. The white arrows indicate the trajectories of the droplets. E) Histogram of the big droplet trapping efficiency in big traps and small 
traps (double trapping) as well as the small droplet trapping efficiency in small traps under the conditions of no rail, a single rail or two rails presence, 
for the same trap dimensions (big trap diameter of 60 𝜇m, small trap diameter of 40 𝜇m and trap height of 40 𝜇m). F) Histogram of the small and big 
droplet (double trapping) trapping in small traps according to the small droplet trap diameter (big traps have a diameter of 60 𝜇m and height of the 
traps 40 𝜇m). 

 

During our investigations it appeared that the rails are crucial to improve both droplet sizes trapping efficien-
cies (number of traps with droplets over the total number of traps). Indeed, for identical trap dimensions 
(htrap=40 𝜇m, dtrap (small)=40 𝜇m and dtrap (big)= 60 𝜇m) when no rail is present, droplets are spread over the 
whole trapping channel width while the presence of single rails concentrate the droplets along specific flow 
lines in the trapping channel and the presence of two rails enables a filtering of the droplets according to the 
size and thus a precise positioning of the two droplet populations at different locations in the channel (Figure 
3.15E). The big droplet trapping was optimized first and required fine tuning as this step is performed first 
(Figure 3.15A), the small droplet trapping is performed only when all big droplet traps are filled. This step 
requires dtrap (big) to be wide enough to attract big droplets from the rail towards the trap (Figure 3.15B) but 
also narrow enough to prevent double droplet trapping (big droplets go both in the small and big traps). It 
appears that the big droplet trapping efficiency in big traps is not influenced by the absence or presence of 
rails and remains at 100% in all conditions, while the double trapping (big droplets trapped in small traps) 
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rate is drastically reduced from 70% to less than 20% when adding two rails. A decrease in the double trap-
ping of big droplets is of prime importance as it rescues the error for droplet pairing and thus the overall 
sample loss. The major advantage of the rail addition is for the small droplet trapping, indeed the efficiency 
for small droplets trapping increases from 0 to more than 90% when two rails are added. The rails play an 
important role as they slow down the small droplets (thus decreasing the drag force over the trapping force) 
and also, enable a good positioning of the droplets close to their respective trap. 

We then investigated the effect of the trap diameter size of the droplet trapping efficiency. We varied the 
big trap diameter from 40 to 70 𝜇m and in all cases the trapping efficiency of big droplets was of 100% (data 
not shown here). The small droplet trap diameter was varied between 40 and 50 𝜇m while the big droplet 
traps had a diameter of 60 𝜇m (Figure 3.15F). The optimal small droplet trap diameter is of 40 𝜇m as it leads 
to a small droplet trapping efficiency of 100%. 

During our experiments it also appeared that the height of the trap also plays a critical role in facilitating the 
trapping (when a droplet is fully confined in the trap it undergoes less drag force and thus the trapping is 
more stable) but can also lead to double trapping.  

The optimal combination of parameters kept for the final design are dtrap (small) = 40 𝜇m, dtrap (big) = 60 𝜇m 
and htrap = 40 𝜇m. Such parameters enable a 100% trapping efficiency for small and big droplets (Figure 3.15D) 
while limiting the double trapping to less than 5%. All flowing droplets on the rail are sequentially trapped 
starting at the first one until all traps are filled.  

 

3.3.3.5 Droplet	merging	
Once all droplet traps are filled with pairs of droplets from different sizes a square signal (AC) of 400 V (peak-
to-peak) and 1 kHz frequency. The droplet merging (Figure 3.16) is instantaneous and has an efficiency of 
100% (number of traps containing merged droplets over the total number of traps with droplet pairs). 

 

 
Figure 3.16: Droplet electrocoalescence.  

Time points of the droplets electrocoalescence every 100 msec. At the beginning the droplets are in contact in the traps. Under application of the 
electric field, the droplets merge and the resulting droplet relocates in the wider region of the trap. 

 

3.4 Conclusion	
We have designed a first microfluidic device relying on random cell co-encapsulation. This first chip enabled 
us to demonstrate the power of microfluidic droplets to highlight the homophilic activity of ORs. However, 
this first technology leads to a high cell loss and thus is not adapted for rare cell samples. 

We have then successfully been able to fabricate a microfluidic chip that can reliably and robustly: 

• generate droplets of different sizes encapsulating particles (beads or cells), 
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• dielectrically sort libraries of droplets according to their content (brightfield or fluorescence optical 
detection), 

• traffic droplets with minimal loss from the sorting junction to the trapping area using a railing system, 

• pair droplets of different size in traps, 

• merge droplet pairs confined in traps. 

Thanks to the combination of all those microfluidic elements on the device we can generate a library of 
droplets containing two particles (beads or cells) from two different original populations. The presented mi-
crofluidic device can generate a library of 300 droplets co-encapsulating two different particles in less than 
30 min (it takes approximately 11 min for each droplet type to generate, sort and trap 300 droplets contain-
ing a particle in the device). 

The full implementation of the steps on the same device has been successfully demonstrated with food dye 
as an aqueous phase. Experimental validation with cells or beads is still required. Additionally, the investiga-
tion of different cell-cell interactions could be of great interest. This device enables the imaging of the adhe-
sion phenomenon in real time and thus could be used to measure the binding kinetics. 

The designed cell co-encapsulation droplet microfluidic device takes advantage of the already extensive 
knowledge and toolbox in droplet microfluidics. This novel design aims at efficiently and with minimal sample 
loss co-encapsulating two particles (beads or cells) from different populations in the same droplet. In contrast 
to previous studies we beat the Poisson limitation for the cell encapsulation by highly controlling the particle 
co-encapsulation process instead of randomly co-flowing two cell suspension and generating droplets 
[61][81][82]. The presented microfluidic device also has the advantage of being possibly fully automated and 
thus enable high throughput and controlled cell co-encapsulation in droplets, not always achievable using 
hydrodynamic or packing effects of the cell suspensions prior to droplet generation [177][178] [179][180]. 
Finally by integrating all the different co-encapsulation steps in a single device, we enable a simplification of 
the experimental setup and procedure compared to previous work [181][202]. The presented microfluidic 
device still requires further characterization and validation for the full process flow with particles but is al-
ready promising and could be of great interest for tumour reactive T cell screening against tumour cell librar-
ies in immunotherapie application [51] 
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 G	 Protein	 Coupled	 Receptor	
screening	using	cell-bead	interactions	
4.1 Introduction	
In the previous chapters of this thesis we have presented two different technologies used to investigate cell-
cell interaction dynamics. Indeed, we detailed a novel method to co-encapsulated two cells from different 
populations in a single microdroplet. We also studied a novel roll-over mechanism where cells can dynami-
cally interact together. This roll-over design is based on the hydrodynamic trapping of cells, hydrodynamic 
trapping relies on the use of flow barriers or constrictions to separate a target particle from the main flow to 
a precise location. Thus, this mechanical trapping method can be applied to a wide range of particles such as 
bacteria, yeasts, embryos, mammalian cells or beads [122][218][219][220][127]. 

In this chapter we demonstrated how the previously used hydrodynamic trapping principle can be applied to 
another biological application and in particular be of interest to isolate agarose beads and become a powerful 
tool for G protein coupled receptors (GPCRs) screening. GPCRs are of prime interest as they represent ap-
proximately 4% of the human genome and constitute the largest family of cell surface membrane receptors 
[90]. Due to their ability to transduce a wide variety of extracellular signals (photons, mechanical stress, hor-
mones, growth factors, neurotransmitters) to the intracellular compartment [91], GPCRs are involved in 
many central physiological processes. Consequently, they are among the most important therapeutic targets 
for different diseases [92][93][94][95][96][97]. Indeed, those receptors are involved in oncology, immune 
system dysfunctions and cardiovascular disorders [221]. Moreover, they are highly tied to the progression of 
Alzheimer’s and Parkinson’s diseases and others neurodegenerative diseases [222]. Therefore, GPCRs repre-
sent 35% of all modern drug targets and compounds targeting GPCRs represent 25% of the US best-selling 
drug [223]. Over the past years, different types of assays to monitor signaling of G-proteins mediated by 
activated GPCRs have been developed to find new molecules. However, screening assays commonly used by 
pharmaceutical industries include technologies that measure either direct receptor-ligand binding or changes 
in GPCR downstream signaling events such as cAMP, inositol triphosphate, calcium production, B-arrestin 
recruitment and ERK phosphorylation. The bulk screening method discussed in this chapter has been devel-
oped by Dr. Thamani Dahoun and all cell related experiments were done with her help. A manuscript on the 
results presented in this chapter, as well as a review on microfluidic devices for GPCR screening are in prep-
aration. 

 

4.1.1 GPCR	activation	and	signalling	mechanisms	
Current GPCR drug screening assays have limitations due to the high complexity of the GPCR signaling system. 
Indeed, GPCRs are coupled to an intracellular protein, the G protein, composed of three subunits G𝛂, G𝛃 and 
G𝛄 (Figure 4.1). The G protein is not a membrane protein, but lipid modifications of the Gα and Gγ subunits 
ensure its anchorage to the intracellular part of the cell plasma membrane (Figure 4.1).  
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Figure 4.1: Scheme of the GPCR activation mechanism.  

On the left the GPCR is in an inactive state: the GαGDP-βγ heterotrimeric G protein forms a tight inactive complex dissociated from the receptor. On 
the right active state: activation of the receptor by the agonist promotes recruitment of G𝛂𝛃𝛄 to the receptor and the subsequent GDP/GTP exchange 
at the level of the Gα subunit. After GTP hydrolyzation the G𝛂 subunit detaches from the G𝛃𝛄 complex. Both G protein subunit complexes mediate 
downstream signaling events. 

 

When an activating molecule (ligand) binds to a GPCR, it switches the receptor to an active conformation, 
rendering it capable of interacting with the heterotrimeric G protein. In the ternary complex the G𝛂 subunit 
exchanges GDP (Guanosine Diphosphate) for GTP (Guanosine Triphosphate) leading to the dissociation of 
the GTP-bound G𝛂 subunit from the G𝛃𝛄 complex. The G𝛂 and G𝛃𝛄 subunits then mediate downstream 
signaling reactions [224][225]. Different ligands can activate different cellular signaling pathways through the 
same GPCR due to the diversity of the possible G𝛂 subunit recruited (Figure 4.2). 

 

 
Figure 4.2: GPCR signaling diversity. 

Scheme displaying the diversity in intracellular response of the same GPCR depending on the ligand and the G𝛂 subunit recruited. 

 

The distinct G proteins are classified into 26 families with the modst common ones being the G𝛂s, G𝛂i/o, 
G𝛂q/11 or G𝛂12/13 subfamilies [226][227]. An essential GTPase domain where the nucleotide GDP/GTP ex-
change occurs after GPCR activation [228] is common to the G𝛂 subunit of all four most common families, 
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however they differ from each other by the different effectors that they activate (Figure 4.3): G𝛂s family 
triggers the transmembrane adenylyl cyclase leading to the production of the cAMP (secondary messenger), 
G𝛂i/o family inhibits the adenylyl cyclase resulting in a decrease of cAMP, G𝛂q/11 family activates the mem-
brane bound phospholipase C (PLC) leading to the production of inositol trisphosphate (IP3) (secondary mes-
senger) and the release of intracellular Ca2+ and finally the G𝛂12/13 family regulating Rho family GTPase [227]. 

 

 
Figure 4.3: General scheme for G-protein activation.  

The G protein signal is transmitted from activated receptor to second messenger molecules by different effectors, which are in turn triggered by the 
𝛂-subunit as well as the 𝛃𝛄-subunits. The versatility of the triggered effectors depends also on the subunit subtypes: the G𝛂s subunit induces the 
cAMP production after receptor activation regulating the cAMP response element (CRE) transcription factor, while the G𝛂i inhibits the cAMP for-
mation. The G𝛂q subunit induces the increase inositol 1,4,5 triphosphate (IP3) concentration provoking the activation of the two transcription factors: 
the nuclear factor of activated T cells (NFAT) and the activator protein 1 (AP-1). The G𝛂12 subunit controls the regulation of the serum response factor 
(SRF). The subunit G𝛃𝛄 activation leads to the transcription of the serum response element (SRE) factor. All the elements colored in turquoise blue 
are targeted by existing screening assays. 

 

In addition to signaling through G proteins, GPCRs can signal through arrestins. Arrestins were first described 
as proteins that turn off G protein signaling: phosphorylation of the receptor C-terminal tail by a G protein–
linked kinase leads to the recruitment of arrestin, which prevents interaction with G proteins and promotes 
receptor internalization. However, certain GPCR ligands can activate arrestin binding directly or possibly by 
promoting interaction with kinases that phosphorylate the receptor, enable arrestin binding, thereby acti-
vating downstream signaling pathways distinct from those mediated by G proteins [225]. 

 

4.1.2 GPCR	current	screening	assays	
Over the past years, three major types of assays to monitor signaling of G proteins mediated by activated 
GPCRs have been developed (Figure 4.3): (1) indirect assays measuring production of effectors and second-
ary messengers; (2) direct assays monitoring the nucleotide exchange at the G protein, the interaction be-
tween the receptor and the G protein itself or the ligand binding to the receptor; (3) label-free whole-cell 
biosensing assays measure the optical or electrical properties of the interface between a solid sensor support 
and biological cells, which are changing upon activation of GPCR mediated signaling [229].  
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Indirect assays are the most commonly used by pharmaceutical industries and comprise the measurement 
of intracellular cAMP or the detection of the inositol triphosphate (IP3) produced after GPCR induction with 
compounds. Different assays exist for the detection of intracellular cAMP such as fluorescent, luminescent 
enzymatic biosensor or scintillation proximity assay (SPA). To measure the intracellular calcium release, the 
use of a sensitive fluorescent dye is the most common assay as it is optimized for automated real-time fluo-
rescence plate reader. Indirect assays include also reporter assays that allow the measurement of GPCR ac-
tivation via the transcription of different genes fused to a reporter protein. Thus, many assays measuring the 
production of downstream signaling effectors are commercially available, they are simple to use, adapted 
for high throughput screening and robust. However, those individual assays measure the activation signal via 
one single pathway. As GPCR activation leads to multiple intracellular pathways activation, it is crucial to 
establish the GPCR pathway triggered by a molecule, i.e. drug’s mode of action, for the treatment of a dis-
ease. Therefore, downstream events-based assays require complementary assays to identify the GPCR sig-
naling cascade involved in the drug mechanism of action. Furthermore, indirect assays are based on signaling 
events far downstream from the primary and central interaction process between the activating ligand and 
its receptor making the assay prone to unwanted cross-talks and the measured signal complicated.  

 

In direct assays, the interaction between the receptor and the G protein is determined with fluorescence or 
bioluminescence resonance energy transfer (FRET, BRET) using recombinant fusion proteins on the GPCR and 
the G protein. This kind of assay is less exploited by pharmaceutical industries as these methods require 
genetic modifications. Alternative assays monitoring the guanine nucleotide exchange of the G protein, an 
early event after GPCR activation, have been established. In this assay, the accumulation of the non- hydro-
lysable GTP analogs such as [35S]-GTPγS [230] on solubilized plasma membrane (PM) is measured after GPCR 
activation. These upstream event-based assays provide unwanted cellular cross-talks due to GPCR signaling 
complexity and have been set aside by pharmaceutical industries because of the difficulties to extract cell 
membranes, radioactive waste generation and their lack of information regarding the GPCR pathway. Alt-
hough binding assays provide kinetic data, they have huge limitations as they require expensive radiolabeled 
molecules needing special waste disposal or fluorescent labelled molecule with complicated chemical modi-
fications. Furthermore, binding assays give no information regarding the efficacy or mode of action of the 
tested drug.  

 

More recently, label-free assays using whole-cell biosensors have been developed. Such technologies are 
based on the measurement of the optical or electrical properties of the interface between a solid sensor 
support and biological cells. The activation of the GPCR signaling cascade induce an overall morphological 
change in the immobilized cells which in turn changes the interfacial properties between the sensor and the 
cell surface and can be detected either optically by dynamic mass redistribution (DMR) [231] or electrically 
by cellular dielectric spectroscopy [232]. Both biosensing assays measure GPCR signaling indirectly as an over-
all cellular response in a dose-dependent manner when living cells are exposed to pharmacologically active 
compounds. Although cell-based label-free assays provide information on GPCR multiple pathways, their ex-
pensive consumables and their sensitivity often leading to false positive results, limit their use by pharma-
ceutical industries. 

 

The above-mentioned limitations of presently used assays show that there is an urgent need for novel assay 
formats which would monitor GPCR mediated signaling directly on the level of the G protein while giving 
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precise information on the GPCR intracellular pathway. The microfluidic chip and method presented below 
enables to directly monitor the activation of distinct G proteins induced by any compound binding to a tar-
geted GPCR. 

 

4.2 Chip	design	
The GPCR screening method presented here was first characterized and validated in a benchtop bulk assay. 
However due to long manipulation and immunostaining times it was then implemented in a microfluidic 
device. The microfluidic chip was designed in order to accommodate, accelerate and increase the efficiency 
of each step in the previously developed assay. In this method cell plasma membrane (PM) fragments from 
whole cells (expressing the GPCR of interest) are isolated via their glycosylated cell surface proteins to the 
wheat germ agglutinin (WGA)-coated agarose beads. Thus, the bound PM fragments are in an upside-down 
configuration, rendering the intracellular membrane protein accessible. The G𝛂 subunits present in the cyto-
solic side of the PM (exposed on the bead) are then stained in different colours. Upon addition of the ligand 
in the surrounding media the G𝛂 subunit dissociates from the G𝛃𝛄 complex and thus can be removed from 
the PM fragments. The release of this G𝛂 subunit can be monitored by fluorescence. 

 

 
Figure 4.4: Chip principle and steps performed in the microfluidic device.  

1- The WGA-coated agarose beads are trapped passively in hydrodynamic traps. 2- cells are flushed in the device and adhered to WGA-coated agarose 
beads. 3- The cells are lysed to keep only plasma membrane fragments. 4- The G𝛂 subunits are immunostained. 5- The tested compound is added on 
the device and the fluorescence linked to the presence of a G𝛂 subunit is monitored. 

 

In the adaptation of this method to a microfluidic device the steps performed are (Figure 4.4): 

Step 1: WGA-coated agarose beads are immobilized in hydrodynamic traps 

Step 2: Cells in suspension are flushed in the microfluidic device. Upon encountering WGA-coated agarose 
beads when flowing in the chip the cells will attach to the beads. This behaviour is observed thanks to the 
glycosylation of their membrane proteins. 
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Step 3: A lysis buffer is added in the microfluidic device. This step enables the rupture of the cells to keep 
only PM fragments at the surface of the beads. Thus, permitting an access to the cytosolic part of the cell 
membrane. 

Step 4: The different G𝛂 subunits are immunostained. 

Step 5: The compound to screen is flushed in the microfluidic device. The fluorescence is monitored. A de-
crease in the fluorescence signal indicates a loss of the stained G𝛂 subunit and therefore means that the 
tested compound is a ligand for the GPCR of interest. 

 

4.2.1 Chip	dimensions	
The microfluidic design is based on hydrodynamic trapping of particles, this passive mechanism uses physical 
constriction (called traps) along flow lines to immobilize object of specific sizes at specific locations. Arrays 
of such traps have been presented for multiple applications such as yeasts [233], mammalian cells [234] and 
beads [235][236][237] trapping and subsequent study. The presented design is inspired from the work of 
Crane et al. on yeast [238], however all device dimensions were tailored to our application and in particular 
to the adequate bead size enabling single bead trapping and preventing bead clogging. The overall chip is 
17.258 mm long and 1 mm large decomposed in 5 parts.  

 

1) The entry access channel: enables the laminar flow to establish correctly in the microfluidic device. 
The channel is at this position to link the entrance point of particle and reagents through the punched 
opening in the PDMS to the functional part of the device (trapping area).  

2) Flow distribution area: This part aims at fully distributing the flow along the entire channel width to 
have a homogenous concentration distribution of particles (beads/cells) and reagents over the entire 
channel width [239]. The design is optimized to decrease the effect of the parabolic flow profile oc-
curring in microfluidic devices leading to higher flow speeds at the centre of the channel and lower 
flow speeds on the channel walls. This is achieved by splitting the flow from the entrance channel 
into two distinct channels separated by a PDMS pillar. The dimensions also enable a widening of the 
chip.  

3) Main trapping chip: is the core functional part of the device. There is a 200 μm long buffer zone at 
the entrance and exit of the chamber framing the trapping region. The aim is to enable homogenous 
particle spreading in the chamber and increase the trapping efficiency for the first sets of traps. The 
trapping region is composed of 27 trap lines perpendicular to the flow direction containing 4 traps 
(lines of traps and individual traps are spaced to prevent bead doublets clogging), making a total of 
108 traps per device. This number of traps can easily be tailored to the need of the experiments and 
the desired statistical power. Each trap line is shifted to prevent previous traps to shield particles 
from going in the following traps. The aim is to shift the flow streamlines going from the first trap 
lines to the subsequent ones, and hence enhance the trapping efficiency of all traps in the device 
independently of their position related to the entrance of the chamber. 

4) Flow narrowing area: aims to homogenously re-concentrate the flow. The design is a mirrored design 
from the flow distribution area. These dimensions enable a narrowing of the chip width. 

5) The exit channel: The channel is here to link the exit point through the punched opening in the PDMS 
of particles and reagents to the functional part of the device (trapping area). 
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4.2.2 Microfabrication	
The microfluidic device was fabricated in polydimethylsiloxane (PDMS). Silicon (Si) masters were patterned 
with a soft photolithography step followed by a silicon etching step. The Si wafer was primed with hexame-
thyldisilizane (HMDS) then AZ1512 HS (AZ 1500 series, MicroChemicals) positive photoresist was spun at 
3000 rpm for 30-40 sec to yield feature heights of 2 μm (ACS200 Gen3, Suss MicroTec) with a post-exposure 
bake for 1:30 min at 112 °C. The wafers were exposed to ultraviolet light through direct writing (VPG200 
Photoresist Laser writer, Heidelberg) to pattern the channels. After resist development the Si was etched to 
a final height of 100 μm using a Bosch process (AMS 200SE, Adixen). The photoresist was then stripped with 
5 min Oxygen plasma at 500W. The final Si mold was silanized at room temperature overnight using Tri-
chloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOTS, Sigma-Aldrich).  

Devices were made by mixing curing agent and PDMS polymer (PDMS 184 Sylgard, Dow Corning) at a ratio 
of 1:10 (wt/wt). The mixture of PDMS was then mixed and degassed in a vacuum chamber for 10 min. The 
polymer was then poured on the masters and degassed again prior to curing for at least 4 h at 80 °C. 

After PDMS curing the masters were removed. The patterned PDMS slab was then cut out into individual 
chips and inlets/outlets were punched with a biopsy puncher of 750 μm outer diameter. The PDMS channels 
were cleaned using frosted tape and then bonded to glass microscope coverslips (24x36mm, #1,5) with oxy-
gen plasma at 530 mTorr, 29 W for 45 sec. 

The full process flow can be found in Annexe 6.10. 

 

4.3 Cell	membrane	isolation	on	beads	
We first adapted and characterized each step of the bulk method (developed by Dr. T. Dahoun) on chip. On 
the contrary to the bulk method where the beads are directly incubated with cells, the on-chip process re-
quires the immobilization of the WGA-coated agarose beads for the imaging. The trap dimensions are tai-
lored to the ideal bead size for cell coating (diameter between 30 and 60 𝜇m). 

 

 
Figure 4.5: Bead trapping and coating steps.  

A) Brightfield image of on-chip WGA-coated agarose bead trapping in hydrodynamic traps. B) Brightfield image of on-chip bead coating with HEK cells. 
Scale bars of 60 𝜇m. C) Brightfield zoomed image on chip of a single bead coated with multiple HEK cells. D) brightfield image of a bead coated with 
HEK cells using the manual bulk method. Scale bars of 30 𝜇m. 

 

The bead trapping efficiency is between 30 and 50% depending on the size distribution of the bead suspen-
sion (Figure 4.5A). Once beads are trapped, cells are flushed in the device to adhere on the beads. The mean 
number of cells per bead is of 13.6 cells for the on-chip coating (Figure 4.5B and Figure 4.5C) while this num-
ber drops to 5 for bulk cell coating of beads (Figure 4.5D). In the chip the variation of the number of cells per 
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beads depends on the bead position (centre or side of the main flow chamber), the bead diameter (smaller 
beads than 30 𝜇m or larger beads than 60 𝜇m will have less cells on their surface), the quality of the WGA 
coating on the beads (some beads will have no cells on their surface), the concentration of the cell suspension 
(lower concentrations will require more dispense time to obtain a high cell coverage of beads but will lead 
to lower number of cell aggregates) and the dispense time/speed of the bead suspension in the microfluidic 
device. Additionally, for lower cell numbers the beads will be better coated using the on-chip coating method 
compared to the manual one (Figure 4.5D). Any mammalian cell type with glycosylated proteins on their 
surface can be adhered to the WGA-coated agarose beads [240], indeed we successfully performed the same 
experiment of cell coating optimized using HEK cells with primary rat hippocampal neurons (not shown here). 

Once the beads are covered with cells our goal is to disrupt the cell membrane to keep only plasma mem-
brane fragments on the beads (Figure 4.6C). The lysis efficiency on-chip is of 100% (Figure 4.6A and Figure 
4.6B) compared to 80% in bulk, where cell lysis is achieved by vortexing the PM-coated beads. We believe 
this is due to the dual action in the chip of the chemical lysis buffer and the shear stress of the flow on the 
cells. Additionally, when using the on-chip cell coating method the number of cells per bead is higher, this 
implies a higher bead coverage with PM fragments. 

 

 
Figure 4.6: Microscope images of cell lysis on chip.  

A) Brightfield image on chip of a single bead covered with HEK cells before addition of the lysis buffer. B) Brightfield image on chip the same single 
bead covered after addition of the lysis buffer. C) Brightfield, fluorescent and merged image of a single bead covered with plasma membrane frag-
ments of HEK cells with a membrane dye. Scale bars of 30 𝜇m. 

 

In order to verify that only plasma membranes were bound to the beads after lysis (and no other intracellular 
compartments membrane like the endoplasmic reticulum ER, mitochondria, or the Golgi apparatus), we used 
organelle markers and imaged the staining obtained on the beads.  Indeed, organelle membranes also display 
glycosylated proteins on their surface and thus could bind to the WGA-coated beads upon disruption of the 
cells.  
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Figure 4.7: Organelle staining. 

Fluorescence and merged images (brightfield and fluorescence) of the membrane presence on beads. A) HEK cells with a labelled chR2 receptor, with 
an ER labelling, and with a Golgi apparatus labelling. B) Images of beads after trapping, cell coating and cell lysis with HEK cells, HEK cells with a chR2 
labelled receptor, HEK cells with either ER or Golgi labelling. Scale bars are of 30 𝜇m. 

The confocal micrographs show that only plasma membranes were found on the WGA-coated beads after 
the cell lysis (Figure 4.7) and no fluorescence was observed in the case of ER and Golgi markers. We then 
immunostained the PM fragments present on the beads. Our aim was to verify the integrity of the cell mem-
brane fragments and the presence of the G𝛂 subunits crucial for the intracellular signaling upon GPCR acti-
vation. Thanks to microfluidics, lower quantities of antibodies are required due to the small volume of the 
main reaction chamber. We successfully did a two-step immunoassay, primary antibody specific against the 
G𝛂s subunit, and a secondary antibody labelled with Atto 633 (Figure 4.8).  

 

 
Figure 4.8: On-chip immunostaining of PM fragment coated beads.  

From left to right: Brightfield image of the trapped bead. YFP fluorescent image of the plasma membrane fragments of HEK cells with a YFP-membrane 
marker. Atto-633 fluorescent image of the immunostained G𝛂s subunits present on the PM fragments. Scale bars of 60 𝜇m. 
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We decided to investigate the functionality of the GPCR after the immobilization of the PM by performing a 
GTP𝛾S assay in our device [230]. This conventional screening assay [241] relies on the use of a fluorescent 
labelled non-hydrolysable GTP analogue [242]. This modified GTP binds to the G protein when the GPCR of 
interest is activated. This leads to a substantial increase in fluorescence (Figure 4.9).  

 

 
Figure 4.9: Schematic representation of the fluorescently labelled GTP𝛾S assay.  

The activation of the receptor by the agonist lead to the subsequent GDP/GTP𝛾S exchange at the Gα subunit. The fluorescent GTP𝛾S chemical modi-
fications prevent its hydrolyzation and the fluorescence remains on the Ga subunit. 

 

In this assay the WGA-coated agarose beads are trapped in the device, then cells are attached to the beads 
and lysed. Then, we introduced in our device a known agonist, isoproterenol, of a GPCR, 𝛽2 adrenergic re-
ceptor, endogenously expressed in HEK cells [30]. The fluorescent GTP𝛾S is loaded in the microfluidic chip 
and an increase of fluorescence can be seen after a few seconds (Figure 4.10A and Figure 4.10B). This fluo-
rescence increase indicates that the 𝛽2 adrenergic receptor was activated by the isoproterenol, thus validat-
ing our microfluidic device for cell membrane isolation with functional GPCR and GPCR activation on chip 
(Figure 4.10C). This experiment shows a strong fluorescence increase for both activated beads compared to 
the control one. The binding kinetics of the fluorescent GTP analog is used to measure the EC50 of the tested 
compound. In our case the kinetics for both activated beads are different due to the bead coverage with PM. 
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Figure 4.10: Fluorescently labeled GTP𝛾S assay on cell membrane-coated beads.  

Cell membranes were immobilized on the beads and a GPCR, the 𝛽2 adrenergic receptor, has been activated by its agonist, the isoproterenol, then 
we measured the GDP/bodipy-TR- GTP𝛾S exchange with a fluorescent microscope before filling the chip with the bodipy-TR-GTP𝛾S (confocal micro-
graph A), and after 15 s of a flow of bodipy-TR- GTP𝛾S (confocal micrograph B), scale bars: 60 𝜇m. C) Graph showing the fluorescence increase of 
bodipy-TR- GTP𝛾S on each bead after the 𝛽2 adrenergic receptor activation (unspecific fluorescent background has been removed from the data). A 
control was also performed on a bead were no ligand was added. 

 

Once the microfluidic chip was validated for the GTP𝛾S assay we then investigated if it could be used to 
perform the full assay previously developed in bulk by Dr. Dahoun. In this assay WGA-coated agarose beads 
are trapped, the cells are subsequently flown in the device, they adhere to the beads and are then lysed 
(Figure 4.11 steps 1, 2 and 3). The G𝛂 subunits bound to the PM fragments are then immunostained (specific 
primary antibody and fluorescent secondary antibody). The compound to screen is then added in the device 
and the fluorescence intensity of the PM fragments is monitored (Figure 4.11 steps 4 and 5). The assay when 
fully performed on chip can be achieved in 10 min instead of 4 h in bulk. 

 

 
Figure 4.11: Summary chip principle.  
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Schematic representation of the operation procedure in the microfluidic device. First the WGA-coated agarose beads are trapped in the microfluidic 
chip at defined locations in traps. Then cells are flushed in the device and bind to the WGA on the agarose beads. The cells are then lysed using a 
chemical lysis buffer combined with the flow shear stress. Finally, the remaining plasma membrane fragments on the beads can be immunostained. 
The G𝛂 subunits are stained and the fluorescence intensity is monitored upon addition of a compound to be screened. 

 

If a decrease of fluorescence is observed, it means the compound added activates the GPCR of interest (as 
the G𝛂 subunit is removed from the PM). On the contrary if no fluorescence intensity change is observed it 
indicates that the compound added does not activate the GPCR of interest. In the experiment performed in 
our device we used thrombin a known agonist of the thrombin receptor (family of the Protease-Activated 
Receptor PAR [243]). Unfortunately, no decrease in fluorescence could be seen despite the activation of the 
GPCR. This indicates that the G𝛂 subunit removal step has not been translated properly on chip yet and that 
the G𝛂 subunit remains attached to the PM fragments through its anchor. In the bulk protocol this G𝛂 subunit 
removal step is performed using high-speed centrifugation. However, high-speed centrifugation cannot be 
performed on our device. In order to properly translate this step of the bulk protocol on-chip, we will inves-
tigate the use of shear stress applied by the flow on the G𝛂 subunits loosely attached to the membrane 
through a single lipid anchor. Indeed, the flow shear stress mimics the kinetic force applied on the PM frag-
ments during centrifugation. We could also investigate the use of detergents, as such chemicals can solubilize 
the plasma membrane by inserting themselves in the lipid layers and could ease the release of the G𝛂. Finally, 
the use of enzymes like the palmitoyl esterase (proven to the depalmitoylate the G𝛂 once activated [244]) 
could be used to facilitate the G𝛂 removal. 

 

4.4 Conclusion	
This chapter presents a novel G protein coupled receptor (GPCR) screening microfluidic device. This micro-
fluidic chip enables the acceleration, automation and miniaturization of a previously developed novel GPCR 
screening method (by Dr. Thamani Dahoun) as shown in Table 4.1. 

 

Table 4.1: Comparative table of the bulk and on chip method, for each step the corresponding time, volume of reagent used and efficiency is indicated. 

Steps Method 
Time to perform 
step 

Volume of reagent 
used 

Step efficiency 

Bead trapping 

Bulk method NA NA NA 

On-chip 1 min 
200 𝜇L of bead sus-
pension at 5Mio 
beads/mL 

Trapping effi-
ciency between 
30-50% 

Bead coating with 
cells 

Bulk method 1h on ice 
500 𝜇L of cell suspen-
sion at 10 Mio 
cells/mL 

16.5 cells per 
bead 

On-chip 1min5sec 
50 𝜇L of cell suspen-
sion at 1 Mio 
cells/mL 

5 cells per bead 

Cell lysis+wash Bulk method 45min 
6mL of PBS+1mM 
EDTA 

80% cell on 
beads lysed 
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On-chip 2min15sec 
100 𝜇L of PBS+1mM 
EDTA and 200uL of 
lysis buffer 

100% cell on 
beads lysed 

Primary antibody 
staining and wash 

Bulk method 1h15 
50 𝜇L of antibody so-
lution diluted at 1:50 

NA 

On-chip 2min15sec 
100 𝜇L of antibody 
solution diluted at 
1:250 

NA 

Secondary anti-
body staining and 
wash 

Bulk method 1h15 
200 𝜇L of antibody 
solution diluted at 
1:250 

NA 

On-chip 2min15sec 
100 𝜇L of antibody 
solution diluted at 
1:250 

NA 

Activation step 

Bulk method 20min  
200 𝜇L of activation 
buffer 

NA 

On-chip 2min15sec 
100 𝜇L of activation 
buffer 

NA 

 

We successfully demonstrated that our device can isolate in an upside-down orientation plasma membrane 
fragments from mammalian cells. By implementing the previously developed bulk method on-chip we man-
aged to improve the cell coating and cell lysis efficiency. The use of a microfluidic device for the assay enables 
an acceleration of the process and sparing of reagent due to the low volumes of the main chamber, it also 
enables an easier imaging as beads are localized at fixed, defined positions. We validated that the GPCRs and 
G𝛂 subunits present on the PM fragments were present and functional using a GTP𝛾S assay. We then suc-
cessfully performed an immunostaining of the G𝛂 subunit and activation of the thrombin receptor on the PM 
fragments immobilized on the agarose beads in the microfluidic device. The removal step of the G𝛂 subunit 
still remains to be optimized. 

Current GPCR screening methods do not permit the direct identification of the intracellular pathway acti-
vated by a specific ligand upon binding with a GPCR (drug’s mode of action). This hinders the discovery of 
drugs targeting GPCRs as multiple assays done sequentially are required to identify a drug’s mode of action. 
This work builds up on a novel GPCR screening method previously developed and enabling the identification 
of a drug’s mode of action in a single assay. However, this assay performed in bulk required manual manip-
ulation and long immunostaining times. In order to accelerate this assay microfluidics was used and the novel 
screening method was implemented on chip (presented in this chapter). The microfluidic device is based on 
common hydrodynamic trapping designs (already presented in Chapter 2). We believe this device to be of 
particular interest for pharmaceutical companies discovering drugs targeting GPCRs. This device gives a real 
advantage to isolate any mammalian cell membrane and thus can be used to screen any cell membrane 
protein. Indeed, many other transmembrane proteins than GPCRs are involved in a wide variety of diseases 
like the TransMEMbrane Protein 16 (TMEM16, calcium channels and scramblases) family proven to be linked 
to diseases ranging from cancer to Alzheimer’s [245]. Additionally, this device could be used for diagnostics, 
like in cancer (increased number of receptor at cell membrane) [246]. As for example the glucose-regulated 
protein 78 (GRP78 also known as BIP) is a transmembrane protein mainly localised in the ER of healthy cells 
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and is commonly used as an ER marker. However, it has been shown that in a variety of tumour types GRP78 
is upregulated on the cell surface. This migration of GRP78 from the ER to the plasma membrane is correlated 
with the malignancy and drug resistance of the cancer cells [247]. Using our technology, we could be able to 
identify and quantify the migration of GRP78 to the plasma membrane of potentially detect malignant cells 
at early stages. Finally, one of the major advantages of this screening methods is that it enables a cytosolic 
access to cell membrane proteins and thus could be of great interest for biologists to better understand the 
early intracellular steps of cell membrane receptors signalling. 
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 Conclusion	and	discussion	
5.1 Summary	of	results	
In this thesis we aimed at demonstrating the new possibilities of already existing microfluidic systems in var-
ious biological applications thanks to technological improvements. To this end the following achievements 
were performed : 

 

• A first microfluidic device was developed, based on a novel biologically inspired “roll-over” behaviour 
[121]. This novel microfluidic design enables the multiplexing of cell-cell interaction screening. In-
deed, thanks to this technology biologists can probe the dynamic interaction between a single rolling 
cell against multiple cells placed at fixed defined positions. This device is particularly suited for rare 
cell populations screenings as for example in cancer immunotherapy. 

• This “roll-over” device was successfully used to investigate the minimal interaction time required 
between T cell and antigen presenting cells (APCs) to generate stable cell doublets. This novel “roll-
over” was also further theoretically studied to give preliminary guidelines for the possible use of such 
technology for other applications. 

• The same device also permits the investigation of homotypic and heterotypic cell-cell interactions. 
Using this technology, the bond lifetime of cell-cell homotypic interactions based on olfactory recep-
tors (ORs) could be measured for the first time. 

• A second microfluidic device was developed based on droplet microfluidics. This device takes ad-
vantage of the extensive state of the art in droplet microfluidics, it is a subtle combination of multiple 
already existing technologies in a single novel microfluidic chip, opening new perspectives in single 
cell studies. 

• The presented microfluidic chip enables the reliable, highly controlled and fast co-encapsulation of 
two cells from different populations in a single micro-droplet. This tool goes beyond the limit of the 
Poisson encapsulation distribution (ruling the cell-in-droplet encapsulation process) by integrating 
active and passive droplet generation, sorting, pairing and merging elements. This device was devel-
oped with the aim of providing a high throughput solution to cell-cell interaction interrogation in 
confined, controlled microenvironments. 

• The successfully developed droplet microfluidic device has been described and characterized, in or-
der to be further improved and used for various biological applications. It can be fully automatized 
with the aim of being implemented in clinical settings. 

• In the last chapter, strong from our previous microfluidic technological knowledge built with the two 
previous microfluidic chips, we developed a novel microfluidic device reusing the same microfluidic 
principle and fabrication method from our previous work. The third microfluidic chip designed, highly 
application oriented, enables the screening of compounds targeting cell membrane receptors like G 
protein coupled receptors (GPCRs). 
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• The GPCR screening chip was successfully used to translate a time consuming and tedious manual 
bulk biological method to a an automated, faster, microfluidic screening assay. Indeed, the microflu-
idic device presented was able to isolate plasma membrane fragments in an inside-out configuration 
giving access to the cytosolic side of the plasma membrane. It also provides a new tool to efficiently 
immunostain such isolated membrane fragments and thus enable to study the first steps of GPCR 
intracellular signalling pathways. 

 

5.2 Conclusion	
Today available cell-cell interaction screening tools require a compromise between the throughput and the 
control over the interaction. Indeed, manual assays like the dual pipette assay [40][41], optical tweezers [48], 
or acoustic tweezers [49] enable a strong control over the cell-cell interaction parameters (contact force, 
interaction time …). However, such methods only permit the interrogation of a single cell pair at a time and 
thus have a very low throughput. With the arrival of microtechnologies and microfluidics novel cell-cell in-
teraction tools appeared with increased throughput (droplet microfluidics [51], hydrodynamic trap arrays 
[47]). Despite those new technologies, a lack of high throughput tools enabling the controlled dynamic se-
lected interaction of two cells still arose. 

To this end we developed the “roll-over” microfluidic device with the aim of making a sample of cells from 
one population interact with all the cells from a sample of a second distinct population. This novel idea of 
cell-cell interaction multiplexing is of interest for rare and non-redundant cell samples. However, in the cur-
rent state of the technology the throughput is limited by the rolling cell speed, defined by the interaction 
time necessary to generate a stable cell-cell bond. Furthermore, the role of the contact force between cells 
could be investigated in this work but is of high interest and should further be studied. The question of the 
multiple cell activation due to the rolling of a single cell on potentially multiple activating cells is also inter-
esting. Indeed, the furture work should focus on the biological investigation of the use of such device for cell-
cell interaction interrogation, with the measurement of the potential crosstalk between the various trapped 
cells. This device should be characterized and used to highlight the role of cell-cell interactions in T cell and 
APC interaction. The biophysical and mechanical aspects of those cell-cell interactions should be investigated 
and demonstrate the use of such device to measure all cell-cell interaction parameters (contact force, bond 
lifetime, bond formation and dissociation…). This roll-over device presents itself as a higher thoughput alter-
native for the dual pipette assay and thus should be further characterized as so. Future work should demon-
strate its use by biologists to answer biological questions of cell-cell interactions. In our constant search of 
improving the state of the art of cell-cell interaction tools, we investigated other microfluidic means to have 
an increased cell-cell interaction interrogation throughput.  

Therefore, we developed the second microfluidic device based on droplet microfluidics. Compared to the 
previously presented roll-over device, this droplet chip cannot investigate all particle-particle interactions 
from two samples of different populations, as the co-encapsulation prevents any possible multiple interac-
tions from occurring. Additionally, this droplet device combines passive and active droplet manipulation ele-
ments and renders the chip setup and use more complicated compared to the roll-over device based solely 
on passive trapping and rolling mechanisms. However, this droplet system enables a higher throughput in 
the generation of particle pairs for interaction interrogation, which could be of interest in the case of large 
cell samples. This device as presented in this thesis is solely a technological achievement and should be vali-
dated as a biological tool. Future work should include the use of the presented microfluidic chip for cell-cell 
interrogation and analysis of cell pairs in confined environment. The binding kinetics of T cell and APCs should 
be measured and explored using this technology.  
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Finally, we wanted to demonstrate that single microfluidic technologies can have multiple biological applica-
tions. Indeed, by recycling the hydrodynamic trapping used in the roll-over chip, with the microfabrication 
process of the droplet chip, we developed a microfluidic chip adapted for GPCR screening. 

 

This thesis first demonstrates how novel microfluidic devices can be developed based on already pre-existing 
work, as well as the importance of technological improvement. It also provides a small overview of the wide 
diversity of biological applications of microfluidics. 

 

5.3 Futures	applications	and	outlook	
The microfluidic technologies developed in this work are still at an early stage and would highly benefit of 
future improvements, as discussed in the individual chapters. Nonetheless, it already provides new tools for 
biologists to investigate cell-cell interactions and GPCR screening. 

A major goal of this thesis is to provide insights into new microfluidic tools for current and future biological 
issues. We have demonstrated how a single microfluidic technology can have multiple biological applications. 
However, this thesis only presents a very small window of possible applications of the developed technolo-
gies. For example, the “roll-over device” could also be used for any protein-protein interaction study (interac-
tome [248]), crucial for cell physiology and disease progression understanding [249]. Indeed, the proteins to 
study can easily be immobilized on polymeric beads. The beads can be trapped in the device at precise loca-
tions and the beads or cells presenting other proteins could be flushed in the microfluidic chip to study the 
interaction dynamics. With the presented device, antigen-antibody, receptor-ligand, virus-cell and protein-
DNA binding interactions can be monitored and quantified.  

The droplet chip enables the controlled encapsulation of single cells from different types. This tool could be 
used to encapsulate more than two different cells and thus generate highly controlled multicellular aggre-
gates like spheroids [250]. Such aggregates represent one of the most valid in vitro systems to study the 
dynamics of multicellular 3D systems as the human or animal bodies [251]. They are of prime interest for the 
study of embryonic development [252] or cancer [253]. Additionally the droplets could be made of a specific 
cell compatible hydrogel to be able to produce highly controlled droplets containing 3D spheroids [254] [255] 
that could be placed in culture. All of this could be performed in a single device using the droplet microfluidic 
chip developed in this thesis. 

 

Providing all the possible applications, the novel cell handling devices presented in this thesis have the po-
tential to be revolutionary for single cell analysis tools. 



 

90 

 Annexes	
6.1 Theoretical	development	for	the	roll-over	scheme	

6.1.1 Flow	profile	in	shallow	channels	with	w>h,	0	<	y	<	w	and	0	<	z	<	h	[124]	
In order to calculate the virtual widths and thus the corresponding flow portion entering either the trap or 
bypass channels, one must know the flow velocity profile in the main flow channel. In our case the main 
channel has the following dimensions: height h of 20 𝜇m and a width w of 30 𝜇m, thus preventing us from 
using the conventional 2D parabolic flow profile valid only under the conditions where w≈h. 

In the case of shallow channel as we are, where h < w previous studies [138] reported using the following 
formula describing the velocity flow profile for rectangular micro-channels derived by Bruus [139] from the 
Navier Stokes equation under the conditions of incompressible fluids pressure-driven, steady-state flow in a 
rectangular cross-section microchannel of dimensions -w/2<y<w/2 and 0<z<h (no slip condition at boundary) 
is: 

 

Equation A6.1 

𝑣$(𝑦, 𝑧) =
4ℎ-∆𝑝
𝜋1𝜂𝐿

4
1
𝑛1
71 −

𝑐𝑜𝑠ℎ <𝑛𝜋𝑦ℎ =

𝑐𝑜𝑠ℎ <𝑛𝜋𝑤2ℎ =
D 𝑠𝑖𝑛(

𝑛𝜋𝑧
ℎ

I

J	KLL

) 

 

Leading to an expression of the flow rate as follows (with L, w and h respectively being the length, width and 
height of the microchannel): 

 

Equation A6.2 

𝑄 =
wℎ1∆𝑝
12𝜂𝐿

�1 − 4
192ℎ
𝑛U𝜋U𝑤

I

J	KLL

𝑡𝑎𝑛ℎ(
𝑛𝜋𝑤
2ℎ

)� 

 

This equation is valid for boundaries defined as - 
-
< 𝑦 <  

-
 and 0 < 𝑧 < ℎ (Figure 6.1A). Those conditions 

are very interesting in the case of symmetrical effects on the y axis [136]. Unfortunately, in our case we 
observe and apply an asymmetrical hydrodynamic filtering effect thus this choice of boundaries hinders our 
calculations. We thereby have decided to derive the flow velocity profile equation for rectangular shallow 
channels with boundaries defined as 0 < 𝑦 < 𝑤 and 0 < 𝑧 < ℎ (Figure 6.1B), in order to simplify our follow-
ing calculations for the virtual width. The derivation will be detailed step by step hereafter (inspired from 
[139] and [256]): 
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Figure 6.1: The definition of the rectangular channel cross-section of height h and width w.  

A) as derived for the need of our model. B) as Bruus derived it. 

 

Starting from the simplified non-transient solution of Navier-Stokes (Equation A6.3) in the domain 0<y<w and 
0<z<h (see Figure 6.1B).  

 

Equation A6.3 

¡𝜕£
- + 𝜕¤

-¥𝑣$(𝑦, 𝑧) = −
∆𝑝
𝐿𝜂

 

 

The equation needs to be solved by applying the non-slip conditions at the edges of the microchannel: 
𝑣$(𝑦, 𝑧) = 0 for y=0, y=w, z=0 and z=h. 

 

The right hand side of Equation A6.3 is then converted into a Fourier Series [139]: 

 

Equation A6.4 

−
∆𝑝
𝐿𝜂

= −
4∆𝑝
𝜋𝐿𝜂

4
1
𝑛
𝑠𝑖𝑛(

𝑛𝜋𝑧
ℎ

I

J¦Q	KLL

) 

 

With n>0 and odd. In this case only terms proportional to s𝑖𝑛(J§¤
¨
) were considered in order to maintain the 

set boundary conditions. 

The left hand side of Equation A6.3 is then reformulated as follow [139]: 

 

Equation A6.5 

𝑣$(𝑦, 𝑧) = 4𝑓J(𝑦)𝑠𝑖𝑛(
𝑛𝜋𝑧
ℎ

I

Jnb

) 

 

The Fourier coefficients 𝑓J(𝑦) are a function of y and a constant along z. By inserting Equation A6.4 in Equa-
tion A6.3 one obtains: 
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Equation A6.6 

¡𝜕£
- + 𝜕¤

-¥𝑣$(𝑦, 𝑧) = 4 �𝑓J©©(𝑦) −
𝜋-𝑛-

ℎ-
𝑓J(𝑦)� sin	(

𝑛𝜋𝑧
ℎ

I

Jnb

) 

 

Upon equalizing of Equation A6.4 and Equation A6.6 one obtains the following constraints: 

 

Equation A6.7 

𝑓J©©(𝑦) −
𝜋-𝑛-

ℎ-
𝑓J(𝑦) = −

4∆𝑝
𝜋𝜂𝐿𝑛

					𝑓𝑜𝑟	𝑜𝑑𝑑	𝑛 

																																																									𝑓J(𝑦) = 0					𝑓𝑜𝑟	𝑒𝑣𝑒𝑛	𝑛 

 

For n odd the second order differential Equation A6.7 needs to be solved for 𝑓J(𝑦). A common approach is 
done using: 

 

Equation A6.8 

𝑓J(𝑦) = 𝑓JmJ¨Kª(𝑦) + 𝑓J¨Kª(𝑦) 

 

A particular solution can be found with 𝑓JmJ¨Kª(𝑦) = 𝑐𝑠𝑡: 

 

Equation A6.9 

𝑓JmJ¨Kª(𝑦) =
4ℎ-∆𝑝
𝜋1𝜂𝐿𝑛1

				𝑓𝑜𝑟	𝑛 > 0	𝑜𝑑𝑑 

 

On the other hand, the general solution for the homogenous part 𝑓J©©(𝑦) −
§¬J¬

¨¬
𝑓J(𝑦) follows a linear com-

bination:	 

 

Equation A6.10 

𝑓J¨Kª(𝑦) = 𝐴𝑐𝑜𝑠ℎ <
𝑛𝜋𝑦
ℎ
= + 𝐵𝑠𝑖𝑛ℎ <

𝑛𝜋𝑦
ℎ
= 

 

In order to fulfil the boundary conditions defined previously 𝑓J(𝑦 = 0) = 0 and 𝑓J(𝑦 = ℎ) = 0	the respec-
tive coefficients A and B should be: 

Equation A6.11 

𝐴 = −
4ℎ-∆𝑝
𝜋1𝜂𝐿𝑛1

 

										𝐵 =
4ℎ-∆𝑝
𝜋1𝜂𝐿𝑛1

7
1

𝑡𝑎𝑛ℎ(𝑛𝜋𝑤ℎ )
−

1

𝑠𝑖𝑛ℎ(𝑛𝜋𝑤ℎ )
D 
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Hence the obtained solution 𝑓J¨Kª(𝑦) by replacing the coefficients in Equation A6.10 is: 

 

Equation A6.12 

𝑓J¨Kª(𝑦) =
4ℎ-∆𝑝
𝜋1𝜂𝐿𝑛1

7
𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑡𝑎𝑛ℎ(𝑛𝜋𝑤ℎ )
−
𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤ℎ =
− 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑦
ℎ
=D 

 

By replacing equation Equation A6.9 and Equation A6.12 in Equation A6.8uatio one can obtain the final 𝑓J(𝑦) 
as: 

 

Equation A6.13 

𝑓J(𝑦) =
4ℎ-∆𝑝
𝜋1𝜂𝐿𝑛1

71 +
𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑡𝑎𝑛ℎ(𝑛𝜋𝑤ℎ )
−
𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤ℎ =
− 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑦
ℎ
=D 

 

The resulting Equation A6.13 is then inserted in Equation A6.5 to obtain the equation of the velocity profile: 

 

Equation A6.14 

𝑣$(𝑦, 𝑧) =
4ℎ-∆𝑝
𝜋1𝜂𝐿

4
1
𝑛1
71 − 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑦
ℎ
= +

𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑡𝑎𝑛ℎ(𝑛𝜋𝑤ℎ )
−
𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤ℎ =
D 𝑠𝑖𝑛(

𝑛𝜋𝑧
ℎ

I

J	KLL

) 

 

 
Figure 6.2: Plot of the flow velocity profile in a rectangular channel of height 20 𝜇m and width 30 𝜇m.  

A) Flow profile along the channel width at z= h/2 (middle height) displaying a parabolic flow profile, Bruus’ derived flow profile for rectangular channels 
and our derived flow profile for rectangular channels. B) Flow profile along the channel height at z= w/2 (middle width) displaying a parabolic flow 
profile, Bruus’ derived flow profile for rectangular channels and our derived flow profile for rectangular channels. 

 

As expected, the derived flow velocity profile equation gives the same results as the one derived by Bruus 
only the defined boundaries for the width have been modified. Additionally, one can verify that the flow 
velocity profile in shallow channels is flatter than the usual parabolic flow profile. Hence reinforcing the need 
for the use of such shallow channel flow profile formula (Figure 6.2). 

In order to obtain the corresponding flow rate, one must integrate the flow velocity (Equation A6.14) along 
y and z as shown below:  
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𝑄 =¯𝑣$(𝑦, 𝑧)	𝑑𝑦	𝑑𝑧 

 

Which gives us: 

	

																											𝑄 = ° 𝑑𝑦
 

Q
° 𝑑𝑧	𝑣$(𝑦, 𝑧)
¨

Q
	

 

Equation A6.15 

𝑄 =
wℎ1∆𝑝
12𝜂𝐿

�1 − 4
192ℎ
𝑛U𝜋U𝑤

I

J	KLL

𝑡𝑎𝑛ℎ(
𝑛𝜋𝑤
2ℎ

)� 

 

This expression is the same as Bruus [139] (eqn2.48d page 31). Here we used the following simplification: 

4
1
𝑛±

=
𝜋±

96

I

J	KLL

 

 

6.1.2 Trapping	and	rolling	flow	ratio	calculation		
 

 
Figure 6.3: Microfluidic chip schematic  

A) Schematic view of the particle trapping mechanism. The particle carried by the flow (Q) is trapped in the trap channel. B) Schematic view of the 
particle rolling mechanism. Particles carried by the flow roll on the trapped particles thank to the bypass channel. The bypass channels enable a partial 
flow re-aspiration that modify the flow lines along which flowing particles move. This flow line modification enables to position the rolling particle 
along the channel and enable a stronger interaction with the following trapped particle 

 

It is essential to predict and control the virtual width (w1) of the flow entering the trap channel in order to be 
able to trap a single particle. In our device the virtual width as shown in Figure 6.3 corresponds to the width 
of the flow stream entering the trap channel from the main channel. To design our trap channels in order to 
have the trapping of a single particle we have developed a theoretical model with the following assumptions: 

• Steady, pressure driven and laminar flow 

• Incompressible fluid Newtonian (water) 

• All channels are at the same height and in the main channel h < w 
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• Fully developed flow in all channels 

 

Knowing the flow velocity profile expression for a rectangular cross-sectional microchannel (when w>h) is 
[124], [139]: (Equation A6.14 above) 

𝑣$(𝑦, 𝑧) =
4ℎ-∆𝑝
𝜋1𝜂𝐿

4
1
𝑛1
71 − 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑦
ℎ
= +

𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑡𝑎𝑛ℎ <𝑛𝜋𝑤ℎ =
−
𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤ℎ =
D 𝑠𝑖𝑛(

𝑛𝜋𝑧
ℎ

I

J	KLL

)	 

 

According to the mass conservation and continuity equations we can define the ratio of flow in the trap 
channel (QT) and the main channel before the trap (QM) as [136]: 

Equation A6.16 

𝑄"
𝑄#

=
∫ 𝑑𝑦()
* ∫ 𝑑𝑧	𝑣.(𝑦, 𝑧)

2
*

∫ 𝑑𝑦 ∫ 𝑑𝑧	𝑣.(𝑦, 𝑧)
2
*

(3
*

 

 

Knowing the flow expression calculated previously (Equation A6.15) one can obtain the following ratio with: 

w1the width of the virtual flow going in the trap channel (Figure 6.3A),  

w0 the width of the main channel (see Figure 6.3A),  

h the height of the channels (same channel height for the whole chip),  

L the length of the channel 

h the viscosity of the fluid 

∆p the pressure difference 

QT the flow rate in the trap channel 

QM the flow rate in the main channel 

 

The flow rate in the trap channel is calculated as follows: 

𝑄P =
4ℎ-∆𝑝
𝜋1𝜂𝐿

° 𝑑𝑧
¨

Q

° 𝑑𝑦

 ²

Q

4
1
𝑛1
71 − 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑦
ℎ
= +

𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑡𝑎𝑛ℎ(𝑛𝜋𝑤ℎ )
−
𝑠𝑖𝑛ℎ <𝑛𝜋𝑦ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤ℎ =
D 𝑠𝑖𝑛(

𝑛𝜋𝑧
ℎ

I

J	KLL

) 

 

After simplification one obtains: 

 

Equation A6.17 

𝑄" =
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The flow ratio is calculated as follows by combining in Equation A6.16 the two Equation A6.17 and Equation 
A6.15 respectively for the flow rate in the trap channel and the flow rate in the main channel: 

 

𝑄P
𝑄C

=

𝑤bℎ1∆𝑝
12𝜂𝐿 71 − ∑ 96ℎ

𝑛U𝜋U𝑤b
V
𝑐𝑜𝑠ℎ <𝑛𝜋ℎ (𝑤 − 𝑤b= − 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑤b
ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤ℎ =
− 𝑡𝑎𝑛ℎ(𝑛𝜋𝑤2ℎ )[

I
J	KLL D

wℎ1∆𝑝
12𝜂𝐿 ³1 − ∑ 192ℎ

𝑛U𝜋U𝑤
I
J	KLL 𝑡𝑎𝑛ℎ(𝑛𝜋𝑤2ℎ )´

 

 

And simplifies into (as h, ∆p, L, h are the same as 𝑄P  and 𝑄C are calculated from the main channel with width 
of flowstream variation):  

 

Equation A6.18 

𝑄"
𝑄#

=
𝑤5
𝑤

1 + ∑ 96ℎ
𝑛D𝜋D𝑤5

F
𝑐𝑜𝑠ℎ J𝑛𝜋ℎ (𝑤 − 𝑤5K − 𝑐𝑜𝑠ℎ J

𝑛𝜋𝑤5
ℎ K

𝑠𝑖𝑛ℎ J𝑛𝜋𝑤ℎ K
− 𝑡𝑎𝑛ℎ(𝑛𝜋𝑤2ℎ )O

P
Q	RSS

1 − ∑ 192ℎ
𝑛D𝜋D𝑤

P
Q	RSS 𝑡𝑎𝑛ℎ(𝑛𝜋𝑤2ℎ )

 

 

In our case for the numerical application of Equation A6.18 we will use: 

• h=20 𝜇m 

• w1=9 𝜇m (in the case for the trapping w1 > rp we want the virtual radius of the flow to be 
larger than the radius of the particle we want to trap [136], in our case the beads used have 
a rp=7.5  𝜇m) 

• w0=30 𝜇m (the main channel width) 

 

𝑟�µpc =
_¶
_a

=0.232283, we obtain a flow rate ratio for the trapping. 

 

The flow rate ratio calculations for the bypass channel are done using the same equations as above (Equation 
A6.18): 

 

𝑄f
𝑄Cb

=
𝑤b
𝑤

1 + ∑ 96ℎ
𝑛U𝜋U𝑤b

V
𝑐𝑜𝑠ℎ <𝑛𝜋ℎ (𝑤 − 𝑤b= − 𝑐𝑜𝑠ℎ <

𝑛𝜋𝑤b
ℎ =

𝑠𝑖𝑛ℎ <𝑛𝜋𝑤ℎ =
− 𝑡𝑎𝑛ℎ(𝑛𝜋𝑤2ℎ )[

I
J	KLL

1 − ∑ 192ℎ
𝑛U𝜋U𝑤

I
J	KLL 𝑡𝑎𝑛ℎ(𝑛𝜋𝑤2ℎ )

	 

 

In our case for the numerical application of Equation A6.18 we will use: 

• h=20 𝜇m 
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• w1=6 𝜇m ( bypass channels case: w1 < rp we want the virtual radius of the flow to be lower 
than the radius of the particle we want to prevent the trapping of the bead [136] while having 
a maximal flow re-aspirated to bring the beads closer to the channel wall, in our case the 
beads used have a rp=7.5 𝜇m) 

• w0=30 𝜇m (main channel width) 

 

𝑟q£cp�� =
_`
_a²

=0.11865, the flow rate ratio for the bypass/roll-over mode. 

 

6.1.3 Equivalent	resistance	of	the	“roll-over”	chip	calculation	
 

 
Figure 6.4: Electrical model of the presented microfluidic chip with 2 traps and 2 bypass channels.  

The constitutive cell unit of this chip is detailed Figure 6.5 and indicated in red here. 

 

All the resistances are expressed as a function of 𝑅K the resistance of the main channel/depression channel 
between the bypass channel and the trap channel (Figure 6.4). 

The chip is symmetrical in the sense that all the main channel resistances (𝑅Cm) are equal to the depression 
channel (𝑅·m) ones except for the entrance channel of the depression (𝑅Cb < 𝑅·b) channel. 

𝑅Cm = 𝑅·m = 𝑅K					𝑓𝑜𝑟	𝑖	𝑜𝑑𝑑 > 1 

𝑅Cm = 𝑅·m = 𝑏. 𝑅K					𝑓𝑜𝑟	𝑖	𝑒𝑣𝑒𝑛 > 1	𝑤𝑖𝑡ℎ	𝑏 > 1 

𝑅Cb =
𝑅K	
2
	𝑎𝑛𝑑	𝑅·b = 𝑅K �𝑎 +

1
2�

 

 

The vertical resistances are also linked to 𝑅K by the following relationship: 

𝑅P = 𝑘. 𝑅K	𝑤𝑖𝑡ℎ	𝑘 > 1 

𝑅f = 𝑏. 𝑥. 𝑅K	𝑤𝑖𝑡ℎ	𝑥 > 1 
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Figure 6.5: Functional cell unit of the microfluidic chip that will be repeated n times. 

 

In order to simplify the circuit presented in Figure 6.5 the Kennelly transformation (triangle to star see Figure 
6.6) will be used. 

 

 
Figure 6.6: Kennelly transformation for electrical circuits 

 

Hence one can write the following equivalence: 

j
𝑅p�
𝑅q�
𝑅l�

o =

⎝

⎜
⎜
⎜
⎛

Rpq𝑅pl
𝑅pq + 𝑅pl + Rql

Rql𝑅pq
𝑅pq + 𝑅pl + Rql

Rql𝑅pl
𝑅pq + 𝑅pl + Rql⎠

⎟
⎟
⎟
⎞

 

 

For the case of a single cell (i.e. 1 trap and 1 bypass) we need to do two Kennelly transformations sequen-
tially. 

In the case of a single cell the equivalent resistance of the chip can be calculated as follow: 

 

𝑅𝑒𝑞b = 𝑅klb + 𝑅kl- +
<𝑅kp- +

RK
2 = <𝑅kq- +

RK
2 =

<𝑅kp- +
RK
2 = + <𝑅kq- +

RK
2 =
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In a similar way for the case of n cells (i.e. n traps and n bypasses) we need to do 2n Kennelly transformations 
as presented previously for a single cell method. 

We can hence generalize the equivalent resistance formula as: 

 

𝑅𝑒𝑞J = j4𝑅klm	
-J

mnb

o +
<𝑅kp(-J) +

RK
2 = <𝑅kq(-J) +

RK
2 =

r𝑅kp(-J) + 𝑅kq(-J) + RKs
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		𝑓𝑜𝑟	𝑖	𝑒𝑣𝑒𝑛 

 

6.2 SU-8-PDMS	microfluidic	device	

6.2.1 Microfluidic	chip	fabrication	
The microfluidic chip is composed of a glass bottom on which Ti-Pt (sputtering of 20 nm Ti and 200 nm Pt) 
electrodes are patterned. The 20 𝜇m high channel walls are then built on top of the electrodes using the 
negative photoresist SU-8 GM 1060 (Gersteltech) or MC 2010 (Microchem). The channels are closed using a 
PDMS slab pre-punched (OD=0.75 mm).  

 

 
Figure 6.7: Process flow of SU-8 PDMS microfluidic device.  
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a) Deposition of 20 nm of Titanium followed by 200 nm of Platinum on a glass wafer after piranha cleaning. b) Photolithography is made with 3 𝜇m 
of AZ 1512HS resist. c) Etching of the metallic layers using ion beam etching. d) SU-8 photolithography of 20 𝜇m high using GM 1060 or MC 2010. e) 
Bonding of a pre-punched PDMS cap to the SU-8 channel walls. 

 

The advantage of this microfabrication process lies in the limited alignment issues. Indeed, channels are di-
rectly built on top of the electrodes (Figure 6.7A and Figure 6.7B) and the last alignment step with PDMS inlet 
with microchannels requires less alignment precision and therefore can be done manually under binoculars. 

 

 
Figure 6.8: Brightfield pictures of the SU-8 – PDMS fabricated microfluidic device with microchannels aligned with electrodes. 

(A), the electrodes are the bright lines while channels can be seen in transparency. B) Detail on the SiO2 isolation and opening on the patterned 
electrodes. C) Detail of a partially opened hydrodynamic trap, SU-8 can still be seen in the trap constriction. Scale bars are of 25 𝜇m. 

 

Issues in the reproducibility of a defined process flow using GM1060 arose as the design combine large areas 
of SU-8 used for PDMS bonding with very small opened structures as the traps (5 𝜇m wide opening over 
20 𝜇m height). Thus, high exposure dose led to more stable large SU-8 surfaces but often prevented a full 
opening of trap over the full height (Figure 6.8C). While low exposure dose led to cracks in the large SU-8 
areas and tilted channel walls but fully opened traps. 

However, this fabrication process requires PDMS bonding to SU-8 surfaces which can be delicate to achieve. 
Below are different methods investigated for such bonding. 

 

6.2.2 SU-8-PDMS	bonding	issues	and	trials	
The SU-8-PDMS bonding methods investigated in this work mostly relied on (3-Aminopropyl)triethoxysilane 
(APTES) [257] however deposited on SU-8 either in a gas or liquid phase and washed with different solvents 
(Table 6.1). 

Table 6.1: Table of the different SU-8 – PDMS bonding methods and their respective results in terms of bonding strength, resistance to leakages and 
chip cleanliness. The scale bars represent 50 𝜇m. 

Protocol Bonding strength Leakages Cleanliness of the chip 

Liquid APTES 99% 
washed with DIW 
[258] 

Very strong bond-
ing 

No leakage 

Could withstand up to 
40 𝜇L/min 

Crystal formation
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Liquid APTES 5% v/v 
washed with DIW 
[257] 

PDMS can easily be 
peeled off SU-8 

Leakage for 50% of the 
chips at 4 𝜇L/min 
flowrate 

Crystal formation 

 

Liquid APTES 99% 
washed with ETOH 
70% 

Very strong bond-
ing 

No leakage 

Could withstand up to 
40 𝜇L/min 

Very few crystal formation 

Vapour phase APTES 
99% [259] 

PDMS can easily be 
peeled of SU-8 

Filling of channel impossi-
ble 

Clean 

IPA and O2 plasma 
[153] 

Strong bonding No leakage in 30% of the 
chips 

Could withstand up to 
20 𝜇L/min 

Clean 

N2 plasma bonding 
[260] 

PDMS can easily be 
peeled off SU-8 

Leakage even at very low 
pressure 

Clean 

 

The most promising method seemed to be the liquid APTES washed with ETOH 70% as the bonding strength 
was high, the APTES did not leave any visible trace and devices could withstand high flow rates. 

However due to SU-8 fabrication issues and time-consuming steps this microfabrication method was not 
retained. 

 

6.3 Glass	microfluidic	device	
In order to facilitate the alignment of electrodes and microchannels we also decided to investigate structured 
20 𝜇m deep glass microchannels on which Ti-Pt electrodes could be patterned and then closed with a pre-
punched PDMS cap (Figure 6.9). Glass has the advantage of being transparent, hydrophilic and enables the 
patterning of the electrodes directly on the microchannels. However, in order to etch 20 𝜇m deep channels 
in glass an aluminum (Al) mask is required. 
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Figure 6.9: Process flow of the glass and PDMS microchannel. 

 a) Aluminum is deposited on the front side of a glass wafer (borofloat) to act as a mask for the glass etching and a small layer is also sputtered on the 
backside of the wafer in order to be compatible with electromagnetic clamping machines. b) Photolithography is made with 3 𝜇m of AZ 1512HS resist. 
c) Etching of the front side aluminum layer using dry then wet etching. d) Glass dry etching at a depth of 20 𝜇m. e) Removal with wet etching of the 
backside Al layer. f) Deposition of 20 nm of Titanium followed by 200 nm of Platinum on a glass wafer after piranha cleaning. g) Photolithography is 
made with 3 𝜇m of AZ 1512HS resist. h) Etching of the metallic layers using ion beam etching. i) Bonding of a pre-punched PDMS cap to the SU-8 
channel walls. 

 

Glass microchannels however seem to have a few disadvantages. The major one being that similarly to when 
using SU-8 the small constriction of the hydrodynamic trap is not opened over the full height of the channel. 
As shown in Figure 6.10A the constriction width at the top of channel is of 5 𝜇m while at the bottom the 
width is only of 500 nm. Additionally, during the dry etching of the Al mask some Al particles are redeposited 
on the opened glass surface. Those small Al particles then act as masks and generate glass domes upon glass 
etching (Figure 6.10B and Figure 6.10C). Those structures can reach up to a few micrometers high and are 
therefore highly perturbing the metal layers sputtering and later lead to cell damage. 

 

 
Figure 6.10: SEM images of the fabricated glass chip.  

A) Detail of the hydrodynamic trap showing the narrowing of the opening from 5 𝜇m to 500 nm, scale bar of 10 𝜇m. B) Detail of the glass domes 
generated upon glass etching after Al redeposition during dry etch, scale bar of 10 𝜇m. C) Image of the main flow channel and a perpendicular trap 
channel with the presence of defects. Scale bar 100 𝜇m. 
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6.4 Early	T	cell	activation	detection	by	impedance	spectroscopy	

6.4.1 Microfluidic	chip	design	and	fabrication	
A microfluidic device for high throughput single cell isolation was designed and fabricated. It is composed of 
a main flow channel connected to the input of the chip then linked to a larger secondary channel by a per-
pendicular conical channel ended by a constriction creating the hydrodynamic trapping site (Figure 6.11). 
Each chip is composed of 15 hydrodynamic traps placed in parallel and used to isolated single T lymphocytes, 
the trap width is 5 𝜇m. The main flow channel has a width of 20 𝜇m and a length of 6,5 mm in order to 
prevent two APCs from flowing at the same time. The secondary channel is larger and longer, 60 𝜇m wide 
and 3,5 mm long in order to create a pressure drop and enable a good trapping of the T cells. The conical 
channels were designed so to prevent the formation of flow instabilities and vortexes. 

 

 
Figure 6.11: Final design of the chip combining electrical and fluidic systems.  

a) Picture of the fully assembled chip showing the inlet hole as well as both outlets of the main and secondary channels. The electrode tracks and the 
contact pad for the PCB are also visible on the picture. b) Design of the chip consisting in 15 traps in parallel. A zoomed image of a single trap is also 
shown. The electrodes can be seen in blue and the microfluidic channels in red with on the left the main channel and on the right the secondary 
channel. 

 

The electrodes (steps detailed on the left of Figure 6.12) are constructed on a float glass wafer later diced in 
16 functional chips. Metal layers are sequentially sputtered or evaporated on the glass substrate previously 
cleaned with piranha bath and O2 plasma treatment. 20 nm titanium (Ti) are deposited to enhance platinum 
adhesion to the substrate, then 200 nm platinum (Pt) and finally 20 nm of Ti in this case used to increase the 
adhesion between the silicon dioxide (SiO2 layer and platinum layer. Afterwards a standard positive resist 
photolithography is performed and enables the patterning of the metal layer according to the specified elec-
trode design. The wafer is then etched to remove all the unnecessary metal deposited. Those three steps are 
then repeated with a sputtering of SiO2 used to electrically isolate the metal tracks and decrease possible 
noise. The SiO2 layer is etched in order to open specific access points on the electrodes to perform impedance 
sensing. 
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Figure 6.12: Fabrication of the PDMS and electrode device.  

The left side of the figure details the steps needed to produce the electrode wafer. a) Deposition of Ti-Pt-Ti respectively 20 nm, 200 nm and 20 nm on 
a float wafer. b) Photolithography is made with 3 𝜇m of AZ 1512HS resist. c) Etching of the metallic layers. d) A layer of 500nm of SiO2 is then deposited 
on the wafer for electrical isolation. e) Photolithography 3 𝜇m of AZ 1512HS. f) Etching of SiO2. The right side of the figure details the fabrication of 
the PDMS microchannels. a) A silicon wafer is used as a substrate on which photolithography is done using 3 𝜇m of AZ 1512HS resist. b) The Si is 
etched to create groves in order to form the master mold for the PDMS. c) Silanization of the Si mold using TMCS. d) PDMS molding. e) After degasing 
and curing, the PDMS can be retrieved from the mold and cut out in individual chips. Finally, electrode and PDMS microchannels are assembled chip 
by chip manually under a mask aligner and bonded with O2 plasma. 

 

In parallel, microfluidic channels are made on a second wafer. In this case the substrate used is a test silicon 
(Si) wafer. The substrate is patterned thanks to a positive resist photolithography, then Si is etched until a 
desired height for the channels (in our case 15 𝜇m). This engraved Si wafer is the master mold used for PDMS 
molding. The molding is preceded by a silanization step of the silicon wafer in order to prevent the sticking 
between the Si and the PDMS. Uncured PDMS is then poured on the Si mold, degased and placed in the oven 
for curing (80°C for 4h).  
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The PDMS pieces containing the microchannels is separated from the mold and cut into single chips. Then 
the devices are individually assembled under a mask aligner (MJB4 machine [261]) by bonding O2 plasma 
with an electrodes chip (diced from the whole wafer) with a PDMS chip containing the microfluidic system. 

The overall microfabrication process takes a whole day to make 16 individual chips. This method is somehow 
limited by the alignment of the electrodes and the microfluidic channels which afterwards can lead to high 
variations of impedance sensing.  

With the designed device no T cell activation measurements could be done, only cell trapping could be ob-
served using impedance spectroscopy. 

 

6.4.2 Impedance	spectroscopy	measurement	of	T	cell	trapping	
The presented microfluidic device was successful in detecting Jurkat cell trapping. The chips were inserted in 
a custom-made PCB that ensured the connexion with a Zurich Lock In impedance spectroscope amplifier. 
Jurkat cells were trapped in suspension in PBS using our hydrodynamic traps. 

 

 
Figure 6.13: Impedance measurements of Jurkat cell trapping.  

A) Change in current value upon Jurkat cell trapping. Impedance module (B) and phase (C) changes for a single hydrodynamic trap with and without 
the presence of a bead. 

 

Figure 6.13 indicates how current (and thus impedance) s upon trapping of a bead in a single hydrodynamic 
trap. A similar behavior happens upon trapping of cells but leading to a current change of less than 1 nA 
compared to 2 nA for beads. 

 

6.4.3 Simulation	of	calcium	cytosolic	concentration	changes		
We used the software MyDEP [262] developed in our laboratory by Jonathan Cottet to model the change in 
the cytoplasmic concentration of calcium upon T cell activation. 

We simulated Jurkat cells in suspension in PBS (conductivity of 1.5 S/m, and permittivity of 78). The cell frac-
tion volume was set to 0.1. The frequency swipe was done between 1 kHz and 1 MHz with 10’000 data points. 
We based our Jurkat electrical model on previous studies [263][264], Jurkat cells were modelled as spheres 
of radius 5 𝜇m with a cell membrane permittivity of 6, a membrane thickness of 5 nm and a conductivity of 
3 𝜇S/m. The cytoplasmic permittivity was fixed at 45 while the cytoplasmic conductivity was varied according 
to the change in calcium concentration. In Jurkat cells the baseline cytoplasmic conductivity is at 0.8 𝜇S/m 
for resting cells with an estimated calcium concentration of 70 nM [149], upon high T cell activation the cal-
cium concentration can reach up to 1.6 𝜇M. This change in ionic concentration leads to a change of calcium 
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conductivity from 0.833 𝜇S/m to 19.04 𝜇S/m (calculated using the molar conductivity of calcium at 25 °C 
𝜆»p¬¼=11.9 mS.m2/mol [265]). Considering that the total cytoplasmic conductivity can be calculated from the 
different ionic conductivities [266], one can deduce that the intracellular calcium concentration change will 
lead to total cytoplasmic conductivity increase of 54.1 𝜇S/m (under the hypothesis that the other ion con-
centrations of sodium, potassium and chlorine remain constant upon T cell activation and using a mobility 
factor of 0.25. The equivalent electrical conductivity of Jurkat cells in PBS suspension was plotted as a func-
tion of the frequency applied (Figure 6.14). A change of 0.1 S/m change in the cytoplasmic conductivity was 
modelled and showed such an important cytoplasmic conductivity change only induces a minor electrical 
equivalent conductivity change (from 1.463 S/m to 1.465 S/m). This simulation explains that T cell activation 
using cytoplasmic calcium concentration change is very challenging and was unfortunately not achieved with 
our simple design. 

 

 
Figure 6.14: Plot of the equivalent electrical conductivity of Jurkat cells in PBS as a function of the frequency. 

 Two conditions are displayed, before (cytoplasmic conductivity of 0.8 S/m) and after Jurkat cell activation (cytoplasmic conductivity of 0.9 S/m) and 
thus intracellular calcium release. 

 

6.5 Early	T	cell	activation	detection	by	calcium	imaging	
The various calcium fluxes generated upon T cell activation were studied off-chip using MelanA cells. Melan-
A clonal T cells are able to mobilize calcium in response to MelanA A27L26-35/HLA*0201-multimer. The fluor-
ophore chosen for this experiment is the Fluo-4 AM (ThermoFisher). This low fluorescence green calcium 
indicator with an acetoxymethyl ester group (Fluo-4 AM) easily enters the cell membrane. After cleavage of 
the dye in the cell the Fluo-4 becomes fluorescent. The calcium bound dye can be distinguished from the 
non-bound dye due to an increase in the fluorescence. Thereby enabling a quantification and detection of 
calcium influx levels [149]. For the calcium staining experiments, Fluo-4AM loaded MelanA cells were used. 
Cells were stimulated with an unspecific activator phorobol 12-myristate 13-acetate-ionomycin (PMA-iono-
mycin; cell stimulation cocktail eBioscience) and specific activators. MelanA clones were specifically activated 
with MelanA (A27L27-35/HLA*0201-multimer (called tetramer at 720 ng/mL) and peptide pulsed HEK cells. The 
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imaging was done thanks to a FACS (fluorescence activated cell sorting) machine with a FITC filter. The results 
are shown in Figure 6.15.  

Activation of MelanA clones with soluble factors (tetramer, Figure 6.15B) lead to a 3.5 to 4 fold increase in 
the mean fluorescence intensity (MFI). This increase is stronger than the one observed when stimulating the 
MelanA clones with PMA-ionomycin (Figure 6.15A) where an MFI increase between 2.5 and 3 fold is ob-
served. However, MelanA activation with peptide pulsed HEK cells (Figure 6.15C) show very low MFI increase 
upon activation with a single fold increase for each 10 fold increase in peptide concentration used for HEK 
cell pulsing. 

 

 
Figure 6.15: Calcium flux imaging protocol optimization data generated thanks to Marion Arnaud.  

Increase in the mean fluorescence intensity (MFI) in Fluo-4 loaded MelanA CD8+ clones upon contact with PMA-ionomycin solution (A), with MelanA 
tetramer solution (B) or with titrated amounts of peptide ELA (C). Time lapse imaging of Fluo-4AM loaded MelanA CD8+ clone interacting with ELA 
pulsed HEK cells (5 𝜇M) using Lionheart FX automated microscope (40X). 

 

As a conclusion from this experiment an optimized calcium imaging using Fluo-4 AM showed positive results 
for MelanA clones activated with soluble factors. However due to the set up (FACS machine having a lowest 
flow speed of 12 𝜇L/min) the activation with APC was not as efficient compared to what was expected (surely 
due to high shear stress [36]). Thereby we decided to test our rolling hypothesis and in bulk made MelanA 
clones flow (thanks to pipetting injection) over previously plated pulsed HEK cells. As displayed in Figure 
6.15D, a T cell rolls on top of an APC. It interacts with the immobilized cell and binds to it, thereby stopping 
drastically its movement. Then calcium is mobilized, and a strong influx can be seen (linked to the fluores-
cence signal). Afterwards calcium oscillations can be observed with recurrent resurgences in the cytoplasm. 
This last experiment indicated us that calcium is a good indicator for T cell activation even when T cells are 
in movement but more interestingly it also indicated that T cells upon recognition of the corresponding 
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epitope can immobilize on top of the recognized APC. The experiments were made at the Ludwig Institute in 
collaboration with Marion Arnaud.  

 

6.6 Random	T	cell	and	antigen	presenting	cell	co-encapsulation	
In this experiment MelanA clonal T cells were randomly co-encapsulated with HEK cells pulsed with the Flu 
(influenza) peptide (used as antigen presenting cell, APC) using the co-flow encapsulation method [81][51]. 
The cells were resuspended in a FACS buffer solution (PBS with 0.2% BSA, 5 mM) at a concentration of 1 Mio 
cells/mL. The co-encapsulation rate of the different cell types was analysed, and the results are displayed in 
Figure 6.16A. As predicted by the Poisson distribution [175] a wide majority of droplets are empty (95%), only 
4.8% of droplets contain single cells and 0.4% of droplets contain two cells encapsulated. Amongst all the 
droplets analysed (N= 2558) only 4 droplets co-encapsulated a single HEK cell and a single T cell, thus repre-
senting 0.15% of all droplets (Figure 6.16B). This random co-encapsulation generated a cell loss of 97% where 
cells were either encapsulated as single cells or co-encapsulated with a cell from the same type. 

 

 
Figure 6.16: Random T cell and APC co-encapsulation in droplets.  

A) Histogram of the % of droplets either empty or with 1, 2, 3, 4 or 5 cells. B) Brightfield image of a droplet co-encapsulating a T cell and APC, the cells 
bind to each other when co-encapsulated. Scale bar of 30 𝜇m 

6.7 Liquid	metal	electrodes	comparison	
We decided to use the low temperature solder Indalloy #19 as it gave the highest conductivity values and 
most continuous electrodes (Table 6.2). Upon cool down of the solder it solidifies which enables a good in-
terfacing with the metal pins, contrary to the other metals which mainly remain in a liquid form at room 
temperature or close to room temperature. These liquid metal electrodes enable the drastic resduction of 
the the electrode resistance compared to on-glass Ti-Pt electrodes (resistivity of 200 kΩ). 
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Table 6.2: Comparative table of the different metal liquid electrodes investigated. Scale bars of 50 𝜇m. 

Electrode type Melting tempera-
ture 

Image Resistivity in chip 
(k𝛀) 

Gallium 37°C 

 

9 

Silver nanoparticles 25°C 

 

No conductivity 

Liquid metal alloy (Digitec,) 25°C 

 

4 

Indalloy #19 (Indium Corpora-
tion) 

80°C 

 

1 

 

6.8 LabVIEW	Code	

6.8.1 	Global	code	management	
The custom-made LabVIEW code is used for the detection of target droplets in the sorting step. It analyses 
the images from the camera and detects the presence of a cell in a droplet. Upon the detection of a target 
droplet it triggers a voltage pulse that will then be amplified and delivered at the electrodes in the microflu-
idic device for the sorting of the droplet of interest. 

Each step of the process is divided into sub-VI, each designed to accomplish a specific task (Figure 6.18). 
Clocks can be observed in each of the modules to acquire the execution time of the different modules and to 
ensure that their execution time remains acceptable to achieve the desired droplet analysis rate. The men-
tion of timers will therefore be omitted.  

Each sub-VI will be detailed hereafter, the function, the inputs and outputs of each sub-VI. 
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Figure 6.17: Screenshot of the LabVIEW user interface. 

A) the STOP button used to stop any activity of the program. B) Unprocessed image coming from the camera. C) Processed imaged focused on the 
inner droplet compartment. D) Imaging parameters analyzed on the processed images C). E) User defined parameters for the boundaries of the 
droplets, the intensity threshold for a cell detection and the number of consecutive frames a cell needs to be detected in order to trigger the droplet 
sorting. F) Output parameters of the droplet sorting (numbers of consecutive frames a cell was detected, and overall number of cells sorted). G) Cell 
detection switch used to switch the detection mode from brightfield to fluorescence. 

 

The main LabVIEW code takes as an input the image sequences coming from the camera. Images are acquired 
at 500 FPS right after the droplet spacing junction. The raw images are then displayed in the user interface 
(Figure 6.17 box B), the detection region over which a droplet is analysed is defined by the “Start” and “End” 
indicators. When a droplet enters the detection region the change of intensity due to the dark interface of 
the droplet is detected. A droplet is then identified as so when it matches a pre-existing defined droplet 
template (templates used for the pattern recognition consist in images of droplets with the dimensions of 
interest). Once a droplet is identified it is defined as the region of interest (ROI) for the rest of the analysis 
and displayed in the user interface (Figure 6.17 box C). This step enables to concentrate the cell search solely 
inside the droplet thus saving processing time and power. This new ROI is then trimmed by the user using 
the “X Boxing margin” and the “Y Boxing margin” (Figure 6.17 box E) in order to remove all the droplet inter-
face which could hinder the cell detection later on (the droplet interface has a strong dark signal). The inner 
droplet compartment is then analysed and a droplet report in generated indicating the mean, maximal and 
minimal intensity values as well as the standard deviation of the intensity (Figure 6.17 box D). The minimal 
intensity value is then compared to the “Threshold cell luminosity” value defined by the user (Figure 6.17 box 
E). If the minimal intensity value is lower than the threshold value the droplet is considered to encapsulate a 
cell (called cell detected). In order to prevent false positive and not sort empty droplets we added another 
control layer. A cell presence must be detected in a certain number of consecutive frames (same droplet 
followed over time along the detection region, the camera acquisition rate should be sufficient to detect the 
droplet at least 5 times over the detection region length) in order to trigger the cell sorting. The number of 
consecutive frames over which a cell presence should be detected is defined by the user (“Nbr of cell de-
tected threshold” Figure 6.17 box E). When a cell is detected a sufficient amount of times (“Cell detected x 
time” Figure 6.17 box F) it can then trigger the DAQ board and thus the dielectric sorting of the droplet in the 
chip. Detected cells triggering an electrical sorting are called “sorted cells” and their number is stored in the 
indicator “Number of cells sorted” (Figure 6.17 box F), thus indicating the user the number of sorted droplets.  



Annexes 

111 

This detection system has been developed for the brightfield sorting upon a cell presence to remove the 
empty droplets (Figure 3.1 Step II) but the same interface has been adapted to be used for fluorescence 
detection in droplets and can be used for the analysis of the reactive cell doublets (Figure 3.1 Step VII). The 
switch between the two detection types is manually controlled by the user (Figure 6.17 box G). 

 

 
Figure 6.18: Global code management interface. 

 

6.8.2 Vision	Acquisition	(VA)	

 
Figure 6.19: Code interface from the Vision Acquisition (VA) sub-VI.  

The aim of this VI is to acquire images from the camera. 
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The first VI is called Vision Acquisition (VA), see Figure 6.19, and contains the following input and outputs: 

 

• Inputs: 

o Stop à stops the acquisition of the camera [bool] 

• Outputs 

o Stopped à Stop the rest of the chain once the input stop is received [bool] 

o Image out à Images acquired by the camera for future processing [IMAQImage] 

o Delay VI àEstimated execution time of the VI [unsigned long] 

o Error out à Error message for enabling and execution status check [cluster] 

 

The camera is managed by the "Vision Acquisition" module which continuously sends images via "Image out" 
to the rest of the code. This LabVIEW function is set up as follows (in NI Vision Acquisition Express after left 
double-clicking on it): 

- Acquisition source: NI-IMAQdx Devices à Camera of the setup 

- Acquisition type: Continuous Acquisition with inline processing (acquire most recent image) 

- Acquisition settings: 418x1936 [pixels] & 500 [FPS] (camera default parameters) 

Note that the acquisition source needs to be changed to .AVI if the user wants to use a previously acquired 
movie. 

 

6.8.3 Grayscale	Conversion	(GC)	

 
Figure 6.20: Code interface from the Grayscale Conversion (GC) sub-VI.  

The aim of this VI is to convert entering images acquired from the camera to grayscale images. 

 

The second VI is called Grayscale Conversion (GC), see Figure 6.20, and contains the following inputs and 
outputs: 
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• Inputs: 

o Image in à Image from the camera, comes from the previous acquisition module [IMA-
QImage] 

o Image socket à Empty variable to store the future converted image [IMAQImage] 

o Error In à Error message for enabling and execution status check [cluster] 

• Outputs 

o Image out à Images acquired by the camera for future processing [IMAQImage] 

o Delay VI àEstimated execution time of the VI [unsigned long] 

o Error out à Error message for enabling and execution status check [cluster] 

 

For time saving reason, the rest of the LabVIEW code treats grayscale images and it is therefore imperative 
to obtain an image with the right format as input. As it can be seen in the overall image (Figure 6.18), a user-
defined Boolean comes to choose the state of a case in order to use or not this conversion module. This 
module can be optional depending on the camera and if it is in grayscale mode. In the case where the con-
version module is necessary (RGB camera), the user will need to set the Boolean to false. Note that using the 
LabVIEW function to perform this conversion requires an empty variable (Image Socket) in grayscale format 
as input, given at the start of the main program. 

 

6.8.4 Droplet	position	detection	and	region	detection	(DPDRD)		

 
Figure 6.21: Code interface from the Droplet Position Detection and Region Detection (DPDRD) sub-VI.  

The aim of this VI is to detect a droplet. 

 

The third VI is called Droplet Position Detection and Region Detection (DPDRD), see Figure 6.21, and contains 
the following inputs and outputs: 
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• Inputs: 

o Image in à Image from the camera, comes from the previous VI [IMAQImage] 

o Error In à Error message for enabling and execution status check [cluster] 

• Outputs 

o Delay VI à Estimated execution time of the VI [unsigned long] 

o Matches (pattern matching)à Inventory of information about pattern matching (position, 
value, etc.) [1D array of cluster] 

o ROI Pixel Statistics (Detection START) à Inventory of information concerning the value of 
pixels at the start of the channel (mean, std, etc.) [cluster] 

o ROI Pixel Statistics (Detection END) à Inventory of information concerning the value of pix-
els at the end of the channel (mean, std, etc.) [cluster] 

o Mean intensity à Average value of image intensity [single] 

o Error out à Error message for enabling and execution status check [cluster] 

 

The central part of the analysis performed in the LabVIEW code is located in this VI. Using the software's 
"Vision Assistant" function, a pattern matching process is applied to our input image using an empty droplet 
template. Its location in the channels in the designated analysis area (user designed) is saved. 

 

 
Figure 6.22: Script of the pattern matching and detection in the Vision Assistant function 

 

Using the script in Figure 6.21, the assistant will provide essential information (Figure 6.22) to identify a cell 
in a droplet but also to distinguish each different droplet entering the detection area. 

During the detection steps, a user-defined pixel line is used to observe the intensity changes characteristic 
of a droplet passage (Figure 6.23A and Figure 6.23B). In the pattern matching VI, a template is searched in an 
area, both user-defined, to find the match and locate the droplets (Figure 6.23C and Figure 6.23D). 

A calculation is also performed on the image to extract the average intensity value that will serve as a condi-
tion for an analysis in the VI at step 3.3.8. 
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Figure 6.23: Droplet detection and pattern matching steps.  

A) Droplet intensity profile information on the line of interest. B) User defined line on which the intensity profile is measured. C) Droplet detection by 
pattern matching (red box). D) corresponding pattern matching parameters. 

 

6.8.5 Droplet	Boxing	(DB)	
In order to indicate to the user that the pattern matching is working well, this VI makes sure to box the exact 
area where the template has been observed with a red color. The information about the bounding box will 
be extracted from the input Matches and converted into an overlay of the desired color to give explicit visual 
information. 

 
Figure 6.24: Code interface from the Droplet Boxing (DB) sub-VI.  

The aim of this VI is to indicate to the user where a droplet has been detected. 

 

The fourth VI is called Droplet Boxing (DB), see Figure 6.24, and contains the following inputs and outputs: 
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• Inputs: 

o Image in à Image from the camera, comes from the previous VI [IMAQImage] 

o Matches (pattern matching)à Inventory of information about pattern matching (position, 
value, etc.) [1D array of cluster] 

o Color à Chosen color (red) for the box outline [unsigned long] 

o Error In à Error message for enabling and execution status check [cluster] 

• Outputs 

o Delay VI à Estimated execution time of the VI [unsigned long] 

o Image out à Images acquired by the camera for future processing [IMAQImage] 

o Error out à Error message for enabling and execution status check [cluster] 

 

The final image will then be sent back to the user as shown in Figure 6.25. 

 

 
Figure 6.25: Boxing of identified droplet. 

Image of the box displayed by the VI to the user indicating the identification of a droplet corresponding to the template placed as input of the pattern 
matching VI. 

 

6.8.6 Boxing	to	ROI	(B2ROI)	

 
Figure 6.26: Code interface from the Boxing to ROI (B2ROI) sub-VI.  

The aim of this VI is to switch the region of interest of the following image processing steps to the inside of the droplet. 

 

In the continuity of the pattern matching execution, an emphasis is now placed on the inside of the droplet 
in order to analyze changes in parameter values that would allow the identification of a cell presence. To do 
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this, the match location is transformed into a region of interest (ROI) that can be modified by the user. In our 
case, only the inside of the droplet is of interest to find a cell hence the edges of the droplet and the outside 
of the droplet can be removed from the ROI. 

The fifth VI is called Boxing to ROI (B2ROI), see Figure 6.26, and contains the following inputs and outputs: 

 

• Inputs: 

o Matches (pattern matching)à Inventory of information about pattern matching (position, 
value, etc.) [1D array of cluster] 

o X Boxing margin à Desired distance to crop from the template on the X direction in pixels 
[long] 

o Y Boxing margin à Desired distance to crop from the template on the Y direction in pixels 
[long] 

o Error In à Error message for enabling and execution status check [cluster] 

• Outputs 

o Delay VI à Estimated execution time of the VI [unsigned long] 

o ROI out à Roi (region of interest) for close up analysis [cluster] 

o Error out à Error message for enabling and execution status check [cluster] 

 

Two parameters called X and Y Boxing margin are thus manually adjustable by the user to eliminate unwanted 
elements of the template from the analysis such as the droplet wall as shown in Figure 6.27. 

 

 
Figure 6.27: Image of the ROI for the analysis. 

Before (A) and after (B) the cropping of the template with margins set respectively at 20 and 30 for the X and Y parameters. 

 

6.8.7 Data	Processing	(DP)	
This step is at the heart of the analysis of a cell presence in the droplet. Using the same input image for 
droplet detection, it is masked with the previously selected region of interest (ROI). Indeed, by using the 
"extract" function of LabVIEW, one can extract a region defined by our ROI (rectangle) on the input image, 
hence one can extract the inside of the droplet. This output cropped image then enters a quantification func-
tion added to extract a set of information (see Figure 6.28) such as the maximum intensity value, the mean 
intensity value as well as the minimum value, the latter being of particular interest to us here. Note that using 
the LabVIEW function to perform this extraction requires an empty variable (Image Socket 2) in grayscale 
format as input, given at the start of the main program. 
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The detection method relies on the fact that a cell inside a droplet reduces the minimum intensity (Figure 
6.27 and Figure 6.29). Note that, in this figure, the average value corresponds to the average value within 
the cell and not the average value of the entire image that is used for analysis. A minimal intensity value 
threshold is defined by the user after observing the oscillation of the minimum intensity value. This minimal 
value can be very chaotic depending on the cleanliness of the channel and the oil, but it can be easily deter-
mined by first observing a few empty droplets. Indeed, an oscillation of a maximum order of 20% is observed 
without a cell while the presence of a cell gives a drastic drop in intensity. It should also be noted that the 
value of the standard variation of the intensity changes significantly as well and can alternatively be used for 
cell detection. 

 

 
Figure 6.28: Code interface from the Data Processing (DP) sub-VI.  

The aim of this VI is to identify the presence of a cell in a droplet. 

 

The sixth VI is called Data Processing (DP), see Figure 6.28, and contains the following inputs and outputs: 

 

• Inputs: 

o Image in à Image converted to grayscale [IMAQImage] 

o Image socket à Empty variable to store the future converted image (used here as a mask) 
[IMAQImage] 

o Input ROI à Roi (region of interest) for close up analysis [cluster] 

o Threshold cell luminosity à User-defined luminosity threshold for cell detection [single] 

o Error In à Error message for enabling and execution status check [cluster] 

• Outputs 

o Delay VI à Estimated execution time of the VI [unsigned long] 
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o Image out à Final image with close-up on the inside of the droplet [IMAQImage] 

o Report à Cluster containing information about the image considering the mask (mean, std 
etc) [cluster] 

o Cell presence à Cell presence indicator after comparison [bool] 

o Error out à Error message for enabling and execution status check [cluster] 

 

 
Figure 6.29: Droplet intensity information without (left) and with (right) a cell inside. 

 

6.8.8 Droplet	Position	Interpretation	(DPI)	

 
Figure 6.30: Code interface from the Droplet Position Interpretation (DPI) sub-VI.  

The aim of this VI is to control whether the cell detection is performed in a single droplet or multiple different ones. 
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The seventh VI is called Droplet Position Interpretation (DPI), see Figure 6.30, and contains the following 
inputs and outputs: 

 

• Inputs: 

o ROI Pixel Statistics (Detection START) à Inventory of information concerning the value of 
pixels at the start of the channel (mean, std, etc.) [cluster] 

o ROI Pixel Statistics (Detection END) à Inventory of information concerning the value of pix-
els at the end of the channel (mean, std, etc.) [cluster] 

o Mean intensityà Average value of the image intensity [single] 

o Droplet in ROD? à Variable indicating the presence of a cell in the region of detection (ROD) 
[bool] 

• Outputs 

o Delay VI à Estimated execution time of the VI [unsigned long] 

o XOR à Variable for interpreting the droplet position [bool] 

o AND à Variable for interpreting the droplet position [bool] 

o Cell at start à Variable to visually inform the user when a droplet passes the start [bool] 

o Cell at end à Variable to visually inform the user when a droplet passes the end [bool] 

 

In order to ensure that droplets with cells are counted at the right time, this VI is used to select the right 
states of the interpretation logic. 

First, the finish and end line previously presented in point Droplet Boxing (DB) are used by comparing their 
minimum value on each pixel of the line with a percentage (60%) of the average value of the overall image. 
Through this process, the two logical comparison steps "<" make it possible to define when the wall of a 
droplet passes this line and thus when it enters and then leaves our region of detection (ROD). 

Following this, several logical steps using the truth table below allow to differentiate the different cases as 
to the position of the droplet (on departure, on arrival, in the region, outside the region). 

 

CASE START BOOL END BOOL DROPLET IN ROD XOR AND 

1: NO DROPLET 0 0 0 0 0 

2: ONLY INSIDE ROD  0 0 1 1 0 

3: FINISH LEAVING 0 1 0 0 0 

4: BEGINNING LEAVING  0 1 1 0 1 

5: BEGINNING ENTERING 1 0 0 1 0 

6: FINISH ENTERING 1 0 1 1 0 

7: IMPOSSIBLE 1 1 0 0 1 

8: IMPOSSIBLE 1 1 1 0 1 
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As will be observed in the next step, XOR and AND have two very different uses. 

- The XOR variable is used to update the input value Droplet in ROD? via a shift register in the main 
program. From the moment the droplet has started to enter the region of detection until it reaches 
the finish line, the program considers that there is a droplet to be analyzed in our area of interest. 

- The AND variable, on the other hand, only becomes "true" when the droplet begins to leave the 
region of detection. 

- Note that case number 7 and 8 are not normally achievable states. If the pattern matching region is 
well defined as several droplets cannot be in our detection region at the same time, so they cannot 
be in or out at the same time. 

This table and these considerations lead to different states for XOR and AND will be treated in the next step 
to draw the final conclusions from the cell presence analysis. 

 

6.8.9 Cell	Detection	Counter	(CDC)	

 
Figure 6.31: Code interface from the Cell Detection Counter (CDC) sub-VI.  

The aim of this VI is to control count the number of times a cell has been detected in the same droplet. The case differentiation is also indicated by 
the two boxes on the right. 

 

The final VI from the global code management is called Cell Detection Counter (CDC), see Figure 6.31, and 
contains the following inputs and outputs: 

 

• Inputs: 

o XOR à Variable for interpreting the droplet position [bool] 

o AND à Variable for interpreting the droplet position [bool] 

o Nbr of cells counted (previous) à Variable indicating the number of droplets with a cell 
counted as truly detected (before execution) [double] 
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o Nbr times cell detected in ROD (previous) à Variable indicating number of times a cell is 
detected in the ROD during its travel (before execution) [double] 

o Threshold nbr times cell detected in ROD à User-defined threshold of detections needed in 
a droplet’s travel within the ROD to be considered as truly detected [double] 

• Outputs 

o Delay VI à Estimated execution time of the VI [unsigned long] 

o Cell truly detected à Variable for interpreting the droplet position [bool] 

o Nbr of cells counted (previous) à Variable indicating the number of droplets with a cell 
counted as truly detected (after execution) [double] 

o Nbr times cell detected in ROD (previous) à Variable indicating number of times a cell is 
detected in the ROD during its travel (after execution) [double] 

 

In the first case (Figure 6.31 top right), the AND variable is "false" which defines a situation where the VI will 
count the number of times it will observe the cell presence in the droplet within the ROD. Whenever a situ-
ation occurs where Cell detected is "true", the counter Nbr times cell detected in ROD will be incremented. 

In the second case (Figure 6.31 bottom right), it is considered that the droplet reaches the end line. The value 
of AND will become "true" and change the condition of the case, as it can be seen in Figure 6.31. In this 
situation, another case comes into play defined by comparing the number of times a cell has been correctly 
detected during the journey (therefore Nbr times cell detected in ROD) and the desired threshold of times 
the cell must be detected (therefore Threshold nbr times cell detected in ROD) so that the final result is con-
sidered as a true positive. 

If the condition is met, Nbr of cells counted is incremented by 1, which allows the user to have the total 
number of droplets with cell detected counted. Note that this value is reset every time the user stops and 
restart the program. Otherwise, the counter remains unchanged and, in both cases, at the exit of the main 
box, the value of Nbr times cell detected in ROD is reset to 0 to start counting down again for the next droplet 
passage. 

 

6.8.9.1 DAQ	management	
The DAQ is controlled by LabVIEW's DAQ Assistant with the parameters shown in the Figure 6.32. We can 
find the type of the device, the physical channel in which it will send the pulse as well as the maximum voltage 
delivered, here 5 Volts. 
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Figure 6.32: Parameters implemented in the interface of the DAQ Assistant to manage the trigger impulsion. 

 

6.9 P*	calculation	
P* corresponds to the pressure in main droplet channel before the sorting region. P* was implemented as it 
enables to account for all three inlet pressures, Paq, Poil and Pspacing respectively the pressures applied at the 
aqueous phase inlet, at the oil inlet for the droplet generation and the oil inlet used for the spacing of droplets 
before sorting. This P* is calculated as a function of the different inlet pressures (Paq, Poil and Pspacing), the 
hydraulic resistance of each inlet channel (Raq, Roil and Rspacing) and main flow channel portion (R1 and R2), and 
the flow rate measured in the main flow channel before the sorting region (Q2). The equivalent electric model 
of the fluidic circuit is shown in Figure 6.33. 

 

 
Figure 6.33: Electric equivalent circuit to the microfluidic device studied.  
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The splitting of the oil and oil spacing inlets have been simplified in the scheme but were implemented in the calculations. We set the inlet pressures 
Paq, Poil and Psp respectively for the three inlets of aqueous phase, oil phase for droplet generation and oil phase for droplet spacing.  We measured 
the droplet speed in the channel right before the droplet sorting point and hence could deduce the flowrate in this channel portion Q2. To do so we 
assumed that the flowrate is the multiplication of the droplet speed (indicating the flow velocity) with the cross-section area of the channel. 

 

Basic equations as starting point: 

 

• Poiseuille flow [139][140]:  

Δ𝑃 = 𝑄. 𝑅 

with Δ𝑃 being the pressure difference (Pinlet-Poutlet), Q is the flowrate in the pipe and R is the hydraulic re-
sistance of the channel. 

• Hydraulic resistance calculation for rectangular channels [139]: 

𝑅¨ =
12𝜂𝐿

ℎ1𝑤(1 − 0.63 ℎ𝑤)
 

with L, w and h are respectively the length, width and height of the channel of interest, and 𝜂 is the fluid 
viscosity. 

• Hydraulic resistance calculation for square channels [139]:  

𝑅¨ =
12𝜂𝐿
0.37ℎ±

 

with L and h are respectively the length and height of the channel of interest, and 𝜂 is the fluid viscosity. 

 

By using the formulas above, one obtains: 

(1) 𝑃b − 𝑃KmÁ = 𝑄KmÁ𝑅KmÁ  

(2) 𝑃b − 𝑃pÂ = 𝑄pÂ𝑅pÂ  

(3) 𝑃- − 𝑃b = 𝑄b𝑅b = (𝑄KmÁ + 𝑄pÂ)𝑅b  

(4) 𝑃- − 𝑃�c = 𝑄�c𝑅�c 

(5) 𝑃∗ − 𝑃- = 𝑄-𝑅- = (𝑄b + 𝑄�c)𝑅- = (𝑄pÂ + 𝑄KmÁ + 𝑄�c)𝑅-  

(6) 𝑄- = 𝑄pÂ + 𝑄KmÁ + 𝑄�c  

 

Combination of equations: 

 

By combining (1) and (2) one obtains:  

(7) 𝑄KmÁ =
_ÄÅdÄÅÆ Ä̂Åx^�ÇÈ

d�ÇÈ
 

By combining (3) and (4) one obtains:  

(8) 𝑄�c =
(_ÄÅÆ_�ÇÈ)d²Æ_ÄÅdÄÅÆ Ä̂Åx É̂�

dÉ�
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(9) 𝑃- = 𝑄pÂ(𝑅b + 𝑅pÂ) + 𝑅b𝑄KmÁ + 𝑃pÂ 

 

When inserting (7) and (8) in (5) one obtains: 

 

(10) 𝑄pÂ =
_¬d�ÇÈdÉ�Æ Ä̂Ård�ÇÈÆdÉ�Æd²sx^�ÇÈrdÉ�Æd²sxd�ÇÈ É̂�

d�ÇÈrdÉ�Æd²sÆdÄÅ(d�ÇÈÆdÉ�Æd²)
 

 

Finally, the pressure value called P* at the sorting point as a function of the pressure inlets values and the 
flowrate can be calculated using (inserting (9) and (10) in (5)): 

 

(11) 

 𝑃∗ = 𝑃pÂ − r𝑅b + 𝑅pÂs �
_¬d�ÇÈdÉ�Æ Ä̂Ård�ÇÈÆdÉ�Æd²sx^�ÇÈrdÉ�Æd²sxd�ÇÈ É̂�

d�ÇÈrdÉ�Æd²sÆdÄÅrd�ÇÈÆdÉ�Æd²s
� − 𝑅b <

_ÄÅdÄÅÆ Ä̂Åx^�ÇÈ
d�ÇÈ

= − 𝑅-𝑄- 
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6.10 Microfabrication	process	flow		
Step Process description Cross section after process 

01 

Substrate: Silicon wafer-test 

HMDS 

Machine:Z2/Z6 HMDS oven 

 

 

02 

Positive Photoresists Coating and soft bake  

Machine: EVG150 Z6 

PR : AZ 1512 HS 

 

 

03 
Direct Writing 

Machine: MLA 150 Z16 

 

 

04 

Development 

Machine: EVG150 Z6 

PR : AZ 1512 HS 

 

 

05 
Dry silicon etch 

Machine: AMS200 Z2 

 

 

06 
PR stripping 

Machine: Tepla gigabatch Z2 

 

 

07 
Characterization 

Bruker Dektak XT 

 

08 
PFOTS silanization 

Machine: dessicator Z12 

 

 

09 PDMS preparation (ratio of 1:10 wt) 
 

10 PDMS molding and dessication 
 

11 PDMS curing 
 

12 PDMS unmolding, cutting and punching 
 

13 PDMS chip bonding 
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