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Résumé

Ce manuscrit de these présente le développement d’une nouvelle plateforme micro-
fluidique basée sur les gouttelettes ancrées et son utilisation pour étudier la réponse
bactérienne aux antibiotiques au niveau unicellulaire. L 'utilisation intensive des an-
tibiotiques en agriculture, en médecine vétérinaire et en médecine humaine a conduit
a ’émergence d'une résistance aux antibiotiques chez de nombreuses bactéries pa-
thogenes, qui constitue désormais une menace majeure pour la santé publique. Dans
ce contexte, il est particulierement important de développer de nouvelles approches
pour comprendre le mécanisme de réponse aux antibiotiques, telles que des tech-
niques de dépistage rapide et fiable de la sensibilité aux antibiotiques, ainsi que
des études sur des cellules individuelles. Ces dernieres années, un nombre crois-
sant de processus cellulaires ont été étudiés au niveau de la cellule unique, grace
au développement de nouveaux outils, permettant de déchiffrer la diversité parfois
frappante entre les individus isogéniques. Cette these s’inscrit dans cette démarche
et aborde a la fois le développement d’une nouvelle méthode et la caractérisation de
la susceptibilité aux antibiotiques unicellulaires, qui va au-dela de la mesure clas-
sique de la concentration minimale inhibitrice (CMI) au niveau de la population.

Dans cette étude, nous proposons une nouvelle plateforme utilisant des micro-
gouttelettes ancrées et des protocoles d’analyse d’images pour mesurer la croissance
de petites communautés a partir de cellules bactériennes individuelles. En raison
de l'indépendance de chaque gouttelette, ce format de culture cellulaire 3D nous
permet de controler précisément le contenu de chaque gouttelette tout en suivant la
descendance d’une cellule individuelle. Grace a cette approche, nous pouvons suivre
la croissance d’une cellule individuelle jusqu’a la formation d’une colonie en utilisant
la vidéomicroscopie. De plus, en exposant les cellules des gouttelettes microfluidiques
a la ciprofloxacine, un antibiotique, nous pouvons observer les changements morpho-
logiques au niveau de chaque cellule individuelle. Grace a notre dispositif microflui-
dique, nous pouvons étudier de maniere quantitative la réponse aux antibiotiques
des cellules individuelles au sein d’une population bactérienne monoclonale.

Cette these est divisée en 5 chapitres, correspondant a I'introduction, puis trois
chapitres présentant la méthode et les résultats et enfin un chapitre de discussion.

L’introduction présente les caractéristiques de base de la microfluidique et sa
pertinence pour les études microbiologiques. Différentes techniques microfluidiques
sont décrites : les systemes microfluidiques monophasés, les gouttelettes libres et
ancrées. Les méthodes de mesure CMI classiques et les essais microfluidiques déja
développés pour les tests de sensibilité aux antibiotiques (AST) sont aussi présentées.

Le deuxieme chapitre présente la méthode expérimentale, décrivant la puce mi-
crofluidique et le processus de fabrication, ainsi que I'imagerie et ’analyse d’images.
Bien que la technique des gouttelettes ancrées ait déja été utilisée en laboratoire, la
configuration microfluidique et les protocoles expérimentaux sont améliorés, notam-
ment en terme de débit et de vitesse. Une pipeline d’analyse dédié a été développé,
et des expériences de contrbole ont été réalisées pour s’assurer que la croissance
bactérienne ne soit pas perturbée dans les gouttelettes. Ce réglage minutieux donne



lieu & une méthode efficace et puissante.

Dans le troisieme chapitre, cette méthode est utilisée pour caractériser la sensi-
bilité a ’antibiotique ciprofloxacine. Au niveau de la population, une CMI peut étre
définie a partir des expériences microfluidiques qui s’averent similaires a la concen-
tration bactéricide minimale (CMB) dans les cultures liquides. La croissance d'une
microcolonie dans une gouttelette dépend a la fois de la concentration en antibio-
tiques et du nombre initial de cellules. A partir de ces données et a l'aide d’un
modele probabiliste simple, la susceptibilité a une cellule est estimée : la probabilité
qu’une seule cellule forme une microcolonie. La méthode microfluidique permet ainsi
de combler les échelles unicellulaires et de population, ce qui constitue un grand pas
en avant.

Le quatrieme chapitre étend ces résultats a quatre autres antibiotiques avec
différents mécanismes d’action. Bien que les courbes de sensibilité a une seule cellule
soient similaires, les antibiotiques bactéricides donnent des résultats plus reproduc-
tibles que les antibiotiques bactériostatiques. Cette observation intrigante démontre
le potentiel de la méthode pour révéler des caractéristiques inattendues de la réponse
antibiotique. Au niveau de la cellule unique, différents phénotypes peuvent étre ob-
servés en fonction des antibiotiques, tels que la filamentation en présence de cipro-
floxacine. Les différentes réponses a la lumiere des différents modes d’action des
antibiotiques sont comparées. Par exemple, 'implication de la réponse SOS dans la
filamentation.

Dans la discussion, les forces et les limites de la méthode sont résumées. Des
améliorations potentielles, telles que 1'utilisation de l'intelligence artificielle dans
I’analyse d’images pour analyser les phénotypes bactériens sont présentées. D’autres
applications intéressantes de la méthode, par exemple pour étudier I’hétérogénéité
phénotypique dans la sporulation ou la respiration sont aussi proposées.

En résumé, en utilisant ce systeme microfluidique et cette méthodologie d’ima-
gerie, nous fournissons des informations a la fois qualitatives et quantitatives sur
la réponse des antibiotiques. Nous avons développé une plateforme microfluidique
et un pipeline d’analyse dédié¢ pouvant aborder la susceptibilité aux antibiotiques
dans la nouvelle perspective de l'individualité unicellulaire. Cette approche nous
permet d’accroitre notre compréhension du fonctionnement des divers antibiotiques
en fournissant des informations sur leur mécanisme d’action. Cette these présente un
travail interdisciplinaire, combinant la microfluidique de pointe avec des questions
biologiques pertinentes.






Abstract

The emergence of new resistant bacterial strains is a worldwide challenge. A resis-
tant bacterial population can emerge from a single cell that acquires resistance or
persistence. Hence, new ways of tackling the mechanism of antibiotic response, such
as fast and reliable antibiotic susceptibility testing screening techniques and single
cell studies are required. It is necessary to see what happens at the single cell level,
in order to understand what happens at the population level.

Here, we present a new platform based on anchored micro-droplets and image
analysis protocols to measure the growth of small communities starting from indi-
vidual bacterial cells. As each droplet is independent from one to another, this 3D
cell culture format allows us to finely control the content within each droplet, while
following the progeny of an individual cell.

Therefore, we can follow the growth from individual cell to a colony using time
lapse imaging. Plus, by adding ciprofloxacin, the cells in the microfluidic droplets
can be subjected to antibiotic stress and we are able to observe the morphological
changes at the single cell level. Using our microfluidic device, we can quantitatively
investigate the antibiotic response of individual cells from a monoclonal bacterial
population. We demonstrate that it is possible to detect heterogeneity outcomes
within a monoclonal population of E. coli from which we can deduce single-cell
susceptibility to antibiotic that we call the pf-MIC (microfluidic Minimum Inhibitory
Concentration). This uf-MIC gives us access not only to the population antibiotics
susceptibility but also to the antibiotic susceptibility within the population.

Using this microfluidic and imaging pipeline, we offer both qualitative and quan-
titative insights into the response of antibiotics. This approach enables us to enhance
our comprehension of how different antibiotics function by providing information
about their mechanism of action.
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Introduction

If T were to summarize my thesis in just two words, they would be bacteria and
droplet. My journey into the realm of bacteria began during my research internship
in the MEK lab at the University of Edinburgh, which took place in my third year
at Ecole polytechnique. Under the guidance of Meriem El Karoui, I discovered the
exciting intersection of engineering and microbiology.

The world of droplets came into focus during my time working with Charles
Baroud, my thesis supervisor. Through this experience, I learned that droplets
possess incredible versatility, allowing for the encapsulation of various substances
simply for the sheer enjoyment of exploration.

Throughout my years at Ecole polytechnique and the University of Edinburgh, I
developed a particular affinity for experimental work that took me far away from the
confines of a computer. This kind of work combines manual labor with creativity,
presenting opportunities to overcome technical challenges along the way.

During my thesis, my work revolved around a highly experimental nature. I

devised a comprehensive protocol that integrated multiple disciplines, including mi-
crofabrication, microscopy, image analysis, data analysis, and microbiology. This
endeavor brought together various fields such as biology, optics, engineering, and
computing, among others.
While T took the lead in spearheading the experimental aspects of the project, it
was truly a collaborative effort with the invaluable assistance of Andrey Aristov,
who contributed expertise in image analysis, as well as Gabriel Amselem and Erik
Maikranz, who provided support in data analysis.



General Introduction

According to the World Health Organization, antimicrobial resistance, specifically
antibiotic resistance, is recognized as one of the most significant threats to public
health [1]. Therefore, there is a growing need to develop new tools and meth-
ods to enhance our understanding of bacterial resistance. When studying bacterial
response to antibiotics, most microbiology studies typically report the minimum
inhibitory concentration (MIC) at which cell growth is halted, using a specified ini-
tial inoculum size (usually 5.10° CFU/ml) and after a 24-hour incubation period.
However, interpreting these MIC measurements is complex and can indicate various
phenomena occurring within the cultures, such as high variability, inoculum effect,
or mechanism of action [2]. It is important to note that individual cells’ response
to antibiotics, which can lead to colony formation, can display large heterogeneity
[3, 4]. To complement the MIC, the minimum bactericidal concentration (MBC)
is sometimes used for a more precise measurement. Determining the MBC is a
laborious and time-consuming process and, similar to the MIC, it only provides in-
formation about antibiotic susceptibility at the population level. However, due to
the imperfections of these methods, significant efforts have been made to measure
bacterial response at a more microscopic level.

For instance, one approach to estimating single-cell minimum inhibitory concen-
tration (MIC) involves measuring the MIC for different inoculum sizes and extrap-
olating the value to single cells [5]. However, traditional laboratory methods pose
challenges when it comes to scaling to single-cell manipulation, both in terms of
the volumes of interest and the number of experiments required for an adequate
number of replicates. In contrast, the development of microfabrication methods and
microfluidics has facilitated the measurement of individual cells in controlled envi-
ronments [6].

In this field, two platforms have emerged to investigate antibiotic response. The
first is the so-called mother machine and its variations, in which individual cells are
trapped in narrow channels and observed over multiple generations [7]. These de-
vices rely on time-lapse microscopy to track the initial “mother” cells, while removing
their daughter cells as they emerge from the microchannels. Through detailed anal-
ysis of the acquired images under different antibiotic treatments, valuable insights
can be gained regarding the relationship between mother and daughter cells [8], or
the impact of rare mutations on single-cell fitness [9].

Concurrently, droplet microfluidics has opened up new avenues of investigation.
By encapsulating one or a few bacterial cells within water-in-oil droplets, it is possi-
ble to detect the development of small colonies from individual cells [10] or observe
their metabolic signatures [11] using optical readouts. The introduction of antibi-
otics into the droplets allows for the determination of bacterial susceptibility. Over
the years, these principles have been further developed in two main directions. One
direction focuses on enhancing the simplicity of use [12, 13|, while the other aims to
improve measurement precision [14, 15, 16]. The potential transfer of these droplet
approaches to clinical studies has been reviewed in recent papers [17, 18, 19].

However, these droplet methods have two significant limitations. Firstly, they
require sophisticated instrumentation to generate meaningful data. The interpreta-
tion of droplet data relies on the assumption that all droplets are nearly the same
size, which necessitates high-end flow control systems (such as syringe pumps or
pressure controllers) to ensure size homogeneity. Additionally, the flowing droplet



systems often rely on high-speed acquisition of time-series data, which entails the use
of fast electronics, lasers, and data acquisition equipment. Secondly, the connection
between single-cell measurements obtained through droplet-based methods and clas-
sical biological measurements has not been thoroughly investigated. Consequently,
it is challenging to establish a meaningful relationship between droplet-based mea-
surements and data obtained from conventional experiments.

Here we introduce an open-access microfluidic platform that tackles these chal-
lenges. The platform is based on the rails and anchors technique, which was in-
troduced a few years ago [20]. In this approach, droplets are generated within
microfabricated wells and remain stationary throughout the experiment, allowing
for the observation of biological processes within them [21, 22]. As a result, the
platform requires simple microfabrication and low-precision flow control, and it can
be used with a standard microscopy setup. To enhance its functionality, we have
developed an original image acquisition and analysis pipeline specifically designed
for this platform. This automated pipeline extracts the relevant information from
the microfluidic chips. By providing the image and data analysis as open-source
code, the platform can be easily integrated into most academic labs.

Furthermore, this study marks the first investigation into the interpretation of
biological measurements obtained using this platform. It establishes a connection
between the droplet-level approach commonly employed in droplet-based experi-
ments and a single-cell analysis. This analysis enables unique measurements of the
susceptibility of individual cells to antibiotics providing qualitative and quantitative
measurments.

Structure

Over the course of the past three years, I have engaged in genuine bioengineer-
ing work, dedicating myself to the development of a comprehensive experimental
pipeline. As a result, this Ph.D. thesis encompasses a significant methodological
component while also seeking to tackle biological inquiries that can be effectively
addressed through the utilization of this experimental pipeline.

This manuscript is split into 4 chapters:

e The first chapter provides an overview of the intersection of microfluidics and
microbiology, shedding light on current advancements and the evolving nature
of these fields.

e The second chapter delves into the comprehensive experimental pipeline, which
encompasses significant time investment, continuous improvement, and the oc-
casional challenge of unraveling biological mysteries that may prove challenging
for physicists.

o The third chapter illustrate how we apply this pipeline specifically to Antibi-
otic Susceptibility Testing (AST), a critical issue in the realm of public health.
Leveraging our collected data, I will also explore the incorporation of mathe-
matical techniques in an attempt to contribute to a deeper understanding of
Antibiotic Susceptibility, thereby paving the way for future advancements in

this field.



o In the final chapter, a comparison of various antibiotics is carried out using
the tools established in the second and third chapters. The focus is placed
on the qualitative insights derived from the experimental pipeline that was
developed.

o Lastly, I will conclude by discussing the ongoing and future work, as well as the
potential applications that exist for the microfluidic pipeline I have developed.
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Chapter 1

Microfluidics for Microbiology

A substantial part of my thesis work focused on developing methodological tools to
address inquiries regarding heterogeneity in antibiotic response utilizing microflu-
idics. Consequently, I chose to conduct a review of various techniques and applica-
tions of microfluidics in the field of biology, with a particular emphasis on antibiotics
susceptibility testing.

12



1.1 State of the art

Microfluidics

Microfluidics has a significant historical background that traces its roots to the 1980s
when it first emerged within the microelectronics industry. Since its inception, this
field has expanded its applications across diverse domains, including biomedical and
chemical research. The advancement of novel materials and fabrication techniques
in microfluidics has been shaped by various factors, such as government funding [23].

Microfluidics refers to an engineering domain focused on utilizing fluidic flow
within channels that are smaller than one millimeter in at least one dimension. This
field revolves around the precise control and manipulation of fluids at the microscale
by employing channels, chambers, and pumps [24]. It offers several benefits, includ-
ing decreased consumption of reagents, precise control over mixing and manipulation
of particles, the ability to integrate and automate multiple assays (commonly known
as lab-on-a-chip technology), and enhanced capabilities for imaging and tracking
[23].

Microfluidics has diverse applications in various fields. In the realm of biomed-
ical research, it has proven invaluable in modeling physiological processes such as
the blood-brain barrier. This allows for studying disease mechanisms and develop-
ing innovative therapies. Microfluidic devices have also played a significant role in
the creation of organs-on-chips, enabling drug efficacy testing and toxicity assess-
ments [25, 26, 27]. Furthermore, they have contributed to the investigation of the
microbiome and its impact on human health [19, 24, 28|.

In the domain of chemical research, microfluidic devices have been essential in
the synthesis and analysis of both small molecules and biomolecules [29]. They
have also facilitated the exploration of fluid dynamics and the study of transport
phenomena [30].

Additionally, microfluidic devices have found application in environmental mon-
itoring. They have been utilized for the detection of pollutants and pathogens in
water and air, thereby enhancing environmental monitoring capabilities. Further-
more, microfluidics has enabled investigations into the behavior of microorganisms
in natural environments [31].

Microfluidic devices can be fabricated using different approaches, each offering
distinct advantages and disadvantages. As shown in Figure 1.1, One commonly
used method is soft lithography, which involves creating a master mold through
photoresist lithography and replicating it using a material called polydimethylsilox-
ane (PDMS). PDMS is popular due to its optical transparency, biocompatibility,
and ease of use. However, it may be susceptible to swelling and absorption of small
molecules, potentially interfering with certain assays [32, 33].

Another approach is micromachining, which utilizes etching techniques to carve
channels and chambers on substrates like silicon or glass. Micromachining is well-
suited for producing intricate structures such as micropumps and valves. However,
it can be costly and requires specialized equipment [35].

Alternatively, 3D printing can be employed, leveraging additive manufacturing
techniques to construct structures layer by layer. This method allows for rapid pro-
totyping and customization of microfluidic devices. Nonetheless, the resolution of

13



MASTER FABRICATION

1. Spin-coat photoresist on a silicon wafer

Photoresist

Silicon wafer

2. Expose photoresist to UV light through a

PDMS REPLICATION MOLDING

1. Pour PDMS monomer and cross-linker
mixture onto master

PDMS

Master

2. Cure and peel-off PDMS

photomask v
oy Photomask

3. Cut devices, create access ports and
bond to glass slide

Access ports

3. Develop exposed wafer with photoresist

1\

Glass slide

Photoresist exposed to UV

Figure 1.1: PDMS microfabrication Fabrication of microfluidic devices with
PDMS replica molding (From [34] Copyright 2013, Adriana San-Miguel and Hang
Lu).

3D printing is generally lower compared to other fabrication techniques [36, 37].

Microfluidics is a dynamic and rapidly evolving domain that encompasses numer-
ous captivating advancements. It has revolutionized scientific research and produc-
tion by introducing enhanced levels of control, precision, and sensitivity. Researchers
are continuously pushing the boundaries by investigating novel manufacturing tech-
niques, exploring innovative materials, and discovering fresh applications for mi-
crofluidic devices. Indeed, it holds the promise of surpassing conventional techniques
in both biomedical and chemical research. The present applications of microfluidics
encompass a wide range of areas, including the development of lab-on-a-chip devices
for point-of-care diagnostics, environmental testing, droplet microfluidics, and flow
chemistry [23].

Microbiology

Microbiology encompasses a wide-ranging field dedicated to the study of microor-
ganisms, such as bacteria, fungi, and protists [38]. Several methods are employed
in microbiology to investigate these microorganisms.One such method is culturing,
which involves cultivating microorganisms in a controlled laboratory environment
to examine their growth, metabolism, and other characteristics. Techniques such as
streaking, pour-plate, spread-plate, and subculture techniques are utilized to culture
microorganisms [38].
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Identification methods are used to recognize microorganisms based on factors
such as colony characteristics, cellular morphology, biochemical procedures, serolog-
ical procedures, and molecular techniques [38].

Antimicrobial susceptibility testing examines the sensitivity of microorganisms
to different antibiotics or antimicrobial agents, providing valuable information about
their response to treatment [38].

Microscopy techniques play a crucial role in observing microorganisms and their
structures. These techniques include fluorescence microscopy, scanning electron mi-
croscopy, transmission electron microscopy, among others [38].

The aforementioned methods, commonly employed in microbiology, suffer from
significant experimental limitations. These drawbacks include time-consuming pro-
cesses, as it takes a considerable amount of time for detection. The environmental
control during these methods is inadequate. Moreover, they exhibit low throughput
capabilities and require substantial reagent consumption.

Microfluidics demonstrates great promise as a technology with the potential for
applications in the field of microbiology. Certain established methods in microbi-
ology can be adapted and implemented within microfluidic systems. These new
methods should go beyond the capabilities of existing techniques, either by offering
improved functionality, increased throughput, or reduced cost. Additionally, a sig-
nificant factor driving the adoption and implementation of new technologies is their
ability to save experimental time [39)].

Indeed, microfluidics offers several advantages that contribute to its significance.
Firstly, through miniaturization, it enhances analytical sensitivity by reducing de-
tection times and enabling the detection of single cells. Certain microfluidic devices
even improve bacterial detection by allowing larger sample volumes to flow through
the device, facilitating the capture or trapping of bacteria [24, 40].

Secondly, microfluidics enables improved profiling of microbiome composition
and structure. It provides a more accurate analysis by accounting for the majority
of microbial species that are typically unculturable. Microfluidics allows for low-cost
and high-throughput taxonomic resolution at various levels, from genus to strain.
Gene annotations also enable inferences about physiological functions. Additionally,
successful isolation and cultivation of previously uncultured lineages have expanded
the database capacity, enabling reproducible investigations, mechanism validations,
and the implementation of various industrial applications [40, 41].

Lastly, microfluidics plays a vital role in creating and maintaining microenvi-
ronments necessary for studying bacteria at a microscopic level. Microfluidic mi-
croscopy facilitates the growth of bacteria in chemically and physically controlled
environments, allowing for noninvasive, in situ monitoring. It generates automated,
real-time data on cell behavior and morphology with single-cell resolution. Thus,
microfluidics provides the essential technology for establishing and sustaining crucial
microenvironments for the microscopic study of bacteria [17, 24].

In summary, microfluidics is an interdisciplinary technology that integrates prin-
ciples from engineering, physics, chemistry, biology, and computing to control fluid
flow within microchannels. It serves as an outstanding platform for analyzing mi-
croorganisms and their nucleic acids, undergoing transformative advancements with
highly positive outcomes. This technology enables bacteria to be cultured in en-
vironments that are chemically and physically controlled, allowing noninvasive in
situ monitoring while generating automated, real-time data on cell behavior and
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morphology at the single-cell level. Microfluidics offers numerous advantages over
traditional experimental approaches, including higher throughput, precise sample
stimulation, enhanced reproducibility, and increased researcher efficiency through
automation of repetitive tasks. The versatility of microfluidic systems will expedite
comparative biology analyses and empower researchers to select the most suitable
model organism for specific biological phenomena, even if it is less commonly uti-
lized.

1.2 Different techniques...

Single phase microfluidics systems

Single phase microfluidics refers to systems where aqueous solutions and suspensions
of microorganisms are guided directly through channels without the need for carrier
oil. It offers extensive integration and automation capabilities on the microchip.
Typically, flow control is achieved using syringe pumps, pneumatic microvalves, or
by leveraging electrokinetic effects [17].

Single phase systems find utility in situations where there is a requirement for
a continuous supply of culture medium, microorganism sedimentation [42], or the
creation of a spatial gradient of solutes, gases, or temperature [43]. An extensively
employed single phase system in this regard is the mother machine.

The Mother Machine is a microfluidic device designed for continuous culture,
where bacteria are grown in closed channels with a diameter of approximately one
micron. This device was created to maintain balanced growth conditions, which
are crucial for achieving consistent and reproducible outcomes [7]. The Mother
Machine platform has been extensively used in researching various fields, including
cell aging [7], cell cycle control [7], gene regulation [9], antibiotic resistance [44, 45],
and investigating the impact of mechanical forces on cell wall growth.
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Figure 1.2: Mother machine microfluidics setup (a) Cartoon of the microflu-
idics set up with mixed species loaded on the chip. (b) Time-lapse phase contrast
images of the cells in the traps with (top) and without (bottom) antibiotics. (c)
Fluorescence images of the bacteria (adapted from [44]. Copyright 2022, Vinodh
Kandavalli et al.).

In 2022, Kandavalli et al. utilized the mother machine to conduct rapid antibiotic
susceptibility testing (depicted in Figure 1.2 a). The mother machine allowed for the
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swift capturing of individual bacteria and monitoring of their growth in the presence
of antibiotics, with results obtained within a timeframe of two hours (as illustrated
in Figure 1.2 b). Furthermore, they were able to identify the species by employing
fluorescence probes on the ribosomal RNA, as demonstrated in Figure 1.2 c¢. This
approach enabled the simultaneous testing of up to ten species in a single round.

Droplet microfluidics

Droplet-based microfluidics constitutes a subfield of microfluidic. It involves the
generation and manipulation of droplets within an immiscible fluid.

The field of droplet microfluidics is experiencing rapid growth and finds appli-
cations in diverse areas including biology, chemistry, and materials science. This
technique revolves around the generation and manipulation of droplets within mi-
croscale channels, creating a meticulously controlled environment for highly precise
and efficient reactions. Leveraging droplets facilitates high-throughput experiments,
reduces reagent consumption, and enables the study of single cells, among a multi-
tude of other advantages [46].

Droplets formation can be achieved with different techniques. Three types of
microfluidics geometries can be used (Figure 1.3): Cross-Flowing [47], Flow focusing
[48] and Co-Flowing [49]. The size of the generated droplets is primarily governed
by factors such as the flow rate ratio between the continuous phase and dispersed
phase, the interfacial tension between the two phases, and the specific geometry of
the channels employed for droplet generation.
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Figure 1.3: Droplets generation strategies. In a planar chip format (a) Cross-
flowing schematic from a top view. The main channel facilitates flow from left
to right. The continuous fluid (referred to as ’oil’ in this case) is directed along
the main channe. The fluid to be dispersed (referred to as 'water’ in this case) is
supplied through the perpendicular inlet.” [47]. (b) Flow focusing schematic from
a top view. The dispersed phase converges with the continuous phase, usually
at an angled intersection, and subsequently undergoes a restriction that induces
droplet formation [48].(c) Co flowing schematic from a top view. The dispersed
phase channel is contained within the continuous phase channel. Towards the end
of the dispersed phase channel, the fluid is subjected to stretching forces until it
reaches a point of rupture due to shear forces, resulting in the formation of droplets
[49]. Blue corresponds to the water, orange to the oil.
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Anchored droplets

Anchored droplets refer to droplets that maintain a stationary position within a
microfluidic chamber. This is achieved by confining the fluids everywhere except
in specific regions where the channels have a greater height, utilizing a technique
known as "rails and anchors” [21, 50, 51]. These modern devices utilize three-
dimensional geometries within the microfluidic channels to both contain and, in
some cases, generate the droplets (Figure 1.4). By capitalizing on the precision
offered by microfabrication techniques, these devices enable reliable operations even
in situations where flow control may be suboptimal or absent. Consequently, the
designs stemming from this approach are significantly more user-friendly for non-
experts, given the availability of microfabrication tools [21].
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Figure 1.4:  Anchored droplets. (A1l Side view and top view of a confined
aqueous droplet near a capillary anchor; (A2) Two anchoring strengths can be
distinguished: for narrow anchors (blue regions), the droplet only partially enters
the anchor, whereas for wide anchors (red regions), the droplet entirely enters the
anchors (adapted from [52], Copyright 2020, Tomasi et al.. (B1) Sketch of the
experimental device which defines the geometric parameters; (B2) A water drop
anchored to a hole in the channel roof with oil flowing left to right; (B3) An array of
anchored droplets. The scale bar represent 250pm in all images (from [20], Copyright
2011 The Royal Society of Chemistry). The schematic of the process in a side view
highlighting the droplet flowing throughh the oil/water interface (C1) in the absence
of voltage and (C2) in the presence of voltage (adapted from [53], Copyright 2011,
Zeng et al..

Figure 1.4 illustrates various systems for anchoring droplets. These droplets
are generated using a droplet generator, specifically through flow focusing. Sub-
sequently, the droplets move towards a chamber where they are anchored. Both
Tomasi et al. and Abbyad et al. employ mechanical traps to anchor the droplets. In
this setup, the droplet is confined within a flattened pancake shape in a microchan-
nel (Figure 1.4 A1). Due to this vertical constraint, the droplet becomes sensitive to
changes in the microchannel’s depth. Consequently, in a microchannel with varying
heights, the flattened droplets are captured by regions of reduced confinement [20].
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The trapping efficiency depends on the size of the trap: if the anchor diameter is
approximately twice the height of the droplet, it will penetrate the anchor, resulting
in high trapping efficiency. Conversely, if the anchor diameter is insufficient, the
droplet only partially enters the anchor, leading to a lower trapping force (Figure
1.4 A2 and B1) [52].

Zeng et al., on the other hand, utilize an electric field-based method. This ap-
proach not only facilitates the breaking of the droplet but also enables its coalescence
with an aqueous buffer. The electric field aids in draining the oil film between the
droplet and aqueous buffer, thereby enabling the breaking and subsequent coales-
cence [53].

Nonetheless, the process of generating droplets through flow focusing or other
techniques depicted in Figure 1.3 can pose certain challenges. Primarily, these meth-
ods demand sophisticated instrumentation for droplet generation. In fact, the ac-
curate interpretation of droplet data relies on the assumption that all droplets are
almost uniform in size, which necessitates the use of advanced flow control systems
(such as syringe pumps or pressure controllers) to ensure consistent size homogeneity.

Another approach, which does not involve the use of a droplet generator, is the
breaking method illustrated in Figure 1.5. This method bears resemblance to the
technique employed in Figure 1.4c, but it does not require an electric field. Amselem
et al. have developed a microfluidic device that simultaneously forms and traps the
droplet.
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Figure 1.5: Breaking anchored droplet. (A) Cross-sectional schematic of the
breaking process on anchors. The aqueous sample initially fills large regions and
then gets divided into isolated droplets that fill each of the anchors.; (B)Time-lapse
of the drop formation process. Scale bar: 200 m. ; (C) Experimental histogram of
the normalized droplet volumes on one chip. (adapted from [22], Copyright 2016,
Amselem et al.

In this configuration, the droplets exhibit precise size control, with a standard
deviation ranging from 2% to 5%. The variation in droplet size remains relatively
minor across different chips, and it depends on the accuracy of microfabrication and
the quality of the hydrophobic surface treatment [22].
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Anchored droplets offer numerous promising applications, such as facilitating the
observation of behavioral heterogeneity within a population and enabling bioassays
[22].

Droplets within microfluidic systems can undergo various manipulations, such
as splitting, titration with additional reagents, incubation, and subsequent analysis
[17, 52]. These manipulations enable the production of droplets with exceptional
uniformity, a crucial factor in encapsulating individual cells within each droplet [54].

Microscopy

Microscopy techniques have a vital role in microfluidics as they enable the observa-
tion and extraction of valuable information from biological or chemical samples [55].
A range of microscopy techniques has been employed in microfluidics, encompassing
bright-field and fluorescence microscopy, phase contrast microscopy, differential in-
terference contrast (DIC) microscopy, and laser scanning confocal microscopy [55].
Table 1.1 provides an overview of the advantages and limitations of these different
techniques. Confocal microscopy is a highly suitable technique to employ in droplet
microfluidics. It enables comprehensive scanning of the entire droplet, offering ex-
cellent vertical and horizontal resolution [56].

‘ Technique ‘ Light Source ‘ Advantages ‘ Limitations ‘ References ‘
Chean. 1o chanee of Low contrast, low
Bright Field White light P & resolution, low [57]
the color . .
magnification
Shade off on the
edges,
Phase Contrast | White light High contrast Halo effect, [57], [58]
not for thick
specimen
Differential
Interference White light N(? halo ef.feCtS’ Not for 3D images | [58], [59]
thick specimen
Contrast
Photobleaching,
Wide Field ngh energy light Quan‘.cltatlve images, phOtOtO)?lClty,
high power LEDs, | labelling, chromatic [60]
Fluorescence : e .
lasers tracking, sensitivity | and spherical
aberration
High energy light 3D ages, high
Confocal high power LEDs resolution, no Harmfull nsi [61], [56]
Fluorescence g1 b " | background ATHITUE, eXpensive ’
lasers .
resolution

Table 1.1: Microscopy techniques. Advantages and limitations of microscopy
techniques for biology

The majority of research in microbiology pertaining to droplet microfluidics has
predominantly utilized fluorescent labeling techniques. This is primarily due to the
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accessibility and well-established nature of this technology in conventional microbi-
ological experiments [17]. However, fluorescent labeling does have its limitations.
While it is convenient and widely adopted to employ fluorescent protein-expressing
bacteria [3, 9, 62], this approach is restricted to genetically engineered strains and
cannot be readily extended to other microorganisms.

Marker dyes, which indicate microbial metabolism or enzymatic activity, offer
broader applicability across various species and strains [15]. However, a common
challenge associated with their utilization is the potential leakage of fluorescent
signal molecules from droplets into the carrier oil and neighboring droplets. Addi-
tionally, the utilization of marker dyes necessitates a sufficient quantity of bacteria
to attain detectable levels, thereby impeding the feasibility of single-cell analysis
[40].

1.3 ...For different applications

1.3.1 Microbial biotechnology

Microfluidics demonstrates a broad spectrum of applications in the field of molecular
biology. It has facilitated the development of platforms for conducting quantitative
biology studies [63], analytics and screening (PCR) [24, 64], sequencing [65], and
fluorescence in situ hybridization (FISH) techniques [66].

A lab-on-a-chip (LOC) refers to a compact device that combines one or more
laboratory functions onto a single integrated circuit, typically known as a "chip,”
which spans from millimeters to a few square centimeters in size. The purpose of
an LOC is to enable automation and facilitate high-throughput screening processes
[67].

LOCs find utility in a wide range of laboratory operations, encompassing DNA
sequencing, biochemical detection, chemical synthesis, clinical diagnostics, and biomarker
validation. LOC technology has the capacity to execute nearly any laboratory pro-
cedure on a scaled-down level.

Sample purification Sample amplification

Sample injection }Muump—' Sample detection

Lab-on-a-Chip

Sample mixing Sample separation

Figure 1.6: Lab-on-a-chip system. Unit components making up the lab-on-a-
chip system. (From [68] Copyright 2013, Korean Continence Society).

LOC systems offer several advantages. They allow for precise control of small test
volumes, reducing the amount of required reagents [68]. Additionally, the smaller
length scales involved in microfluidics enable faster analysis and higher reaction ef-
ficiencies, leading to reduced reaction times [68]. Microfluidics also facilitates the
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direct integration of multiple components or functionalities on a single device, such
as test preparation, detection, and data processing [40, 69, 68] (Figure 1.6). Further-
more, microfluidic systems can be fully automated and designed to be user-friendly,
making them accessible even to individuals without specialized expertise [17, 70].

Therfore, microfluidics plays a critical role in advancing microbial biotechnolo-
gies, particularly in sectors such as the food industry, agriculture, and pharmaceu-
ticals. Its application enables various advancements and innovations in these fields
(71, 72].

1.3.2 Microbial culture

Biofilm research

A biofilm refers to a intricate community of microorganisms that attach to a surface
and are enveloped by a matrix of extracellular polymeric substance (EPS) pro-
duced by themselves [73]. Once biofilms are formed, the microbial resistance to
antibiotics increases significantly, reaching up to 1000 times higher than that of
free-floating bacteria [73]. This becomes particularly concerning considering that
more than 80% of microbial infections in the human body are attributed to biofilms
[74]. Consequently, it is evident that the presence of biofilms should be minimized
in health-related matters such as infections, wound healing, and medical implants.

Microfluidics offers a promising approach to investigate biofilms due to its ability
to precisely control relevant parameters and enable real-time monitoring of biofilm
development [75].

By employing 3D culture, cell confinement, and co-culture systems, microfluidics
has the ability to replicate the biological environment. The microfluidic devices
can create models that closely resemble the in vivo conditions within 3D culture
platforms. This enables the assessment of individual factors influencing biofilm
growth as well as the investigation of compounded effects. The microfluidic approach
holds the potential to unravel the mechanisms underlying biofilm formation and
address various challenges associated with biofilms [76, 77].

Yazdi et al., conducted a study on biofilm and bacterial aggregation utilizing a
microfluidic device (depicted in Figure 1.7) that generates a vortical flow mimicking
certain microbial conditions. Their findings demonstrate that the accumulation of
bacteria within these vortices leads to the formation of biofilm streamers within a
few minutes.

Microbial interactions

Microbial community dynamics and functions are primarily influenced by microbial
interactions, which play a vital role [78]. These interactions involve the recogni-
tion of environmental cues and the subsequent transfer of molecular and genetic
information. However, detecting and studying the diverse types of interactions in
microbial ecosystems pose significant challenges due to the complex, highly diverse,
and dynamically changing nature of these communities [40]. Investigating micro-
bial interactions holds significant importance in the fields of synthetic and natural
microbial consortia engineering and control. Microfluidic cultivation and analysis
devices serve as versatile tools for studying microbial interactions at the single-cell
level, enabling deeper insights into these complex systems [79, 80].
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Bubble

Bacteria

Figure 1.7: Biofilm research. Schematic of a microfluidics device with a built
in horseshoe structure. Bacterial suspension is injected from the inlets and collect
in a pair of vortices induced by oscillating microbubble trapped in the horseshoe.
(Adapted from [73] Copyright 2012, American Institute of Physics).

Microfluidics devices offer the ability to examine single-cell dynamics with com-
plete spatio-temporal resolution and provide controlled environmental conditions
(including physical, biological, and chemical stimuli) in a high-throughput manner.
Moreover, microfluidic fabrication methods enable the creation of diverse geometries
that can mimic natural habitats or provide insights into biofilm formation [81].
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Figure 1.8: Microfluidics device for microbial co-cultivation. (a) Compart-
mentalized co-cultures enable detection of symbiotic relations among community
members. (b) Droplets filling a large chamber in the microfluidics device. (c) A
scetion of the cultivation chamber illustrating a number of droplets carrying combi-
nations of the two-strain system. F.coli strain Y- is labeled with yellow fluorescence
protein (EYFP) and W- with red fluorescence (mCherry). Left, before cultivation
and right after 18 hours cultivation. (Adapted from [80] Copyright 2011, Park et
al..

23



In their study, Park et al, conducted a study where they developed a straight-
forward microfluidic device designed for the parallel co-cultivation of symbiotic mi-
crobial communities (as shown in Figure 1.8). This device enabled the generation
of approximately 500 droplets per second, with a maximum capacity of up to 1400
droplets within a cultivation chamber. Within these droplets, they utilized cross-
feeding mutants of E.coli to simulate various compositions found in natural micro-
bial communities (Figure 1.8 ¢. The study demonstrated that through the use of
microfluidics, it becomes feasible to predict the distribution of encapsulated sub-
sets within a microbial community. Additionally, they successfully demonstrated
the ability to co-cultivate and detect symbiotic relationships using this microfluidic
system.

By utilizing these methods collectively, a deeper understanding of growth dynam-
ics, heterogeneity, culture stability, spatial organization, and other relevant factors
in mixed cultures can be achieved. This acquired knowledge can then be harnessed
to effectively control and engineer both natural and synthetic consortia [17, 81].

1.4 Antibiotics susceptibility testing

Antibiotic susceptibility testing (AST) is a laboratory technique employed to evalu-
ate how susceptible bacteria are to various antibiotics. The primary objective is to
ascertain the most suitable antimicrobial treatment for individual patients, by de-
termining the effectiveness of specific antibiotics against the bacteria and detecting
any resistance the bacteria may have developed towards particular antibiotics [82].

AST encompasses various methodologies (Table 1.2), including agar dilution,
broth dilution, and disc diffusion assays [83]. These tests evaluate the susceptibility
of microbes to antimicrobial drugs by subjecting standardized concentrations of the
organism to specific concentrations of the drugs. Qualitative, semiquantitative, or
nucleic acid-based techniques can be employed for testing. Additionally, AST can
assess the impact of combining different antimicrobials through synergy testing [82].

AST utilizes agar dilution, disk diffusion and broth dilution methods as common
approaches to determine the minimum inhibitory concentration (MIC). The MIC
represents the lowest concentration of an antibiotic that effectively inhibits bacterial
growth. In the disk diffusion technique, the MIC is estimated based on the size of the
zone of inhibition, while the microbroth dilution technique measures it using optical
density [2, 84]. AST reports typically provide a quantitative outcome expressed in
ng/mL and a qualitative interpretation. This interpretation usually categorizes the
results as susceptible (S), intermediate (I), resistant (R), sensitive-dose dependent
(SD), or without interpretation (NI) [83, 85].

The disk diffusion process offers several advantages, including its simplicity, cost-
effectiveness, and ease of interpretation. However, its main drawback is that it
requires manual processing and lacks automation [82].

AST utilizing agar and broth dilution methods represents one of the oldest ap-
proaches to determine the MIC. The agar dilution method allows testing of only one
antibiotic at a time, whereas the broth dilution method enables testing of multiple
antibiotics simultaneously. Dilution processes are known for their reproducibility
and cost-effectiveness. However, they are labor-intensive and costly [82].

Additionally, these methods provide qualitative rather than quantitative results.
Table 1.2 provides an overview of the advantages and limitations of these methods.
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‘ Classical AST

‘ Technique ‘ Disk diffusion ‘ Broth dillution ‘ Agar dilution
Slmple and direct Multlplex.lng, Low cost, simple and
mterpretation, quantitative . . .
Advantages . o direct interpretation,
accessible, and qualitative .
. versatile.
versatile, low-cost. results.
Lack of consistency
in the determination High volume of Requiring a
of the MIC, reagents is significantamount
Limitations | low-throughput, necessary, requiring | of manual labor,
requiring a significant a significant amount | qualitative results,
amount of manual labor, | of manual labor. low-throughput.
qualitative results.
| References | [85], [86] | [87] | [87], [86]

Table 1.2: Classical AST techniques. Advantages and limitations of classical
techniques for AST

To address certain limitations associated with the conventional AST, Alexan-
der et al. devised a seeding experiment (depicted in Figure 1.9) that employed a
96-well plate to investigate how antibiotics affect the initial development of resis-
tant strains. They employed highly diluted strains, which they introduced into the
96-well plate containing antibiotics. Each antibiotic concentration corresponded to
one 96-well plate, and the average inoculum size per well was 0.5, 1, or 2 cells. In
order to determine the probability of establishment for a single cell, they employed
likelihood-based methods to fit a stochastic model of population growth [84]. How-
ever, despite having an adequate number of replicates to accommodate very low cell
counts and utilizing a mathematical model to infer information at the single-cell
level, they still lacked direct access to individual cell data, which necessitated a
considerable amount of manual effort. Furthermore, the duration of the incubation
period for this experiment spans between three to five days, which is actually longer
than the typical timeframe for classical MIC experiments.
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Figure 1.9: Design of seeding experiments. An overnight culture of the resis-
tant strain is highly diluted and used to inoculate 96-well plates containing growth
media with antibiotic at various concentration (shades of blue) (from [84], Copyright
2020, Alexander et al.).

Microfluidics has emerged as a potential solution for expediting AST procedures.
Microfluidic platforms have the capability to swiftly assess the effectiveness of an-
timicrobial drugs in AST. Various microfluidic-based platforms have been developed
for AST (Table 1.3), such as the mother machine ([7, 45]) , gradient microfluidics [3],
and droplet microfluidics [40, 82]. These platforms utilize microfluidic techniques to
enhance the efficiency and accuracy of AST processes.

‘ Microfluidics AST ‘

‘ Technique ‘ Mother machine ‘ Gradient ‘ Droplets ‘
Rapid, automated,
) . single-cell, high-
Single-cell, High-throughput,
throughput, small
Advantages | long-term small volumes, volumes quantitative
observation. multiplexing. and quali(‘lca tive
results.
Low-throughput, | Low-precision
Limitations | continuous in the o Difficulty to handle.
exposure to determination
antimicrobials. of the MIC.
| References | [7], [45] | 3], [88] | [40], [24] |

Table 1.3: Microfluidics AST techniques. Advantages and limitations of mi-
crofluidics techniques for AST
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Droplet microfluidics presents a promising technology for high-throughput, rapid,
precise conduction of AST. This approach allows for studies at the single-cell level,
enabling the detection of heteroresistance and the identification of persister cells and
small colony variants within the bacterial population [40, 82].

The majority of current techniques involve generating droplets that encapsulate
bacteria along with antibiotics.These droplets are subsequently incubated and sub-
jected to fluorescence or marker dyes for detection and analysis [16, 89, 28]. Table
1.3 provides an overview of the advantages and limitations associated with microflu-
idics methods.

For instance, Zhang et al. introduced a platform called SCAle-AST (Single Cell
Assembly Line AST) that offers full integration capabilities [89]. The platform, illus-
trated in Figure 1.10, involves the passage of specific picodroplet clusters containing
bacteria, antibiotics, and resazurin through a dedicated 37°C incubation channel.
If the encapsulated bacterium is susceptible to the applied antibiotic, it ceases to
grow, resulting in the reduction of resazurin and a weak fluorescent signal. On the
other hand, if the bacterium is resistant to the antibiotic, it continues to prolifer-
ate, causing resazurin to become fluorescent, resulting in a strong signal detected
by a laser-induced fluorescence (LIF) detector. By comparing the fluorescence in-
tensity of picodroplets exposed to different antibiotics, the researchers can generate
an antibiogram, which provides information on bacterial susceptibility to multiple
antibiotics [89].
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Figure 1.10: Overview of SCALe-ASt (Single Cell Assembly Line AST. In-
tegrated device with programmable microvalves assambles bacteria samples, growth
media, resazurin and antibiotics into groups of picodroplets encaspuling single bac-
teria. (from [89], Copyright 2021 Wiley-VCH GmbH).

A significant advantage of this device is the utilization of the marker dye re-
sazurin. This obviates the need for genetically modifying cells to produce fluores-
cence, allowing direct use on clinical strains. However, a limitation of employing
resazurin is its requirement for a certain cell count to achieve fluorescence [40].
Consequently, it is not possible to differentiate between an empty droplet (lacking
any bacteria) and a droplet containing a susceptible bacterium. Although the LIF
detector does not offer access to single-cell resolution, the platform can produce up
to 10,000 droplets, enabling testing with numerous concentrations of different an-
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Figure 1.11: Microfluidics workflow for the single cell droplet assay. The
aqueous phase, consisting of bacteria, growth media and antibiotics, are encapsu-
lated in surfactant-stabilized water-in-oil droplets (adapted from [16], Copyright
2020, Scheler et al.).

Scheler et al. have also designed a microfluidic workflow for single-cell assays,
employing a high-throughput system [16]. In this approach, they generate 10,000
nanodroplets with identical antibiotic concentrations, out of which 1,500 droplets
contain bacteria. On average, each droplet accommodates approximately 0.18 bac-
teria. To ensure an adequate number of droplets with encapsulated bacteria, a
substantial quantity must be produced. Following encapsulation, as illustrated in
Figure 1.11, the droplets are incubated off the chip, allowing the bacteria within
them to proliferate and synthesize YFP, unless their growth is inhibited by the an-
tibiotic. Subsequently, the fluorescence of each droplet is measured using confocal
microscopy as a readout.

Similar to the device designed by Zhang et al. (Figure 1.10), there is no initial
readout available after encapsulation, making it challenging to precisely determine
the exact number of cells within each droplet. Furthermore, since the droplets are
incubated off the chip, it is not possible to monitor their progression over time.
However, the use of confocal microscopy following incubation enables a more accu-
rate assessment of each droplet, allowing the researchers to determine whether the
bacteria are clumping or not [16].

1.5 Conclusion

This chapter introduces the concept of microfluidics and its potential applications
in microbiology. Microfluidics offers numerous advantages compared to traditional
methods, including improved analytical sensitivity, faster detection times, and the
capability to detect single cells.

Commonly used techniques such as disk diffusion, broth dilution, and agar di-
lution for antibiotics susceptibility testing have advantages but require manual pro-
cessing and lack automation [82, 83, 85]. Several microfluidic platforms have been
developed to study microbiology questions. These platforms include the mother
machine, droplet microfluidics, and other approaches. Microfluidics presents an
alternative approach that can automate the process and enable high-throughput
screening of antibiotics.

Microfluidics can be applied to various techniques and applications in biology,
and in particular on antibiotics susceptibility testing. It has the potential to offer
enhanced functionality, increased throughput, and reduced cost compared to current
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techniques [40, 89, 28]. Furthermore, microfluidics can improve analytical sensitivity
through miniaturization and enable the detection of single cells

Still, there are challenges associated with implementing microfluidic devices in
microbiology research, including device fabrication, integration with existing labo-
ratory equipment, and data analysis [24]. Nonetheless, ongoing research and devel-
opment in this field could lead to significant advancements in microbiology research.

Microfluidic devices have already shown promise beyond biomedical and chemical
research. With advancements in device fabrication, integration with existing labora-
tory equipment, and data analysis techniques, microfluidics could revolutionize the
approach to microbiology research. Compared with non-microfluidic techniques, the
above microfluidic approaches produce large amounts of data that can be related to
the behavior of individual cells. As such they enable investigations into the hetero-
geneity of outcomes from individual cells. The mother machine provides a way to
observe a several thousand individual cells, for many division cycles, while control-
ling and even modulating their environment [7]. However this technique requires
very precise microfabrication, which is dictated by the size of an individual bacte-
rial cell. Moreover, it cannot address interactions between cells nor inheritability of
specific traits.

Moreover, droplet microfluidics offers numerous possibilities for AST. However,
beyond its application in susceptibility testing, the utilization of anchored microflu-
idic droplets in conjunction with advanced microscopy techniques allows for direct
access to single-cell data by tracking the content of each droplet over time within
a single device. This approach has the potential to provide both quantitative and
qualitative information, going beyond traditional AST methods. Droplet methods
can also yield large statistics, e.g. of the response to an antibiotic, while being based
on simpler micro-fabrication. The standard droplet methods however have mainly
been used to yield digital (positive vs. negative droplet) data at the end-point of
an experiment [16, 89, 19]. They cannot access time-dependent phenomena, such as
colony growth rates, nor do they provide access to morphological information about
the cells.

In the following chapters I will describe the development of an experimental
platform and analytical pipeline that use stationary droplets to obtain similar sta-
tistical power as other droplet methods, combined with access to dynamics and
morphological information on the progeny of individual cells.

r—[ Key takeaway } \

Context: Microbiology’s classical techniques, while effective, are time-consuming
and operate at the population level.

Microfluidics, on the other hand, is revolutionizing biology by introducing in-
novative tools.

Droplet microfluidics, specifically, prove to be valuable instruments for conduct-
ing antibiotic susceptibility testing.

Problematic: How can we perform antibiotic susceptibility testing while si-
multaneously assessing the variability between individual cells? Can we have
access to more information than just the MIC ?
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Chapter 2

Developing an automated platform
for high-throughput and high
quality imaging of single cells

In this chapter, I will provide a global overview of the technical tools devised during
my thesis to observe and analyze bacteria at various levels, ranging from single-
cell analysis to population-level studies within anchored droplets. I will focus on
the experimental protocol, which was developed and optimized over the initial two
years of my thesis. The summarized representation of this pipeline can be found in
Figure 2.1.

N

a. Microfluidics

¢. Microscopy d. Image analysis

b. Microbiology

Figure 2.1: Experimental pipeline. Summary of the experimental pipeline,
combining (a) microfluidics and (b) microbiology with (c¢) microscopy and (d)
image analysis.

I will begin with the microfluidics aspect by describing the chip’s design and the
fabrication process involved in creating the mold through photoresist lithography.

Following that, I will address the aspects related to microbiology, covering topics
such as bacterial strains, media selection, and antibiotics. I will also explain the
procedures involved in combining microbiology and microfluidics, particularly the
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encapsulation of bacteria in droplets.

The third section will shed light on the chosen microscopy techniques employed
to observe bacteria.

Next, I will describe the image analysis pipeline that was developed alongside
the experimental protocol. This pipeline includes the registration of images and cell
counting.

Lastly, I will delve into the assessment of biological compatibility concerning
the microfluidic device. Additionally, I will discuss specific limitations encountered
during the pipeline’s development in greater detail.
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2.1 Microfabrication

2.1.1 Design

Various techniques exist for fabricating microfluidic chips, utilizing different mate-
rials [90].

In our particular case, while developing the experimental protocol and the image
analysis pipeline simultaneously, we designed the chip in a way that it complements
the image analysis algorithm, and conversely. The chip’s design and functionality
were optimized to support the requirements of the image analysis process, creating
a synergistic relationship between the two components.

Initially, we began by designing the microfluidic chip, building upon a previous
design utilized in our laboratory [22]. The structure of the chip consisted of two
layers, as illustrated in Figure 2.3. The bottom layer comprised channels featuring
two inputs and one output. On the other hand, the upper layer consisted of inverted
microwells, each measuring 120x120 micrometers and spaced 240 micrometers apart.
These microwells were arranged in a grid formation, with 13 rows containing 39 wells
for odd rows and 38 wells for even rows. The height of the channels was set to 30
micrometers, while the microwells were designed to be 130 micrometers in height.

For our modified version of the chip, we introduced several alterations. As shown
in Figure 2.2, this included incorporating a total of 500 microwells, with the microw-
ell positioned at the center of the chip rotated by 45°C. Additionally, we removed
the top left microwell. These modifications were implemented to facilitate the auto-
mated alignment of the chip using the algorithm for image analysis purpose (Figure
2.10).

Side View

XZ

130 pm }00 um

Top View

Xy 120 um
Inlet 1
Outlet

u‘é-o

Inlet 2

Figure 2.2: Microfluidic chip design. Side and top view of the chip. Each square
represent an anchor, of depth 130 pm, of size 100 pm by 120 pm and at distance 360
pm. The top view includes the chip with 500 wells, 2 input channels on the right
and 1 output channel on the left.

Subsequently, the two layers of the chip design were printed onto a transparency

34



sheet, as depicted in Figure 2.3. This transparency sheet, known as the mask, was
created specifically for the purpose of photoresist lithography in the fabrication pro-
cess.

Figure 2.3: Mask Print of the mask used for the lithography. On the left, the first
layer corresponding to the main channel, inlets and outlet of the chip (30 pm high).
The top left correspond to a close up of the first layer. On the right, the second
layer corresponding to the wells (100 pm high). The top right corresponds to a close
up of the scond layer.

2.1.2 PDMS soft lithography

We employed a custom mold created through a two-layer SU-8 photoresist lithog-
raphy process, in order to fabricate microfluidic chips for our experiments,. Lithog-
raphy is a highly precise procedure that necessitates careful execution in a series of
controlled steps.

The various stages of the mold fabrication process are outlined in Figure 2.4.
First, the glass wafer, serving as our substrate surface, was thoroughly cleaned
using isopropanol and subjected to heating at 180°C for 15 minutes to eliminate any
moisture.

Next, the SU-8 resin was spin-coated onto the wafer. The choice of resin viscosity
was predetermined based on the desired height (see Table 2.1 for the information). In
our case, the first layer, which corresponds to the height of the microfluidic channels
(Figure 2.2), was 30 micrometers thick and we used the resin SU-8 2025. The
second layer, corresponding to the depth of the microwells (Figure 2.2), measured 100
micrometers and we used the resin SU-8 2100. The rotation speed and acceleration
during the spin-coating step were also considered to achieve the desired resin layer
thickness (Table 2.1).
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Figure 2.4: SU-8 mold fabrication process. The required steps for lithography:
spin coating, soft baking, post exposure baking, development and hard baking
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Prior to exposing the SU-8 resin to light, a soft bake was performed to evaporate
the solvent. Subsequently, the exposure step was carried out to induce cross-linkage.
The photoresist can be either positive or negative, and in our case, the SU-8 resin
acted as a negative photoresist: the areas exposed to UV light through the mask
became cross-linked and hardened. After the post-exposure baking, the unexposed
areas were dissolved by Propylene glycol methyl ether acetate during the develop-
ment process. The post-exposure baking step is essential as it continues the resin
hardening process and enhances its adhesion to the wafer.

Following this, the process was repeated for the second layer of resin to shape
the microwells. Finally, a hard baking step was performed to complete the resin
hardening process.

First layer Second layer
Height 30 pm 100 pm
Type of resin SU-8 2025 SU-8 2100
Spin coating speed 3000 rpm 3000 rpm
Soft Bake 1min30 at 65°C + | dbmin at 65°C +
5min30 at 95°C 20min at 95°C
Exposure time 15 seconds 24 seconds
Post exposure baking 1lmin 65°C + S5min at 65°C +
5min30 at 95C° 10min at 95°C
Development time 4min30 10min

Table 2.1: Lithography information Specific speed, times and resins for the
fabrication of the mold of our micrfluidic chip

The detailed procedure is available in the appendix 6.1.1.

2.1.3 Microfluidic Chip Production

Polydimethylsiloxane (PDMS) was employed for the microfabrication process. PDMS
is an elastomer that offers several advantages for use in microfluidic devices. It can
be molded with high resolution, reaching scales as small as a few nanometers, and
it possesses optical transparency [91].

From a biological perspective, PDMS is particularly interesting due to its bio-
compatibility [92]. First, it exhibits sufficient porosity to facilitate gas exchange
necessary for cell culture within the chip [17]. Second, it demonstrates deformabil-
ity. This property enables the establishment of leakproof fluidic connections between
microchannels [90].

A mixture of PDMS and its curing agent, PDMS SYLGARD 184 from Dow
Corning, is prepared by combining them in a 1:10 ratio of curing agent. This mix-
ture is then poured into the mold created through lithography. To remove any air
bubbles, the mold is placed in a vacuum chamber for 30 minutes. Subsequently,
the PDMS is cured at a temperature of 70°C for 3 hours. Once the PDMS is fully
cured, the chip is carefully separated from the mold. To create a sealed microfluidic
device, the chip is plasma bonded to a coverslip using the CUTE Plasma system
from Femto Science (refer to Figure 2.5). The detailed procedure is available in the
appendix 6.1.2.
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Figure 2.5: Microfluidic chip Size comparaison of the microfluidic chip.

While PDMS offers excellent biocompatibility, there are certain limitations that
can restrict its use in certain biological applications. One drawback is its permeabil-
ity, which allows for gas exchange but can also result in water evaporation through
diffusion across the PDMS material [93]. This evaporation can lead to complete
drying of the chip or alterations in the osmolarity of the medium. However, this
issue can be mitigated by carefully managing and maintaining humidity levels in the
surrounding environment. One approach, for instance, involves immersing the chip
in water during the incubation period or utilizing a humidity chamber.

2.1.4 Hydrophobic treatment, surfactant and oil

PDMS has the tendency to absorb small molecules present in the solution through
diffusion due to its porous nature [90]. To mitigate this issue, it is important to
avoid direct contact between the aqueous phase of the droplets and PDMS. In our
approach, we utilize fluorinated oil (FC40) and a biocompatible fluorinated surfac-
tant (008-FluoroSurfactant provided by RAN Biotechnologies) to form the droplets.

Fluorinated oils possess hydrophobic and lipophobic properties, minimizing or
eliminating the solubility of biochemical compounds and their diffusion between
neighboring droplets. This significantly reduces the risk of cross-contamination
among droplets [94]. Moreover, due to the biologically inert surface within the
water droplets, these oils are biocompatible [95]. They also allow for gas exchange,
which is essential for long-term aerobic growth and proliferation within the droplets
[17]. They are also compatible with most materials, including PDMS, unlike mineral
or silicone oils that cause swelling and leaking of microchannels [95].

In addition to the oil, a biocompatible surfactant (008-FluoroSurfactant) is em-
ployed to stabilize the droplets.

To prevent wetting and achieve highly fluorophilic microfluidic chips, all the
chips undergo treatment with a hydrophobic solution (NOVEC 1720 surface modi-
fier /electronic grade coating, 3M).

However, it is important to consider the environmental impact of fluorinated
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compounds. Due to their contribution to greenhouse gas emissions, particularly
fluorinated greenhouse gases (F-gases), the EU green deal has set ambitious goals to
reduce such emissions significantly [96]. Consequently, the production of fluorinated
compounds has ceased, necessitating the exploration of alternative biocompatible
options.

2.2 Microbiology

2.2.1 Cell culture, media and antibiotic

Strain

The strain used in this study is E. coli W3110 with a fluorescent reporter in the
ptac site (ptac:RFP) inducible by IPTG. The Red Fluorescent Protein (RFP) is
used as a reporter for cellular growth and division.

Media

In our study, we employed two distinct types of media: MOPS and LB. MOPS Min-
imal Media is specifically formulated for the cultivation of enterobacteria, such as F.
coli, under minimal conditions. It supplies only the essential nutrients and energy
sources necessary for bacterial growth, including potassium phosphate (KyH POy,),
glucose, and magnesium sulfate (M ¢SO,). This medium proves valuable for inves-
tigating bacterial growth, protein synthesis, and other metabolic processes under
simplified conditions, as it lacks many of the intricate components present in richer
media like LB medium [97].

LB medium, known as Lysogeny broth or Luria-Bertani medium, is a nutrient-
rich medium widely utilized for bacterial cultivation, particularly E. coli. The pri-
mary constituents of LB medium typically encompass sodium ions for transport and
osmotic balance, tryptone for providing crucial amino acids, and yeast extract for
supplying various organic compounds that support bacterial growth [98].

Antibiotic Solution

Ciprofloxacin (Sigma-Aldrich) was solubilized in MilliQQ 0.1 N HCI (Sigma-Aldrich)
at 25 mg/mL. The stock was then diluted with MilliQ water to 1 png/ml.
Tetracyclin (Sigma-Alrich) was solubilized in MilliQQ water at 50mg/mL. The stock
was then diluted to 1mg/mL.

Chloramphenicol (Sigma-Aldrich) was solubilized in ethanol at 10mg/mL. The stock
was then diluted with MilliQ water to 5mg/mL.

Gentamicin (Sigma-Aldrich) was solubilized in MilliQQ water at 50mg/mL. The stock
was then diluted with MilliQ water to 5mg/mL.

Cell culture

In each experiment we want to work with a population of cells that is monoclonal,
i.e. of a single clone. To do so, starting from the -80°C stock, the cells were streaked
onto an LB agar plate and left to incubate overnight at 37°C. The following day, a
single isolated colony was selected and inoculated into the culture medium. IPTG
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was added at a concentration of 0.05 mM to induce the expression of the RFP. The
bacterial suspension was then incubated overnight at 37°C with shaking. Then the
bacterial suspension was diluted into fresh media with IPTG and incubated at 37°C
with shaking until exponential phase was reached.

For the experiments, supplemented minimal media (MOPS) with a final glucose
concentration of 0.4% and Lysogeny Broth (LB) were used.

Cell dilution

To be able to observe bacteria at the individual cell level, it is necessary to isolate
only one or a small number of cells within each droplet. Prior to the loading process,
we can adjust the concentration of cells in the bacterial solution based on the mea-
surement of optical density. In order to determine the appropriate optical density,
which corresponds to the correct dilution and consequently the desired number of
cells per droplet, a calibration process is conducted.

Figure 2.6: Microfluidic chip in fluorescence channel Fluorescent image of
a chip after an overnight incubation used for cell calibration (scale bar 300 pm)
showing empty and non empty droplets.

To achieve a targeted range of one to five cells per droplet, the optical density
of the solution was calibrated by measuring it at 600nm. The calibration process
involved the following steps: The known calibration was obtained through digital
counting. The chip was loaded with a diluted bacterial suspension without an-
tibiotics, incubated overnight at 37°C, and subsequently imaged (Figure 2.6). The
empty wells were counted, and based on the assumption that a well can only be
empty if no cells were loaded, the initial loading parameter A\ was calculated. A
represents the Poisson parameter, which corresponds to the average number of cells
per droplet. It can be estimated by computing the fraction % of empty to total
droplets and using the relation :

Ne) )
A=In|{——]. 2.1
(Ntotal ( )
where N_) is the number of negative droplets and Ny is the total number
of droplets. A is monitored by the concentration of the bacterial suspension and
directly linked to the optical density. The Poisson distribution implies that A\ also

corresponds to the mean number of cells per droplet. Hence, a higher value of A
means that initially the droplets contain more cells on average.

Using this calibration, an adjusted optical density of 1.107® corresponds to a
A = 2.28 + 1.28 cells/droplet.
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2.3 Loading

The chip was specifically designed to generate anchored droplets using the "break-
ing method.” The loading procedure was optimized to ensure it was both quick and
straightforward.

As illustrated in Figure 2.7, the chip is initially filled through the first input
with a continuous oil phase consisting of 3M Fluorinert FC40 mixed with a non-
ionic surfactant (RAN fluoSurf) at a final concentration of 1%. During this process,
air bubbles are carefully purged using syringe pumps (NEMESYS). Subsequently,
the bacterial suspension is introduced through the second input, replacing the con-
tinuous oil phase. Finally, the continuous oil phase is reintroduced at a very low flow
rate (5 pl/min) to break the droplets apart and secure them within the wells. The
entire chip loading process typically takes a few minutes. It is crucial to ensure that
no air bubbles are present in the chip, as even a small trapped bubble can expand
and disrupt the integrity of the droplets. The complete procedure is available in the
appendix 6.1.2.

The loading procedure is resilient to variations in flow rate, making it robust.
Therefore, in laboratories with stricter biosafety requirements or limited equipment
setup, the loading process can be performed without the use of syringe pumps.

2.4 Microscopy

2.4.1 Optics

During the image acquisition process, we capture images from the bottom of the chip,
where the droplet is in contact with the glass coverslip (refer to Figure 2.8). We use
a spinning disk confocal microscopy coupled with a positioning system that employs
piezoelectric actuators (NIDAQ piezo Z) to control Z-axis movement to image the
droplet. This enables us to achieve both speed and precision in acquisition. Indeed,
imaging the entire droplet volume comes with specific requirements. First, three-
dimensional imaging is necessary, which requires precise acquisition with the focal
plane traversing through the entire volume (Figure 2.8). Second, since the bacteria
within the droplet are in a live state and exhibit movement, bacteria swim at 50
nm/sec, rapid imaging in the Z-axis is essential.

Compared to widefield or confocal microscopy, spinning disk confocal microscopy;,
as illustrated in Figure 2.8, allows for simultaneous illumination of the sample while
eliminating out-of-focus signal interference [61]. By combining this technique with
the piezo Z device, we can swiftly move the focal plane through the Z-axis within a
few seconds, effectively scanning the entire droplet.

All microscopy images were captured using a spinning disk confocal microscope
(Nikon Ti2 + Yokogawa). A 20x 0.7 NA air objective lens from Nikon Inc. was
employed, and a 2x2 pixel binning was applied directly through the camera proper-
ties (Hamamatsu Orca 4). To obtain images of the entire chip, images were stitched
together with a 5% overlap.
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Figure 2.7: Chip loading. (a) Side view of the chip (not to scale), showing the
channel height ¢c=30 pm and anchor depth d = 100 pm. The loading protocol begins
by filling the chamber with oil, then (b) replacing the oil with bacterial suspension,
and (c) breaking the bacterial suspension into individual droplets anchored to the

wells in PDMS.
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Figure 2.8: Different microscopy techniques (a) Widefield microscopy. (b)
Confocal microscopy. (c) Spinning disk confocal microscopy. In blue, the laser
excitation. In green, the bacteria.

2.4.2 Image acquisition

The imaging process involves acquiring a two-dimensional bright-field image of the
complete chip. Subsequently, a three-dimensional fluorescence channel image is ob-
tained. Z-plane images are captured with a step size of 5 pm with a total penetration
of 120 pm, resulting of 25 images for each XY position. The piezo Z device facilitated
precise control of microscope focus in all three dimensions. With the assistance of
a fast Z drive, the entire droplet could be scanned, ensuring that no moving cells
were missed. All the microscopy settings can be found in the appendix 6.1.5.

The device’s total area measures approximately 1.4 by 0.4 mm, resulting in a dataset
length of 4 million pixels with a pixel size of 350 nm. However, some chips may ex-
hibit tilting due to manual bonding, which increases the required scanning area,
resulting in larger images.

Initially, the acquisition protocol involved imaging one chip at a time, which took
approximately an hour for capturing bright-field and fluorescence channel images.
To enhance throughput, a 3D-printed chip holder capable of accommodating up
to 6 chips (Figure 2.9) was introduced. Bright-field and fluorescence imaging are
performed independently. Bright-field imaging is done first only in the XY plane.
Then fluorescence imaging is done with priority given to acquiring the Z-stack using
the NIDAQ Piezo Z device, followed by XY positioning. With this approach, imaging
six chips now takes around 10 minutes for bright-field acquisition and about an hour
for fluorescence acquisition. By employing two holders and factoring in loading time,
we can now image up to 12 chips within approximately 3 hours. This significant
reduction in loading and acquisition time has decreased the overall process from 10
hours to 3 hours.
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Figure 2.9: Chip holder 3D printed chip holder that can hold up to 6 chips

2.5 Image analysis

2.5.1 Image registration

After image acquisition, two separate files are generated for each condition: one for
the bright-field channel (2D) and one for the fluorescence channel (3D). The 3D file
of the fluorescence channel is converted into a 2D fluorescent image by applying max
projection along the Z-direction (Figure 2.10 b.).

- . .
o - -

a. Segmentation mask b. Max projection c. Alignement with labels

Figure 2.10: Image registration. Immediately after the loading (T=0) and after
an overnight incubation (T=24h) each chip is imaged in bright-field and using a stack
of confocal images. (a) The bright-field image is used to identify the alignment for
the microscope stage and to create a unique mask (in blue) around the positions of
individual anchors.(b) The fluorescent image is converted in a 2D image using max
projection and (c) align with the template image and segmentation mask

Simultaneously, a "template image” is created from the 2D bright-field image
using a homemade python script (Appendix 6.2.1). It consists in taking the 2D
bright-field image and labelling each well with a number corresponding to the XY
coordinates of the well’s center.

Additionally, a "segmentation mask image” is generated. Using the 2D bright-
field image, each region corresponding to the labeled wells is partitioned and regis-
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tered as a segmentation mask (Figure 2.10 a). The mask area is defined by a 300
pm square centered at the middle of the well.

The template and segmentation mask are then aligned with the 2D fluorescent
image (Figure 2.10 c.), merged together, and saved as a tif stack. The alignment
process is performed by the algorithm utilizing the chip’s geometry and orientation.

For visualization purposes, Napari, a Python-based multi-dimensional image
viewer, is employed (Figure 2.11). Napari offers features for browsing, analyzing,
and annotating large multi-dimensional images.

opacity:

contrast limits:
auto-contrast: continuous
gamma: 1,00
colormap: green
blending:  additive

interpolation: ~ nearest

Figure 2.11: Napari viewer Visualisation of the chip in Napari. Bright-field and
fluorescence channel are aligned. In each channel the contrast and color can be
modified.

The aforementioned registration steps are specifically designed for time point
experiments, where image acquisition is conducted after loading and overnight in-
cubation. However, they can be adapted for different scenarios. For instance, time-
lapse microscopy can be employed to capture time-resolved measurements on the
chips. Similarly, confocal imaging can be utilized at later time points to obtain more
precise cell counts, fluorescent intensity measurements, or to examine cell morphol-
ogy in specific cases. While these situations may require minor modifications to the
pipeline, the core elements of the analysis can still be used in a modular manner.

2.5.2 Counting the cells in the droplets

Following image registration, each droplet is associated with the corresponding la-
beled area defined by the segmentation mask. We use a gaussian filter followed by
peak detection to detect individual the fluorescent bacteria. The Gaussian filter is
applied to mitigate false detections caused by noise. Peak detection is done using
the Scipy function peak_local max. The number of peaks per label is then recorded
in a table for further analysis.
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The ability to acquire and analyze large volumes of imaging data is neces-
sary for obtaining antibiotic response curves that are resolved at the single-cell
level. While the microfluidic format facilitates measuring droplet contents at dif-
ferent time points, the necessity of detecting single cells at early stages necessitates
high-resolution imaging. Consequently, managing a large number of experiments
poses challenges in terms of data handling. To address these constraints, we de-
veloped an automated imaging and analysis pipeline that played a important role
in achieving the results presented here. These pipelines encompass both confo-
cal and epi-fluorescence imaging techniques, along with algorithms for identifying
droplet contents and establishing the relationship between initial and final states of
individual droplets. The image and data analysis pipelines are openly available as
open-source packages in the GitHub repository: https://github.com/BaroudLab/
anchor-droplet-chip.

The objective of the pipeline is to generate a table that contains information
about each droplet, including a unique label, the antibiotic concentration, the ini-
tial cell count, and the final state of the droplet. The process of generating this
table begins immediately after loading the chip to capture the initial state of each
droplet. Although the droplets are organized in a regular matrix corresponding to
the positions of the anchors, each chip may experience arbitrary rotation and linear
shift during the cutting and bonding of the PDMS chips. To align the fluorescence
image with a template that indicates the labeled positions of the droplets, an initial
correction for shift and tilt is applied, leveraging the known anchor arrangement
(refer to Figure 2.10 c).

a. Napari visualisation

1 2

b. Final table
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Figure 2.12: Final output The output of the pipepline provides (a) a Napari file
with the number of cells in each droplet and (b) a table with information on each
droplet before and after incubation.

The output obtained (Figure 2.12) provides a Napari file with the number of

cells in each droplet and a table with the label of each well, the XY coordinates of
the center of each well, the antibiotic concentration, the average number of cell per
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droplet A , the cell count within each droplet at the beginning of the experiment,
the cell count at the end of the experiment, the intensity in each droplet at the end
of the experiment, the final state of each droplet.

The algorithm employed in the pipeline, called ’Anchor’(6.2.1), has proven to
be robust enough to perform unsupervised automated analysis of the data from the
chips. Various quantities can be derived from the final image as indicators of the
cells” ability to grow within the droplet. This includes the fluorescence intensity
of the droplet in the final image, the mean fluorescence intensity, or the number of
cells per droplet. The main requirement is that these measurements enable a reliable
distinction between positive and negative droplets.

2.6 Validity of the microfluidic device

2.6.1 Biology compatibility

Prior to utilizing the microfluidic device for various biological applications, we con-
ducted a benchmarking process to assess the bacterial fitness within the device
compared to a standard multiwell plate experiment. This benchmarking procedure
involved monitoring the fluorescent intensity within the droplets using time-lapse
epifluorescence microscopy. Simultaneously, we performed a standard growth curve
measurement on a fluorescence plate reader using the same batch culture. By com-
paring the results obtained from both approaches, we were able to evaluate the
performance and reliability of the microfluidic device for our intended applications.

We loaded cells at various dilutions ranging from 500 to 500,000 cells per well of
volume 200 pl to characterize the growth of cells in 96-well plate,. Subsequently, the
plate was placed in a Thermo Scientific Varioskan LUX plate reader and incubated
at 37°C with shaking for a period of 24 hours. Measurements of optical density at
600 nm and RFP fluorescence signal (excitation at 488 nm and emission at 520 nm)
were taken at 10-minute intervals throughout the incubation period.

Concurrently, cells were loaded into the microfluidic chip with an average A
value of one, indicating an average of one cell per droplet of volume 2 nl. The
chip was then positioned under a microscope, and the RFP signal was measured
every 30 minutes. This allowed for the monitoring of fluorescence changes within
the individual droplets over time.

Figure 5.3 a illustrates the growth curves for the two scenarios. In the case of the
microfluidic device, the curves exhibit significant variability among individual cells,
which can be attributed to variations in the initial number of cells and inherent cell-
to-cell variability [99]. Conversely, the growth curves obtained from the multiwell
plate experiments display a reproducible and regular growth pattern, as they are
less influenced by these stochastic factors. Despite these differences, fitting the
individual growth curves using a Gompertz function (f(t) = ae ", commonly
employed for growth kinetics analysis [100]), reveals that the extracted growth rates
(set by c) are statistically indistinguishable between the microfluidics and multiwell
plates, as depicted in Figure 5.3b. This consistency in doubling times provides an
initial benchmark indicating that the results obtained from the microfluidic device
can be compared to standard microbiology techniques.

It is important to note that while the growth rate remains the same, the carry-
ing capacity may differ. Indeed, the microfluidic device and a 96-well plate differ
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Figure 2.13: Comparing growth conditions (a) Growth curves in the individual
droplets on the chip and in a 96-well plate. (b) Measured growth rates for the
microfluidic chip and the 96-well plate (2 replicates each), obtained by fitting a
Gompertz function to the growth curves.

significantly in terms of volume. While a droplet in the microfluidic device contains
only 2 nl, each well in the 96-well plate can hold up to 200 pl. This disparity in
volume can lead to variations in the availability of nutrients and space.

2.6.2 Microscopy and algorithm limitations

Comparing the process data from the image analysis directly to the images, we
noticed that some wells with no bacteria detected at T=0 were positive after 24
hours incubation. That led us to think of two explanations. First, the algorithm
might make a mistake in the counting of the cells. Second, this error come from the
image acquisition.

Looking a bit closer at the images, we noticed that some cells were located on the
edge of the wells and that the mask around the anchor was too small. We corrected
that by adding a few pixels to each mask so no cells were missed in the counting.
Despite this, droplets that are thought to be negative sometimes still produce a
signal, i.e. we do not observe every cell present and there is a detection error.

To overcome this detection error we introduce new quantities :

e p, as the probability of having n initial cells.
e P, as the probability of observing n initial cells.

* Pnm as the probability of observing n cells when there are m cells.

If we assume that every cell is independently detected with probability p we have
a Binomial distribution for the number of observed cells, under the condition that
a given number of cells are present. This means :

_ (m)pn(l_p>m—n 7n§m
nlm — " 2.2
pim =1 | e 2:2)

Hence, in this model, we can not observe more cells than those that are present.

For the number of observed cells we obtain if p,, is indeed Poissonian i.e. p, = e*’\%:
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Thus, the number of initially observed cells is Poissonian distributed with pa-
rameter A\p. If we estimate A from the number of observed cells, we actually estimate
Ap and as a consequence, it is not as direct to assume cells behave independently in
the droplets.

2.6.3 Initial cell distribution

We assumed that the initial number of cells in the droplets was following a Poisson
distribution [22]. Hence, we assume the probability of having n initial cells per
droplet, p,, :

Pn =€ "— (2.4)

The mean value and the variance of this distribution is A.

0.200

0.175

0.150
—— poisson pmf
0.125 —— neg. binomial pmf

0.100

probability

0.075

0.050

0.025

0.000"

initial detected cells

Figure 2.14: Initial cells distribution Example of a distribution for initial cells
per droplet with a Poisson distribution fit in red and a Negative-Binomial distribu-
tion fit in green.

At first sight, the Poisson distribution seemed to be a good fit, but we noticed
that it most of the time was deviating from the observed distribution of the cells
(Figure 2.14).

But if we consider that A is not fixed but is itself a random variable, the initial
number of cells per droplet follows a Negative-Binomial distribution 2.14. This
implies that A is distributed as a Gamma distribution with mean A and variance v,
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With r = % The mean value is now A and the variance is A + v. The variance

can also be written as A(1+ 2) from which we see that in the limit of large r = 4,
A2

the distribution becomes Poissonian. This variability in A needs to be further inves-

tigated but it could be due to the volume variability of the droplets, the fluctuation

in the concentration of cells (clumping happening before the loading), or to the

detection of the cells.

2.7 Conclusion: the anchored droplet microflu-
idic pipeline

This chapter presents a comprehensive experimental and analytical pipeline de-
signed to explore dynamic and statistical characteristics of individual cell progeny
within stationary microfluidic droplets. The experimental components encompass
an enhancement of previous microfluidic designs and protocols. Additionally, con-
focal microscopy is employed to capture high-resolution, single-cell images of E. coli
within the droplets. The analysis involves identifying each droplet within the ac-
quired images and extracting cell count and fluorescence intensity measurements at
the beginning of the experiment and at subsequent time points. The use of an-
chored droplets facilitates the correlation of different time points for each individual
droplet. To ensure the reliability of the setup, it was benchmarked against standard
microbiology protocols, demonstrating that it does not introduce any artifacts that
could affect colony growth.

In the upcoming chapters, I will demonstrate how this setup can be utilized
to assess the susceptibility of individual cells within a monoclonal population to
antibiotics at the single-cell level.

r—[ Key takeaway ] \

Context: Numerous microfluidics tools have been developed to explore the
individual cellular response to antibiotics or to facilitate rapid antibiogram
testing. However, there is currently no device available that enables high-
throughput screening of antibiotics at an actual single-cell resolution.
Results: I have developed a microfluidic device that allows bacterial colonies
to grow. This device can accommodate up to six different conditions simulta-
neously, with each condition having 500 replicates. The experimental process
includes automated image analysis and can be customized for time-based ex-
periments or time-lapse studies.

20



51



Chapter 3

Measuring Antibiotics
Susceptibility

In this chapter, we will explore a specific application of our microfluidic device:
antibiotic susceptibility testing. The initial section will provide an introduction to
the significance of studying antibiotic susceptibility and, more importantly, why it
is crucial to examine it at the single-cell level.

The subsequent section will begin by presenting the concept of a digital antibi-
ogram and how we can utilize it to define the minimum inhibitory concentration
(nf-MIC). We will then compare this novel measurement with existing conventional
methods employed in antibiotic susceptibility testing.

The following section will focus on investigating single-cell susceptibility, which is
made possible through the utilization of our anchored droplet system. This approach
allows us to obtain measurements at the individual cell level, providing valuable
insights into the heterogeneous nature of antibiotic response.

Lastly, we will delve into the qualitative aspects of our findings. Through the
implementation of time-lapse microscopy, we will demonstrate how our approach not
only provides quantitative results but also allows for the acquisition of qualitative
information regarding antibiotic susceptibility.
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3.1 Introduction

Antibiotic resistance is a pressing global health crisis that has garnered recognition
from organizations such as the World Health Organization (WHO) and the Review
on Antimicrobial Resistance (AMR) [1]. This phenomenon pertains to the capacity
of bacteria, viruses, fungi, and parasites to withstand the effects of antibiotics,
rendering the treatment of infections caused by these microorganisms difficult or
even impossible [101].

Antibiotic resistance poses a significant peril to public health on a global scale,
affecting both developed and developing nations. Its ramifications extend beyond
health concerns and quickly escalate into economic predicaments. It is projected
that within the next 35 years, approximately 300 million individuals will experience
premature deaths as a result of drug resistance. Failing to address the issue of
antimicrobial drug resistance may result in a loss of economic output worth an
estimated 60 to 100 trillion USD by 2050 [1]. Moreover, countries already burdened
with higher rates of malaria, HIV, or tuberculosis will face even graver consequences
[101].

Antibiotic resistance has become a significant challenge in the field of healthcare.
To avert a regression to the "dark age of medicine,” it is crucial to gain a deeper
understanding of antibiotic susceptibility [1]. The rise in antibiotic resistance can
be attributed to a decline in the discovery of new drugs combined with an increase
in the usage of antibiotics.

Antibiotic resistance occurs naturally; however, its progression is accelerated by
the improper use of antibiotics in humans and animals [101]. This resistance can
manifest through mutations that are exacerbated by antibiotic usage [102]. Unrav-
eling the workings of resistance within populations can be intricate due to factors
such as phenotypic heterogeneity [15], bistability [103], dormancy, and the presence
of persister cells [104, 15].

Several metrics have been proposed to assess resistance, each offering unique
insights. One such metric is the minimal inhibitory concentration (MIC), which in-
dicates the lowest concentration of an antibiotic that prevents detectable growth in
a standardized experimental procedure [102]. MIC values vary significantly among
different bacteria and antibiotics. Another widely used measure is the IC50, repre-
senting the drug concentration at which the growth rate decreases by 50% during
the exponential growth phase [102].

For a more comprehensive understanding of the response to an antibiotic, mea-
suring the growth rate at various drug concentrations provides good information.
These growth rate profiles, known as "kill curves,” are specific to the antibiotic,
bacterial strain, and growth conditions, making them non-universal [102, 2]. These
diverse methods effectively contribute to evaluating the level of resistance within
a population. Additionally, experimental protocols utilizing these approaches have
been developed to enable single-cell measurements, such as single-cell MIC determi-
nation and analyses of stochastic dynamics [5, 84].

In order to gain a better understanding of the single-cell level, several techniques
utilizing droplet microfluidics have been developed. These recent methods typically
involve a droplet generator system for encapsulating individual cells and a fluores-
cence detection system for assessing bacterial activity. In studies conducted by Lyu
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et al., Zhang et al., and Hsieh et al., the dye resazurin is introduced into the droplets
(Figure 3.1) [15, 19, 89]. Resazurin serves as a fluorescent blue indicator dye. Once
inside the cells, resazurin undergoes reduction to resorufin, emitting bright red flu-
orescence. The fluorescence intensity is proportional to the number of viable cells
and corresponds to their metabolic activity [105]. However, this fluorescence detec-
tion requires an incubation period, limiting observations to small populations rather
than individual cells [15]. In another study by Scholer et al., a fluorescent protein-
producing bacterial strain is utilized, enabling the detection of bacteria at an early
stage [16].

Droplet In-Line
Generation Incubation

Bacteria ¢ . . Q
o o/|®
@ 0% °® e :
o ®lele
Antibiotic .
+ Viabili
IndI:ato:'y \:’/ Q:/
Qil
(b)
alamarBlue

Stabilizer
Electrode

Il
l] OIBIOIIIGI.

EIectrodrf"

Figure 3.1: Resazurin (a) Encapsulation of single bacteria, antibiotics and a
fluorescent growth indicator dye into picoliter droplets (adapted from [19], copyright
2017 Elsevier). (b) Pico-injection of alamarBlue into droplets (adapted from [15],
copyright 2018 Elsevier B.V.

Although these methods offer high throughput platforms for antibiotic suscepti-
bility testing, there is a some drawbacks associated with droplet generator systems.
Once encapsulated, the droplets are incubated together, preventing the tracking of
individual droplet contents over time.

In our previously described microfluidics system, we employ anchored droplets.
This approach enables us to quantify the number of bacteria within the droplets
following encapsulation. During the incubation process, the droplets are securely
immobilized within the microfluidic chip. This feature enables us to establish a di-
rect correlation between the initial state of each droplet and its final state, thereby
facilitating the tracking and analysis of individual droplets throughout the experi-
ment.
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3.2 Digital Antibiogram

3.2.1 The microfluidic MIC, pf-MIC

By utilizing our technique for assessing antibiotic susceptibility, we are able to deter-
mine the Microfluidic Minimum Inhibitory Concentration, which we denote pf-MIC .
This value corresponds to the minimum inhibitory concentration in our microfluidic
device. For this purpose, we prepared 12 chips containing varying concentrations of
ciprofloxacin, following the procedure outlined in Chapter 2. Each chip contains 500
droplets, with an average of one cell per droplet. Following an overnight incubation,
we captured images of the chips and measured the intensity of each droplet.

Figure 3.2 displays a representative set of images obtained at the experimental
endpoint (after an overnight incubation). In these images, bright spots indicate
droplets where bacteria have grown, while dark spots within the regular matrix
represent droplets that lack a sufficient population of cells. These dark positions
correspond to either droplets initially devoid of cells or droplets where cells failed
to form colonies due to antibiotic stress. For each image, the density distribution
of the final intensity of each droplet is plotted. In the absence of antibiotics, the
first peak in the distribution around zero corresponds to empty droplets (no initial
cells), and the second peak corresponds to droplets where the initial cells developed
into colonies. With increasing antibiotic concentration, fewer droplets grow into
colonies, causing the distribution to shift to a single peak distribution around zero
(no fluorescence).

As expected, the number of positive droplets decreases as the antibiotic concen-
tration rises. This decline is quantified in Figure 3.3 a, which demonstrates that
the fraction of positive droplets approaches zero as the antibiotic concentration in-
creases. This trend holds irrespective of the value of the average number of cell per
droplet A. Determining the concentration of ciprofloxacin at which fewer than five
positive droplets appear provides a measure of the bacteria’s antibiotic susceptibil-
ity, referred to as the microfluidic minimum inhibitory concentration (pf-MIC). Less
than 5 positive droplets correspond to 99% of cells not producing a colony.

3.2.2 Analogy with classic AB susceptibility measurements

The interpretation of the digital measurement obtained and its correlation with
classical microbiology measurements is not immediately apparent. To comprehend
its significance, we compared the measurements obtained in the microfluidic format
with measurements in a standard multiwell plate.

To characterize antibiotic susceptibility at the population level, we determined
the minimum inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC). We employed the broth dilution method in a 96-well plate for this
purpose. Cells were loaded into the wells at various dilutions (ranging from 500 to
500,000 cells per well), along with different concentrations of ciprofloxacin (ranging
from 2 to 36 ng/mL). After 24 hours of incubation, the MIC was determined as
the antibiotic concentration of the first negative well, which refers to the well where
the optical density matches that of an empty well. Subsequently, the contents of
the negative wells were plated on LB agar plates. Following another 24 hours of
incubation, the number of colonies was counted, and the MBC was determined as
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Figure 3.2: Digital antibiogram On the left, Z-projection of the confocal stack of
the chip after 24 hours incubation with MOPS media and different concentrations
of ciprofloxacin (scale bar 500pm). On the right, is the corresponding final intensity
of each droplet. The arrows correspond to no visible counts and the red line to a
Gaussian fit.
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Figure 3.3: Droplet antibiotic susceptibility Number of positive droplets nor-
malized by the total number of droplet per chip as a function of ciprofloxacin con-
centration for 5 replicates.

the concentration at which the number of colonies sharply decreases from over a
hundred cells to less than a dozen cells.

The MBC provides a more precise measurement of the antibiotic concentration
that is lethal to the bacteria. This counting process was performed for different
inoculum sizes, ranging from 500 to 500,000 initial cells per well. It is observed
that below a critical ciprofloxacin concentration, which does not depend on the
initial number of cells, the number of colonies is significantly high. Beyond this
concentration, the number of colonies dramatically drops to below approximately
100 colonies and then levels off at zero.

A comparison of the measurements obtained from the three techniques (pf-MIC,
MIC, and MBC) is presented in Figure 3.4. The classical MIC measurement at 24
hours is shown to be the least influenced by the inoculum size among the three mea-
surements. Conversely, the values of the MBC and nf-MIC fall within a similar range.

The strong agreement observed between the MBC and nf-MIC, obtained by pool-
ing all the cells from the 500 droplets on the chip, suggests that the results obtained
in the microfluidic chip can be considered as a measurement at the population level.
Consequently, the bacteria in the droplet experiments can be viewed as a small pop-
ulation whose survival at a particular antibiotic concentration is dependent on its
initial size. This finding reflects a form of ”"superposition principle”, indicating that
the cells are behaving independently.

3.3 Computing the single cell susceptibility

In addition to population-level measurements, the aim is to gain insights into the
antibiotic susceptibility of individual cells within a population. To accomplish this,
a probabilistic approach is adopted to assess the ability of a single cell to generate a
colony at a specific antibiotic concentration. In the experimental setup, the number
of bacteria in each droplet is counted at the beginning, and the droplet fluorescence
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is measured at the end of the experiment for six antibiotic concentrations. Figure
3.5 depicts the relationship between ciprofloxacin concentration and the number
of detected cells following an overnight incubation. Each color corresponds to an
intial number of cells. Each data point corresponds to the number of cells in each
droplet at a specific concentration. As the concentration of ciprofloxacin increases,
the number of detected cells decreases significantly, approaching zero cell.
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Figure 3.5: Droplet antibiotic susceptibility Final number of cells for each
droplet as a function of ciprofloxacin concentration for each initial cell number in
the droplet ()

A threshold value for droplet fluorescence is selected to distinguish between pos-

itive and negative droplets. This threshold enables the counting of positive and
negative droplets for each condition and initial number of cells. Consequently, the
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probability of a droplet containing a colony at the end-point can be plotted as a func-
tion of the initial number of bacteria ny and the antibiotic concentration. Figure
3.6 illustrates such a heat map displaying this probability distribution.
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Figure 3.6: Droplet antibiotic susceptibility Survival probability from 0 (dark
purple) to 1 (white) as a function of initial cell number and antibiotic concentration.

Counting the number of positive and negative droplets enables us to infer the
susceptibility of a single cell to a concentration of antibiotic C'yg. The susceptibility
is defined as the probability for a single cell not to form a detectable colony at
concentration Cxp up to measurement time. Let us first introduce p(1,Cap) the
probability for one individual cell to produce a colony after 24 hours, at antibiotic
concentration C'yg. This probability can be estimated by identifying the N droplets
containing a single cell at the beginning of the experiment, and then counting how
many of these droplets are positive after 24 hours of incubation. Calling N (1, Cap)
the number of positive droplets that started with a single cell, we then have:

N*(1,CaB)

M ‘

Likewise, calling p(i, Cap) the probability for i cells to produce a colony after 24
hours, at a given antibiotic concentration Cxg, we obtain:

p(1,CaB) = (3.1)

N*(i,Cap)
./\/i )
where N is the number of droplets containing exactly i cells at the beginning of

the experiment, among which N7 (i, Cap) droplets are positive at the end of the
experiment.

p(i,Cap) = (3.2)

Both the drug concentration C'ag and the initial number of cells ¢ play crucial
roles in determining the probability of colony formation. Specifically, the probability
p(i,Cap) of i cells forming a colony increases with an increasing initial number of
cells ¢ and decreases with an increasing drug concentration Cxp, as demonstrated
in Figure 3.6 .
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The probability of not forming a colony starting from a single cell, which we re-
fer to as single-cell susceptibility, is denoted as ¢(Cag). This probability is directly
linked to the probability of a single cell forming a colony: ¢(Cap) = 1—p(1, Cap). If
all bacteria exhibit independent behavior, the probability of i cells dying is ¢(Cap)".
Conversely, the probability of ¢ cells forming a colony is the complementary prob-
ability that none of the i cells fail to form a colony. This enables to relate ¢(Cag)
and p(i, Cap) through:

p(i,Cag) = 1 — q(Cag)". (3.3)

For each concentration of antibiotics, the probability p(i, Cag) was plotted as a
function of 4, and fitted to the functional form of equation (3.3) with ¢(Cap) as a
single fit parameter. As shown in Figure ?? and in Figure 3.7, it is reasonable to
consider that bacteria are independent of each other. The best fit value of ¢(Cap)
is called ¢*(Cap). It is the best estimation of the single-cell susceptibility to drug
concentration Cap, using all experimental data at hand and assuming that all cells
are independent.
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Figure 3.7: Survival probability A unique value for p(i, Cag) = 1 — q(i, Ca)’ is
obtained by assuming independent outcomes for each cell and fitting for q. Here for
different concentrations of ciprofloxacin.

In the absence of drugs, the single-cell susceptibility ¢*(Cap) is nearly zero, indi-
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cating that almost all bacteria are capable of forming colonies. However, as the drug
concentration (Cap) increases, the single-cell susceptibility rises non-linearly until
it reaches a plateau at ¢*(Cxg) = 1, meaning no colonies are formed. This behav-
ior is depicted in Figure 3.8. The relationship between ¢*(Cap) and the antibiotic
concentration exhibits a sigmoidal shape. To aid visualization, the antibiotic profile
is fitted to a Hill function: h(Cap) = Cig/(K + Cig), K and n are two fitting
parameters. By optimizing the fit, we determine that n = 3.9 and K = 4.4 provide
the best match to the data.
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Figure 3.8: Single cell antibiotic susceptibility The single-cell antibiotic sus-
ceptibility ¢ plotted as a function of antibiotic concentration for all experimental
replicates. Blue line corresponds to a Hill function fit: h(Cap) = Cihg/(K + CRp),
where n = 3.9 and K =4.4.

3.4 Identifying morphology changes under antibi-
otic stress

The combination of this microfluidic device and image analysis pipeline presents a
highly effective tool for acquiring quantitative information at the single-cell level,
as demonstrated in Figure 3.8. However, beyond quantitative data, the anchored
droplet format offers a distinctive capability to access qualitative information and
track the progression of bacterial colonies within each droplet over time.

The tracking of droplet contents can be achieved through time-lapse microscopy
on the chips, leveraging the fixed position of the droplets throughout the experi-
ment. This enables the identification of progeny originating from individual cells.
Examples of droplet contents can be observed in Figure 3.9 and the accompanying
movies, illustrating both the absence of antibiotics (Figure 3.9a) and a sub-MIC
concentration of ciprofloxacin (Figure 3.9b).

In the absence of antibiotics, the majority of droplets exhibit bacteria in their
planktonic state, swimming within the droplets, and displaying the characteristic
size and shape of E. coli in culture. As the populations begin to grow, cells within
certain droplets begin to adhere to one another, forming clumps. These clumps may
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Figure 3.9: Bacterial growth Example of bacterial growth in three independant
droplets inb MOPS (a) without antibiotic, and (b) at sub-MIC concentrations of

ciprofloxacin. Scale bar: 50 ym. Even at sub-MIC concentrations, the presence of
ciprofloxacin leads to a filamentous bacterial morphology.

be attributed to the presence of adhesion proteins, such as fimbrial adhesins, which
potentially contribute to the formation of E. coli biofilms [106].

The presence of antibiotics often leads to morphological changes in bacteria,
typically starting with cell elongation into long filaments. In experiments with sub-
MIC antibiotic concentration (7 ng/mL), filamentation occurs in approximately 83%
of cases. Filamentation is a result of the SOS response triggered by ciprofloxacin,
where cell division halts, but cellular metabolism continues, leading to an increase in
cell volume. After several hours, the elongated cells may either give rise to offspring
in 50% of cases or arrest their growth and remain in the filamentous form in 33% of
cases. These observations align with findings from agar plate experiments [3].

In certain instances, no elongation is observed. These droplets may correspond to
cells in a dormant state (expected in approximately 10% of cases) [104] or cells that
have experienced significant damage and perished due to the effects of antibiotics
(7% of cases), indicated by the absence of fluorescence. Consequently, the vast
majority of droplets containing colonies consist of filamentous cells. Nonetheless,
the ability to image the contents of the droplets provides precise insights into the
cellular state within them, offering valuable information regarding the cells’ ability
to withstand antibiotic stress.

3.5 Conclusion: AST and single cell susceptibility

With the increasing emergence of antibiotic resistance, understanding the variability
of antibiotic response at the single-cell level has become crucial. Previous studies
have employed dilution methods on petri dishes [4] or in liquid media [5], as well
as precision microscopy on agar [3], to determine the MIC and explore antibiotic
susceptibility. Microfluidic methods have also been employed to offer better con-
trol and statistics over a large number of individual cells [6, 7]. In recent years,
droplet-based approaches have emerged, revealing heteroresistance within bacterial
populations [15], digital antibiotic susceptibility [16, 89], and even pathogen iden-
tification [19]. These droplet-based methods have allowed for the investigation of
individual cell progeny under antibiotic stress. However, previous methods relying
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on snapshots of moving droplets were unable to establish the connection between
initial and final states of each droplet or identify the biological mechanisms enabling
cells to overcome antibiotic stress at sub-MIC concentrations.

In this chapter, various methodologies are presented to explore different facets of
bacterial response to antibiotics using the current platform. One approach involves
quantifying the number of "positive” and "negative” droplets within a microflu-
idic chip, which can generate a digital antibiogram. By maintaining an average of
approximately one cell per droplet, using 500 droplets produces statistical power
comparable to that of 10000 droplets in the flowing droplet format [16, 89].

The microfluidic MIC pf-MICtechnique is compared to standard microbiology
protocols and demonstrates correspondence with the minimum bactericidal concen-
tration (MBC), indicating that the current measurements are more sensitive than
conventional minimum inhibitory concentration (MIC) measurements. Addition-
ally, the detection of individual cells and the ability to perform a large number of
single-cell assays in parallel allow for the development of a probabilistic approach to
describe the outcome within each droplet forming a colony after 24 hours. The prob-
ability of an individual cell producing a colony at a specific antibiotic concentration
describes the heterogeneity of responses within the population. By establishing a
connection between the initial and final states of each droplet, it becomes possible
to measure single-cell susceptibility, which represents the probabilistic sensitivity of
cells to the antibiotic. This measurement is obtained by estimating the probabil-
ity of an individual cell not forming a colony at a given antibiotic concentration.
The value of single-cell susceptibility exhibits a sigmoidal shape in relation to the
concentration of ciprofloxacin. Furthermore, the high-resolution confocal imaging
enables the characterization of cell phenotypes within a growing colony under dif-
ferent conditions.

This platform can now be utilized to investigate the single-cell response to an-
tibiotics while screening different bacteria and antibiotics with diverse mechanisms
of action. Tt is expected that this screening will yield both quantitative (shap-
ing the single-cell susceptibility curve) and qualitative (observing cell morphology)
differences among the conditions tested. The controlled encapsulation of tens or
hundreds of cells within droplets enables the exploration of collective behaviors and
non-monotonic time-evolution in response to antibiotics [107]. More complex exper-
iments, such as recovering the contents of individual drops for -omics measurements
or varying the antibiotic concentration over time, can be envisioned [22]. Collec-
tively, the various operations achievable with this platform represent a significant
advancement in the study of antibiotic response, benefiting both scientific inquiries
and medical applications.

The subsequent chapter will compare the aforementioned measurements across
a range of different antibiotics.
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—— Key takeaway

Context: I have developed an automated pipeline for studying and observ-
ing bacterial growth. The microfluidic device features chips with 500 anchored
droplets. Up to six distinct conditions can be accommodated simultaneously.
Results: With the utilization of this microfluidic device, I successfully ob-
tained information pertaining to both population-level characteristics (digital
antibiogram) and individual cell-level responses (single cell susceptibility). This
microfluidic chip enables access to dynamic changes and phenotypes within each
individual droplet.
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Chapter 4

Comparing different antibiotics

In this chapter, we will utilize our microfluidic device and experimental pipeline to
compare the effects of various antibiotics. The antibiotics selected for comparison
are ciprofloxacin, gentamicin, tetracycline, chloramphenicol, and ampicillin. These
antibiotics were chosen due to the diversity in their mechanisms of action. Some ex-
hibit bactericidal properties (ciprofloxacin, gentamicin, and ampicillin), while others
are bacteriostatic (tetracycline and gentamicin). Additionally, the selected antibi-
otics target different components, such as DNA (ciprofloxacin), ribosomes (gentam-
icin, tetracycline, and chloramphenicol), or proteins involved in cell wall synthesis
(ampicillin).

The first section will involve the direct application of our experimental pipeline,
providing an overview of the action of different antibiotics through digital antibi-
ograms and single cell susceptibility analyses.

Subsequently, we will delve into the mechanisms of action for each antibiotic,
focusing on images obtained from time point experiments. Special attention will be
given to ciprofloxacin, where we will employ time-lapse experiments to observe and
analyze the various phenotypes associated with its action.
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4.1 Antibiotic susceptibility

4.1.1 Digital Antibiogram

This microfluidic and image analysis pipeline is a very powerfull tool to obtain quan-
titative information at the single level. It can be easily use with different antibiotic to
access quantitative and qualitative information at the single level. Here, in addition
to ciprofloxacin we tried three more different antibiotics: gentamicin, tertacyclin,
chloramphenicol and ampicillin. The following results present a the data obtained
with these antibiotics at different concentration with F. coli in LB. The use of LB
media enables us to shorten the time of the experiments as the bacteria grow faster
in LB than in MOPS media.

As presented in the previous chapter (3.2), we can plot the density distribution
of the final intensity of each droplet for different antibiotics to obtain the digital
antibiogram (Figures 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 4.10).
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Figure 4.1: Gentamicin antibiogram. Final fluorescence intensity (A.U.)of each
droplet with different concentrations of gentamicin. The red line corresponds to a
Gaussian fit. Data from 10.01.2023-1 experiment.

For all the antibiotics, we observe the same trend. In the absence of antibiotics,
the first peak in the distribution around zero corresponds to empty droplets (no
initial cells), and the second peak corresponds to droplets where the initial cells
developed into colonies. With increasing antibiotic concentration, fewer droplets
grow into colonies, causing the distribution to shift to a single peak distribution
around zero (no fluorescence). These antibiograms can help us determine visually
the pf-MIC: between 0.65 and 0.7 pg/ml for gentamicin (Figure 4.1), between 3.5
and 4 ng/ml for ciprofloxacin (Figure 4.3), between 40 and 50 pg/ml for tetracyclin
(Figure 4.5), between 2 and 4 pg/ml for chloramphenicol (Figure 4.7) and between
8 and 16 pg/ml for ampicillin (Figure 4.9).
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Figure 4.2: Gentamicin antibiogram Final intensity of each droplet with differ-
ent concentrations of gentamicin. The red line corresponds to a Gaussian fit. Data

from 01.11.2022-1 experiment.

0 ng/ml 2 ng/ml
z by
20.02 @ 0.02
o A
0.005 50 100 150 200 50 100 150
Intensity Intensity
2.5 ng/ml 3.5 ng/ml
F z
©0.025 5 0-02
o 3
©0.000 ©0.00
' 0 50 100 150 Y0 50 100 150
Intensity Intensity
4.5 ng/ml 5 ng/ml
z Z0.5
» 0.02 k)
C C
a A
0.004 50 100 150 99 50 100 150
Intensity Intensity
Figure 4.3: Ciprofloxacin antibiogram. Final fluorescence intensity (A.U.) of

each droplet with different concentrations of ciprofloxacin. The red line corresponds
to a Gaussian fit. Data from 31.01.2023-1 and 31.01.2023-2 experiment.

For gentamicin, ciprofloxacin and ampicillin the pf-MIC is consistent between

experiments, as you can see in the antibiograms in Figure 4.2, 4.4, 4.10.
On the other hand, for tetracyclin and chloramphenicol, the pf-MIC varies from

one experiment to an other. In Figure 4.6 the pf-MIC is between 60 and 80 pg/ml
for tetracyclin, when it is bellow 50pg/ml in Figure 4.5. For chloramphenicol, we
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Figure 4.4: Ciprofloxacin antibiogram Final intensity of each droplet with
different concentrations of ciprofloxacin. The red line corresponds to a Gaussian fit.

Data from 31.05.2022-1 experiment.
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Figure 4.5: Tetracylin antibiogram Final fluorescence intensity (A.U.) of each

droplet with different concentrations of tetracyclin. The red line corresponds to a
Gaussian fit. Data from 04.04.2023-1 experiment.

found a different pf-MIC for almost all experiments.
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Figure 4.6: Tetracyclin antibiogram Final intensity of each droplet with different
concentrations of tetracyclin. The red line corresponds to a Gaussian fit. Data from

15.03.2023-1 experiment.
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Figure 4.7: Chloramphenicol antibiogram. Final fluorescence intensity (A.U.)
of each droplet with different concentrations of chloramphenicol. The red line cor-

responds to a Gaussian fit. Data from 02.11.2022-1 experiment.

4.1.2 Single cell susceptibility

As shown in Figure 4.11, the single cell susceptibility can be obtained with different
antibiotics: gentamicin, ciprofloxacin, tetracyclin, chloramphenicol. The curves in
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Figure 4.8: Chloramphenicol antibiogram Final intensity of each droplet with
different concentrations of chloramphenicol. The red line corresponds to a Gaussian

fit. Data from 02.11.2022-1 experiment.
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Figure 4.9: Ampicillin antibiogram. Final fluorescence intensity (A.U.) of each
droplet with different concentrations of ampicillin. The red line corresponds to a
Gaussian fit. Data from 02.06.2022 experiment.

Figure 4.11 were obtained by loading two sets of 6 chips for each day, resulting of 12
different antibiotic concentrations. For gentamicin, ciprofloxacin and tetracylcin we
have two replicates in two different days. For chloramphenicol we have four repli-

cates in four different days.
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Figure 4.10: Ampicillin antibiogram Final intensity of each droplet with differ-
ent concentrations of ampicillin. The red line corresponds to a Gaussian fit. Data
from 18.05.2022 experiment.

For all four antibiotics, we have a similar offset. Without antibiotic, the prob-
ability of a cell forming a colony is aorund the same value: 0.8 for gentamicin and
tetracyclin and 0.7 for ciprofloxacin and chloramphenicol. This probability is close
but not equal to one, it represents the basic stochasticity in a population, where not
all cells are going to grow and form a colony.

We can see that some antibiotics like gemtamicin and ciprofloxacin presents more
reproducible results than with tetracycline and chloramphenicol where we can see
more variability from one experiment to an other. This is in agreement with the
different range of the pf-MIC found with the digital antibiograms.

Gentamicin and ciprofloxacin are bactericidal antibiotics meanings antibiotics
that kill bacteria. On the other hand, tetracyclin and chloramphenical are bac-
teriostatics antibiotics, that will slow the growth or reproduction of the bacteria
[108, 109]. These differences in the mechanism of action might explain the differ-
ences in the reproducibility in the experiments.

4.2 Mechanism of action and phenotypes

Not only does the anchored droplet provide quantitative information, but it also
offers a unique ability to access qualitative data. Indeed, as shown in figure 4.12,
it is possible to observe the different effects of antibiotics on the phenotype of the
bacteria. In the absence of antibiotics, almost all droplets display bacteria in their
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Figure 4.12: Phenotypic response to antibiotics. Effect of different antibiotics
on E. coli after an overnight incubation. (scale bar 50 ym)

planktonic state or clumping, showing the typical size and shape for E. coli in cul-
ture. The cells are seen to swim around in the droplets without the presence of any
mean flow. Droplets with clumping display adhesion between cells. The presence
of these clumps could be attributed to the presence of adhesion molecules, such as
Ag43 or other factors that may contribute to biofilm formation of E. coli [106].

At sub-pnf-MIC antibiotic concentration, different phenotypes can be observed

with different antibiotics 4.12. These phenotypes can directly be linked to the an-
tibiotic mechanism of action.
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4.2.1 Ciprofloxacin

When in the presence of ciprofloxacin, the cell stops dividing and starts to elongate.
This particular antibiotic of the fluoroquinolones family, targets replication by caus-
ing double stranded breaks which trigger the SOS response [110]. Since it stops the
division but doesn’t stop the metabolism, one observes elongated cells.

Low concentration of ciprofloxacin

In Figure 4.3, the graph depicts a noticeable increase in intensity at lower concentra-
tion. Without any antibiotics, the intensity level remains around 35. However, for
droplets containing 2 ng/ml and 2.5 ng/ml of the antibiotic, the intensity becomes
stronger, with a distribution around 60. Figure 4.13 provides a visual representation
showing that cells appear brighter.

0 ng/ml 2 ng/ml 2.5 ng/ml 3 ng/ml
Ciprofloxacin concentration

Figure 4.13: Droplets final state with low concentration of ciprofloxacin.
Example of droplets’ final state at low concentration of ciprofloxacin (scale bar 50
pm). Data from the 31.01.2023-1 experiment.

When ciprofloxacin is present at lower concentrations, it triggers a milder SOS
response, resulting in cell cycle arrest and DNA repair through the activation of
specific genes [111]. This heightened gene expression, combined with the elongation
of cells, may explain the observed increase in the fluorescence intensity when using
non-lethal doses of ciprofloxacin (Figure 4.13).

High concentration of ciprofloxacin

On the other hand, at higher concentrations of ciprofloxacin, the droplets exhibit
distinct phenotypes, such as empty droplets, a small number of freely floating cells,
filamentation, and clumping. These phenotypes are further described in Figure 4.14.

Following the overnight incubation, we classify the droplets into two groups:
positive droplets that exhibit growth and negative droplets that show no growth.
Among the negative droplets, we observe distinct types: “empty droplets” where
no cells are present despite having at least one cell at T=0, droplets with one or a
few planktonic cells, and droplets with one or a few cells displaying filamentation.
Within the positive droplets, there are two subcategories: droplets densely filled
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Figure 4.14: Droplets final state with ciprofloxacin. Distribution of different
phenotype with 3 ng/ml, 4 ng/ml and 5 ng/ml of ciprofloxacin. Images at the top
were taken at 4 ng/ml and illustrates the different phenotype that can be found
(from left to right): when the droplet is empty, when there are few cells with and
without filamentation, when the droplet is full with and without the cells clumping
(scale bar 50 pm). Data from the 31.01.2023-1 experiment.

with cells, leading to clumping, and droplets densely filled with cells without any
clumping.

Timelapse

In order to conduct a more in-depth investigation, we performed timelapse exper-
iments where we tracked the progress of each droplet over time. We employed a
similar acquisition methodology as the time point experiments presented in Chap-
ter 2, capturing a bright field image at the beginning and acquiring fluorescence
images every 20 minutes thereafter.

Regardless of the final outcome of the droplet, whether it is positive (exhibiting
growth) or negative (showing no growth), filamentation predominantly occurs be-
tween 40 to 60 minutes after loading the cells in contact with ciprofloxacin (Figure
4.15). Prior to the onset of filamentation, there are only a few instances of cell
division observed.

Following filamentation, two possible outcomes can emerge. Firstly, the cells
may resume dividing, resulting in a positive droplet (Figure 4.16). Alternatively,
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Figure 4.15: Beginning of filamentation. Distribution of the beginning of
filamentation in the droplets with 5 ng/ml of ciprofloxacin. In the images at the
top, beginning of filamentation is shown with the red arrows (scale bar 50 pum).

the cells may fail to divide, leading to a fading fluorescence signal in the filament,
indicating cell death (Figure 4.17).

When the cells undergo recovery, the first division can be observed approxi-
mately 60 to 100 minutes after the initial elongation commenced (see Figure 4.16).
Conversely, if the cells fail to divide again, they remain in a filamentous state for
a significantly longer period, lasting about 200 to 220 minutes before the filament
begins to fade, leading to cell death (Figure 4.17).

This timeline effectively illustrates the various stages of the SOS response (Figure
4.18). Firstly, the activation of genes involved in "Repair and Mutagenesis” occurs.
These genes code for proteins such as UvrABC excinuclease, which is crucial for
nucleotide excision repair, and RecA, required for homologous recombination [112].

Secondly, the activation of ”Cell Division Inhibition” genes, like the sulA gene,
takes place. The SulA protein is a component of the SOS response and serves as a
DNA damage-inducible inhibitor of cell division [112, 113]. Cell division inhibition
occurs approximately 60 minutes after exposure to ciprofloxacin, as depicted in
Figure 4.15.

Once DNA repair has been completed, certain "Recovery” genes induced by the
SOS response contribute to the recovery phase. These genes facilitate the resumption
of synthesis in preexisting replication forks, while establishing new forks at the
replication origin. Additionally, recovery genes may play a role in regulating the
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Figure 4.16: Beginning of division after elongation in positive droplets.
Distribution of the beginning of division after elongation in droplets with 5 ng/ml
of ciprofloxacin. In the images at the top the first divisions are shown with the red
circles (scale bar 50 pum).

"Repair and Mutagenesis” genes that are no longer necessary [114]. This recovery
process occurs approximately 80 minutes after cell division was halted (Figure 4.16).

If the DNA cannot be repaired within a certain time frame, various outcomes
may arise. The cell may perish due to an inability to replicate, or certain ”"Lethal”
genes might trigger cell death to prevent nutrient consumption by dying cells [114].
In Figure 4.17, some cells vanish around 200 minutes after elongation initiation,
while others neither disappear nor divide.

4.2.2 Gentamicin

In contrast to ciprofloxacin, the presence of gentamicin does not result in cell elonga-
tion. Figure 4.1 illustrates an increase in density: as the concentration of gentamicin
rises, the intensity of positive droplets also increases. This can be attributed to the
mechanism of action of gentamicin, which is an aminoglycoside antibiotic. Gentam-
icin binds to the ribosomal A site and interferes with translation, leading to the
production of non-viable proteins that accumulate and eventually cause cell death
[115]. As depicted in Figure 4.12 and 4.19, the accumulation of these non-viable
proteins results in an elevated cell density. The cells become larger and wider.

We identified various phenotypes: a minimal number of droplets were empty
(between 7% and 9% in different concentrations), while most negative droplets con-
tained a few cells in a planktonic state: 8% at 0.5 ng/ml 51 and 42 % at 0.6 and 0.7
ng/ml and 88% at 0.8 pg/ml. Among the positive droplets, the majority exhibited
clumping, although a few did not exhibit clumping at all (see Figure 4.1).
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Figure 4.17: Beginning of filament fading in negative droplets. Distribution
of the beginning of filament fading in droplets with 5 ng/ml of ciprofloxacin after
elongation. In the images at the top, no division is occurring and the fluorescent
disappear between 240 and 260 minutes after inoculation with ciprofloxacin. After
480 min (end of the timelapse), some cell are still fluorescent but never formed a
colony after elongation (scale bar 50 pm).
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Figure 4.18: SOS response timeline. After DNA damage, the repair and mutage-
nesis genes are activated, followed by the cell division inhibition genes, the recovery
genes and in some cases the lethal genes.

4.2.3 Tetracyclin

Tetracycline targets the same ribosomal subunit as gentamicin [115]. However,
the difference lies in their effects: tetracycline is bacteriostatic, meaning it inhibits
bacterial growth without killing the cells. It achieves this by targeting protein
synthesis, thereby halting metabolism. In contrast to gentamicin, tetracycline does
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Figure 4.19: Droplets final state with gentamicin. Distribution of different
phenotype with 0.5 pg/ml, 0.6 pg/ml, 0.7 pg/ml and 0.8 pg/ml of gentamicin.
Images at the top were taken at 0.6 png/ml and illustrates the different phenotype
that can be found (from left to right): when the droplet is empty, when there are
few cells, when the droplet is full with and without the cells clumping (scale bar 50
pm). Data from the 10.01.2023-1 and 10.01.2023-2 experiment.

not induce cell death [116]. Figure 4.5 demonstrates that as the concentration of
tetracycline increases, the intensity of positive droplets decreases.

We observed similar phenotypes to those seen with gentamicin. These include
empty droplets and negative droplets with a few cells in a planktonic state. Within
the positive droplets, we observe clumping similar to what is observed with gentam-
icin (see Figure 4.20).

At a tetracycline concentration of 20 pg/ml, 21% of the positive droplets are in
a planktonic state. This percentage remains relatively consistent at 17% when the
tetracycline concentration is increased to 40 pg/ml. Similarly, for gentamicin, the
proportions of droplets in a planktonic state are 17% at 0.5 pg/ml and 19% at 0.6
ng/ml. Interestingly, the proportion of clumping versus the planktonic state does
not appear to be influenced by the concentration of either tetracycline or gentamicin.

4.2.4 Chloramphenicol

Similar to tetracycline, chloramphenicol is a bacteriostatic antibiotic that does not
kill cells. Instead, it hinders protein synthesis, thereby halting metabolism and pre-
venting cell growth and division [117]. Unlike tetracycline, chloramphenicol targets
the 50S subunit of the ribosome, a distinct subunit involved in translation.

In contrast to other antibiotics that target translation, we do not observe bacteria
clumping with chloramphenicol. However, similar to tetracycline, another bacterio-
static antibiotic, an increase in chloramphenicol concentration leads to a reduction
in cell density within the droplet (see Figure 4.21). Except for a few filaments ob-
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Figure 4.20: Droplets final state with tetracyclin. Distribution of different
phenotype with 20 pg/ml, 40 pg/ml, and 50 pg/ml of tetracyclin. Images at the top
were taken at 40 pg/ml and illustrates the different phenotype that can be found
(from left to right): when the droplet is empty, when there are few cells, when the
droplet is full with and without the cells clumping (scale bar 50 pum). Data from
the 04.04.2023-1 experiment.

served at high concentrations, chloramphenicol does not seem to have a pronounced
effect on the phenotype.

1ug/mL 2ug/mL 2.5 ug/mL 3 ug/mL 4 ug/mL 5ug/mL
Chloramphenicol concentration

Figure 4.21: Droplets final state with chloramphenicol. Example of droplet
final state with different concentration of chloramphenicol (scale bar 50 pm). Data
from 21.02.2023-1 and 21.02.2023-2 experiment.

4.2.5 Ampicillin

Ampicillin is classified as a bactericidal antibiotic that exerts its action by irre-
versibly inhibiting the enzyme transpeptidase. This enzyme is vital for bacterial
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cell wall synthesis. Ampicillin specifically targets the third and final stage of this
process, resulting in the disruption of cell wall formation and ultimately leading to
cell lysis [118]. It belongs to the class of beta-lactam antibiotics.

It is worth noting that beta-lactam antibiotics, including ampicillin, can exhibit
what is known as the inoculum effect. This effect implies that the effectiveness of the
drug depends on the initial density of the bacterial population [16]. Consequently,
we cannot assume that bacteria within the droplet behave independently. Therefore,
we encountered difficulty in calculating the susceptibility of individual cells due to
this inoculum effect.

Figure 4.22: Droplets final state with ampicillin. Example of droplet final
state with 4 pg/ml of ampicillin (scale bar 50 pm). Data from 21.02.2023-1 and
02.06.2022 experiment.

In Figure 4.22, we can observe different phenotypes resulting from exposure to
4 pg/ml of ampicillin. The effects include clumping and elongation, similar to those
caused by other antibiotics. However, we also notice that certain droplets exhibit
increased fluorescence in the background, which is unique to ampicillin. This obser-
vation directly correlates with the mechanism of action of ampicillin. Specifically,
the cell death mechanism involves cell lysis, releasing fluorescent proteins into the
surrounding media. This release leads to a significant increase in background fluo-
rescence.

4.3 Conclusion: Bacteriostatic or Bacteriocidal ?

Bacteriostatic antibiotics exert their inhibitory effect on ribosome function by tar-
geting both the 30S subunit (tetracycline) and the 50S subunit (chloramphenicol).
At a phenotypic level, they demonstrate similarities, such as a reduction in cell den-
sity with increasing antibiotic concentration. However, they still retain their distinct
mechanism of action. For instance, tetracyclin and gentamicin both target the 30S
subunit of the ribosome. Despite this similarity, one exhibits bacteriostatic activity
while the other is bactericidal. Surprisingly, we observed similar phenotypes in these
cases like more clumping.

Bactericidal antibiotics induce cell death through different mechanisms, such
as DNA damage (ciprofloxacin) or protein damage (gentamicin, ampicillin) [116].
Regardless of their diverse mechanisms, all bactericidal antibiotics are reported to
trigger the formation of reactive oxygen species, contributing to cell death [114].
Additionally, we discovered that their killing action is more consistent and severe
compared to bacteriostatic antibiotics, as illustrated in Figure 3.8. Remarkably,
we observed distinct responses at the phenotypic level. Our microfluidics pipeline
enables us to obtain high-quality images, allowing us to identify different cell phe-
notypes directly associated with the mechanisms of antibiotics.
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In particular, when exposed to ciprofloxacin, bacteria exhibit intriguing pheno-
types, such as elongation. By monitoring the content of individual droplets over
time, we were able to delve into the dynamics of these phenotypes. Consequently,
combining this microfluidic device with cellular biology provides a valuable means
to study the SOS response and identify the various roles of genes involved in this
response.

. Key takeaway \

Context: By employing this microfluidic pipeline with anchored droplets, it
becomes possible to acquire information regarding the population level, indi-
vidual level, and phenotypic characteristics under varying antibiotic concentra-
tions. This experimental pipeline can be used with various antibiotics. Results:
The reproducibility of digital antibiograms and single cell susceptibility varies
depending on whether the antibiotic is bactericidal or bacteriostatic. When it
comes to the phenotype, it can be directly linked to the mechanism of action of
the antibiotic.
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Chapter 5

Conclusion, perspectives, potential
applications

In this manuscript, I have introduced a microfluidic platform that utilizes microflu-
idic droplets to investigate antibiotic susceptibility at the individual cell level. By
analyzing digital antibiograms, we can derive the microfluidic MIC (nf-MIC) as well
as the single-cell susceptibility, which represents the probability of a cell failing to
form a colony. This platform provides us with qualitative information as well. By
imaging the contents of the droplets, we can directly observe various phenotypes
that are closely linked to the mechanisms of action of the antibiotics.

Measuring single cell susceptibility

Observing heterogeneity

; s
. ’ fo ' . - Testing antibiotic (Digital Antibiogram)
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
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Studying microbial interactions R
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Identifying phenotypes

Following dynamics (Time lapse)

Developping collaborations

LABORATORY

Malaria Parasite Biology and Vaccines
e - e LABORATORY / CNRS - UMR3525.
Bacterial Genome Plasticity

Figure 5.1: The microfluidic pipeline and its applications.

Compared to alternative methods, the use of anchored droplets significantly re-
duces cross-contamination between droplets and enables the tracking of individual
droplets over time. The breaking loading technique I presented is more robust than
conventional droplet generators, and the loading process can be performed without
the need for syringe pumps. Furthermore, the technology has been made fully ac-
cessible for utilization. Even with complete accessibility, examining the individual
cell level requires the use of fluorescent strains and a confocal microscope, which can
be quite expensive. However, it is possible to modify the current process to accom-
modate non-fluorescent strains, as the quality of bright-field microscopy is sufficient
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to determine if there is growth or not. Nevertheless, this modification would result
in the loss of single cell information and the ability to determine the initial number
of cells.

Beyond its application as a tool for antibiotic susceptibility testing (AST), this
platform holds potential for various other biological applications (Figure 5.1).
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5.1 General conclusion

5.1.1 Consideration of the technical choices

Bacterial strain

Additionally, the microfluidic device can support the growth of other strains such
as K. pneumoniae and V. cholerae. One advantage of using K. pneumoniae is
its non-motile nature, which allows it to sedoment within the droplets [119]. This
characteristic potentially eliminates the need to scan the entire droplet to determine
the cell count. On the other hand, V. cholerae is an interesting model organism
for antimicrobial resistance studies due to its high infectious dose [120]. However,
it’s important to note that both K. pneumoniae and V. cholerae are pathogens
categorized as biosafety level 2, necessitating appropriate laboratory facilities for
the culture and the loading steps.

Format of the chip

The microfluidic chip was specifically designed to accommodate 500 droplets, each
containing 2 nl of volume. By accurately counting the number of cells in each
droplet, we can achieve an average cell count per droplet, denoted as A, of 1. Unlike
other studies where most of the droplets often contain no cells (A << 1) [16], the
majority of our droplets contain a single cell (A = 1). This approach enables us to
increase the average number of cells per droplet, thereby reducing the total number
of droplets required from several thousand to just 500.

Maintaining a single cell per droplet results in a concentration of 1 cell in 2nl.
This concentration is equivalent to having 10° cells in 200ul (a well of a 96-well plate)
or a concentration of 5.10° CFU/ml. Notably, 5.10° CFU/ml is the cell concentration
typically used in the classical broth dilution method [121]. Therefore, by targeting
an average of one cell per droplet, we achieve a bacterial inoculum that aligns with
the requirements for conducting MIC experiments using the broth dilution method.

Efficiency of the pipeline

The presented microfluidic pipeline offers several advantages in terms of its applica-
tions, time efficiency, and material consumption.

During a single experiment consisting of six different conditions, we have the
ability to obtain information at both the population level (across the entire chip
with 500 droplets) and the single-cell level (within each individual droplet). The
entire chip can be compared to a 96-well plate, but with the advantage of having
500 droplets instead of just 96 wells. Each droplet can be compared to experiments
conducted on agar pads, where we can track the content within each droplet similar
to observing bacteria on agar pads.

Furthermore, loading the six chips only takes approximately 30 minutes, which
represents a significant time-saving compared to loading a 96-well plate and prepar-
ing agar pads. This streamlined loading process contributes to the overall efficiency
of the microfluidic pipeline, allowing for more rapid experimentation while reducing
material usage.
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By working with smaller volumes (2 nl), we are able to observe the results of
each individual droplet within a shorter timeframe. Specifically, within just 10
hours, we can determine whether a droplet has resulted in colony growth or not.
In comparison, when using 96 well plates, it typically takes 24 hours to obtain the
same outcome for each well [121].

5.1.2 Limitations of the pipeline

Fluorescence and confocal microscope

The use of the confocal microscope is a major constraint in the pipeline for the
following reasons:

Firstly, the confocal microscope is a costly equipment that poses difficulties in its
operation. In fact, initial setups may require optimization before achieving optimal
performance. Moreover, in the event of any issues, such as problems with the laser,
only an expert can resolve them.

Secondly, the observation of bacteria necessitates fluorescence. One approach to
achieve this is by genetically modifying the bacterial strains. However, this method
has limitations as it restricts the pipeline’s usability to laboratory strains, excluding
clinical strains.

Data storage

The data storage aspect posed a significant limitation. Acquiring 3D images requires
a substantial amount of space. Specifically, scanning the six chips in the fluorescence
channel in 3D occupies 40 GB, while scanning the same number of chips in bright
field takes up 2 GB. To put it in perspective, a 3D scan of one chip is equivalent to
6000 photos taken with a regular mobile phone.

Handling data storage becomes even more challenging during timelapse exper-
iments, where scans are conducted every 20 minutes. For instance, a timelapse
spanning 10 hours results in 200 GB of data per chip.

These storage requirements have implications for computer disk space, image
analysis time, and long-term data availability.

To address the issue of data volume, we employ a direct conversion of the ac-
quired nd2 files into zarr files. The zarr file contains both the bright field acquisition
and the fluorescence acquisition after applying the max projection (as referenced in
Chapter 2). This conversion significantly reduces the size to 3 GB.

5.2 Further work

5.2.1 Training an artificial intelligence to recognize the dif-
ferent phenotypes

Working with droplet microfluidics entails managing a significant amount of data,

and manually analyzing phenotypes can be exceedingly time-consuming. To ad-

dress this challenge, we opted to train an Artificial Intelligence (AI) system to au-
tonomously characterize the various phenotypes of bacteria within the droplets.
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To train the Al, all droplets are combined regardless of the antibiotic used or its
concentration.

Initially, we established a category called junk for droplets that should be disre-
garded (Figure 5.2). This category includes shrunken droplets resulting from evapo-
ration, coalesced droplets when multiple droplets merge together, and empty anchors
when no droplet is formed. The latter two cases can occur due to occasional loading
malfunctions in a few anchors.

Junk Morphology Behaviour Final state
r‘!’
Shrunk Elongated Positive
Clumping
A\
Coz; lescence Negative
Planktonic

Empty Normal Intermediate

Figure 5.2: Examples of phenotypes categories for Al training. Droplets can
be categorized in three different features: Morphology, Behaviour and final state.
The junk category served to clean the data by removing not wanted droplets. Images
were picked up randomly from the Al training platform (scale bar 100 pm)

Next, we defined categories for different phenotypes, which can relate to the
morphology and behavior of cells within the droplets (Figure 5.2. A cell can ap-
pear normal, resembling a dot, or it can be elongated or in a rod shape, indicating
thick oval-shaped bacteria. Phenotypes can also describe how cells behave within
the droplets, such as being in a planktonic state or in a clumping. Furthermore,
phenotypes can reflect the final state of the droplet, whether it shows no growth
(negative) or growth (positive). For some antibiotics, the distinction between posi-
tive and negative growth may not be straightforward, resulting in an intermediate
state where it is unclear if the growth should be considered positive.

Integrating this Al-based tool into the pipeline will provide us with additional
information about phenotypes and their frequencies. By incorporating features re-
lated to morphology and cellular behavior, we can enhance the overall output and
gain a better understanding of how these phenotypes interact.
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5.2.2 Timelapse microscopy

As discussed in Chapter 2, employing anchored droplets enables tracking over time.
We conducted timelapse microscopy experiments with various concentrations of chlo-
ramphenicol (2 and 4 pg/ml), gentamicin (0.5 and 0.6 pg/ml), and tetracycline (50
and 80 pg/ml), along with a control group without antibiotics. Each microfluidic
chip was imaged at 37°C at 20-minute intervals. From the acquired images, we
quantified the number of cells in each droplet and measured the corresponding fluo-
rescence signal (Figure 5.3). Both of these parameters serve as proxies for assessing
the growth within each droplet.

In Figure 5.3a, the plot illustrates the number of detected cells over time. An-
alyzing the number of detected cells provides valuable insights during the initial
stages since individual cells can be identified from the beginning.

In Figure 5.3b, the plot demonstrates the fluorescence signal over time. Examin-
ing the fluorescence signal yields meaningful information at later time points when
distinguishing individual cells within a droplet becomes challenging.

It is worth noting that for chloramphenicol, analyzing these two parameters yields
contrasting information (indicated by the red arrows in Figure 5.3). This suggests
that the choice between counting cells or analyzing fluorescence signal depends on
the specific aspect of interest and the antibiotic being used.

The ability to observe and analyze the growth and dynamics within droplets
represents a powerful tool that requires further development.
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Figure 5.3: Mean growth curves. Mean growth curves from the 500 droplets
regarding (a) the number of cells and (b) the fluorescence signal with no antibiotic
(two replicates), 2 and 4 pg/ml of chloramphenicol (CHP), 0.5 and 0.6 pg/ml of
gentamicin (Genta), 50 and 80 pg/ml of tetracyclin (Tetra). The red arrows point
at the 2 pg/ml choramphenicol growth curve.

5.3 Other applications

5.3.1 Observing the heterogeneity

Phenotypic heterogeneity refers to the variability found among individual cells or
other biological entities within populations that are genetically identical. In the
field of biology, there are two types of heterogeneity: genetic heterogeneity, which
arises from allelic variations within a population derived from a single cell, and phe-
notypic heterogeneity, which pertains to differences in the characteristics exhibited
by individual organisms.

Phenotypic heterogeneity can arise from stochastic fluctuations even before any
stress occurs, similar to a bet hedging strategy. It can also be driven by the envi-
ronment, where individual cells sense and respond to stressors.
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There are various methods to measure heterogeneity. One possibility is to exam-
ine protein or RNA levels using proteomics and transcriptomics techniques. How-
ever, these approaches often face challenges in terms of stability and have a low
throughput, typically operating at large scales. Another technique, flow cytometry,
allows for the identification of subpopulations and offers high throughput but has
relatively low resolution [122]. On the other hand, single-cell experiments conducted
using agar pads and microscopy provide high resolution but suffer from low through-
put [123].

Our microfluidic chip enables us to combine high throughput and high resolu-
tion, allowing for the observation of heterogeneity within monoclonal populations.
For instance, we could investigate the phenomenon of sporulation, which occurs in
certain bacteria as a response to starvation. Even before any starvation occurs, some
bacteria are already in the process of forming endospores [123].

Figure 5.4: Frame of a time lapse microscopy recording B. subtilis One
cell stops dividing (2nd panel from the left) and produces a spore of which the
center turns bright in phase contrast microscopy. Continuing cell division of the
surrounding siblings demonstrates that nutrients were not limited at the time the
decision to initiate sporulation was made by the indicated cell. This first spore is
thus the product of stochastic switching (from [123], copyright 2015 Elsevier).

The presence of this phenomenon is easily noticeable on agar pads (Figure 5.4),
but its quantification is challenging due to the limited capacity for high-volume
analysis provided by agar pads.

Another example of heterogeneity that can be observed using our microfluidic
chip involves the presence of different respiratory systems. Surprisingly, certain bac-
teria continue to utilize anaerobic respiratory systems, as indicated by the expression
of torCAD genes, even in the presence of oxygen. This cell-to-cell variability can
be seen as an adaptive strategy to prepare for potential changes in the environment
[124, 125]. In Figure 5.5, the distribution of CFP fluorescence from the constitutive
ompA promoter appears uniform throughout the cells. In contrast, the fluorescence
of YFP, which serves as a fluorescent reporter for the torCAD genes, exhibits vari-
ations among individual cells.

Our microfluidic chip could enable the observation of numerous other phenom-
ena, such as biofilm formation, wherein subsets of bacteria undergo differentiation
into distinct morphological cell types throughout the process. This phenomenon
suggests that individual bacteria within the population perform specific functions
to contribute to the formation of these structures [126].
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Figure 5.5: Time-lapse microscopy of two representative microcolonies
The images shown are of two representative colonies, each derived from a single cell,
shortly after immobilization on agarose pads (T0) and then 3 h (T3) and 6 h (T6)
after the starting time point (approximately four and eight divisions, respectively).
The rows consist of phase-contrast images (top), CFP fluorescence images (middle),
and YFP fluorescence images (bottom) (from [125]), copyright 2015.

5.3.2 Microbial cohabitation

Our microfluidic platform offers potential applications in the study of microbial co-
habitation. One such application involves investigating the interactions between
different strains of bacteria within a single droplet. This enables us to explore
scenarios such as competition between a resistant and a sensitive strain, focusing
specifically on antimicrobial resistance. Additionally, we can examine bacterial con-
jugation, which is a primary mechanism for horizontal gene transfer. Carranza et
al. conducted a study where they visualized the results of the conjugation process.
The conjugation was performed on enriched M9 minimal media plates, and then the
cells were transferred to a microscope for image recording. Images were captured
at different wavelengths using fluorescent reporters to differentiate between donor,
recipient, and transconjugant cells [127]. In Figure 5.6, the donor cells are depicted
in red, the recipient cells in green, and the transconjugant cells (recipient cells that
received plasmids from donor cells) in orange. By observing bacterial conjugation
within droplets, we could potentially track the dynamic nature of this phenomenon
over time in a high-throughput manner.

In a separate study by Letten et al., an ecological theory is proposed to illustrate
how changes in resource niche overlap can be as significant as changes in competitive
ability when studying the cost of resistance (Figure 5.7). The cost of resistance
refers to a reduction in the fitness of a mutant strain possessing a resistant allele
compared to its antibiotic-susceptible ancestor. From an ecological standpoint, a
cost of resistance is akin to a decrease in competitive ability [128]. By utilizing
droplets, it should become feasible to observe the competition between resistant and
sensitive strains, both with and without antibiotics, and to test their partitioning
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TrwBmKate2 Merge

Figure 5.6: Visualization of transconjugant cells. MG1655 donor cells hosting
R388:trwBmKate2 were mixed with UB1637 recipient cells expressing mCitrine.
Merged images show the transconjugants cells in orange (right panel). These
transconjugants are UB1637 cells expressing mCitrine that, after receiving the R388
plasmid, have started to express TrwBmKate2 encoded by the plasmid. (adapted
from [128], copyright 2021 Carranza et al.).

cost theory through experimental observations.
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Figure 5.7: Partitioning costs of resistance into competitive ability dif-
ferences and niche overlap. (a) Basic food webs for an antibiotic-susceptible
pathogen (S) consuming two substitutable resources in the absence (top) and pres-
ence (bottom) of two different antibiotic-resistant mutants, exhibiting either an equal
magnitude loss in performance on both resources (R;, bottom left) or a loss in the
ability to metabolize one of two resources with no change in performance on the
other resource (R;;, bottom right). (b) Change in niche overlap (p) and competitive
ability differences between the susceptible and resistant strain. Grey shaded region
indicates parameter space corresponding to coexistence; unshaded region indicates
parameter space corresponding to exclusion. (adapted from [128], copyright 2021
Letten et al.).
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—— Key takeaway

The microfluidic pipeline with anchored droplets proves to be effective for both
antibiotic susceptibility testing and phenotyping at the single cell level. How-
ever, the data obtained can be further analyzed and leveraged through the use
of Al or by examining the dynamics of each individual droplet in greater detail.
This serves as a promising proof of concept that can be applied to a wide range
of biological inquiries involving heterogeneity.
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Chapter 6

Appendix
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6.1 Protocols

6.1.1 Photoresist lithography

Adjust the hot plates on 65°C, 95°C, and 180°C.

Turn the Hg light on.

Put the glass wafer on the 180°C hot plate for 15 minutes.

Remove the glass wafer from the hot plate and let it cool down.

Put the glass wafer in the Labspin and check that the vacuum is functional.

Pour the resin Su-8 2025 for the first layer, without making air bubble. The
resin has to cover 1/3 of the wafer.

Spincoat at 3000 rpm.

Soft bake at 65°for 1 minute and 30 seconds and at 95°for 5 minutes and 30
seconds.

Position the quartz plate with the mask and check the alignement in the
microscope (command “microcsope down”).

At the end of the soft bake, place the wafer with the quartz plate.
Set up the MJB4 with an exposure time of 15 seconds and proceed to exposure.

Immediately after, execute the post exposure baking : one minute at 65°C and
5 minutes 30 seconds at 95°C.

Place the wafer in a beaker with Propylene glycol methyl ether acetate with
shaking (120 rpm) during 4 minutes and 30 seconds.

After, neutralize the solvent with isopropanol.

Proceed similarly for the second layer using SU-8 2100: 5 minutes at 65°C
+ 20 minutes at 95°for the soft bake; 24 seconds exposure time, 5 minutes
at 65°C + a0 minutes at 95°C for post exposure baking; and 10 minutes for
development time.

Finish by placing the wafer on the hot plate at 150°C for 30 min.

Proceed to silanization by leaving the wafer under a vacuum bell overnight
with 20nl of Trichloro Perfluoro Octyl silane.

6.1.2 Chip production
Day 0

Prepare the PDMS mix, PDMS SYLGARD 184, Dow Corning at a 1:10 ratio
of curing agent (20g + 2g). Mix thoroughly with a Thinky mixer.

Pour the mix over the mold.
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Put the mold in the vacuum chamber until 1000 and then wait 30min to remove
the air from the mix.

Cured for 2h at 70°C.

Cut everything out from the mold

Cut the chips and punch the holes with the pink puncher (0.75mm)
Prepare the coverslip by cleaning it with isopropanol.

Plasma bond (CUTE Plasma, Femto Science) the chip to the coverslip.

Proceed to surface treatment by filling (output) the chips two times with
NOVEC Surface Modifier (3M) and curing for 10 minutes at 110°C.

6.1.3 Strains and Media
Day 0

From lab stock at -80°C, restreact on LB plate.

Incubate for an overnight at 37°C or for two days at room temperature.

Day 1

In a 50mL Falcon tube, re-suspend one colony from the plate in 5mL of sup-
plemented minimal Media (5mL MOPS 1X + 100uL. glucose from 20% stock,
final concentration 0.4%) or in 5mL LB broth.

Add 100uL. IPTG from 10mM stock.

Incubate ON at 37°C + shaking.

Day 2

Proceed to a 1/1000 dilution and incubate at 37°C until exponential phase is
reached.

In 1.5mL eppendorf tube prepare the MOPS or LB solution with IPTG and
with drug if wanted.

Re-inoculate at OD wanted (depending on the A we want for the experiments)
in the tube with the prepared solution.

6.1.4 Loading
Day 2

Prepare a stock of continuous oil phase (3M Fluorinert FC40 4 non-ionic
surfactant RAN fluoroSurf final concentration 1%), Vortex and filter (0.2um).

Before loading the phase, proceed to one more surface treatment with NOVEC.

Load the 2.5ml and 100ul syringe with the continuous oil phase. No air bubbles
in the tubes or syringe.
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Load the 100ul syringe with our bacterial suspension (from 90uli to 116 uL).

Plug in the the syringe with tubes in the two input, and the waste tube to the
output.

Fill the chip through the first input with the continuous oil phase at 50ul/min
and tap on the top of the chip to remove the air.

Inject through the second input the bacterial suspension (with or without
antibiotic) at 5ul/min. If there is still air, proceed to the previous step again.

Immediately after, inject through the first input the continuous oil phase at
Sul/minute and increase until 30ul/min max until the droplets are formed.

Cut the tubes.

6.1.5 Microscopy

Bright field acquisition

In X\ set up optical configuration: Bright field.

In Large Image set up scan area: 3x3 fields.

In Large Image set up stitching: 2%, overlap by blending.
In XY, save the positions, center of each chip.

Use PFS on.

Check order of experiment: Large Image (Lambda).

Fluorescence acquisition, TRITC

In A set up optical configuration: CSU 561.

In Large Image set up scan area: 3x3 fields.

In Large Image set up stitching: 2%, overlap by blending.

In XY, save the positions, center of each chip.

Use PFS on.

In 7 series set up the step to btm, 25 steps, with 120tm range.

In Z series set up the relative position: below to —50tm and above to +70tm.
In Z series choose Triggered NIDAQ Piezo Z for Z device.

Check order of experiment: Large Image (Lambda(Z series)).
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6.2 Algorithms

6.2.1 Anchor

1 pip install anchor—droplet—chip

2

3 from adc import align, count, fit

4 from functools import partial

5 from importlib.metadata import version

6 import urllib3

7 import shutil

g8 1import os

9 import pathlib

10 import matplotlib.pyplot as plt

11 import yaml

12 import tifffile as tf

13 import seaborn as sn

14

15 __version__ = version (’anchor—droplet—chip )

16 __version__

17

18 def load_-data(url, filename, dir=None):

19 if dir is not None:

20 cwd = pathlib.Path.cwd()

21 subfolder = cwd.joinpath (dir)

22 subfolder . mkdir (exist_ok=True)

23 filename = subfolder.joinpath (filename)

24 else:

25 filename = pathlib.Path(filename)

26

27 if not filename.exists():

28 print (f ’loading {filename}’)

29 ¢ = urllib3 .PoolManager ()

30

31 with c.request ( 'GET’ ,url, preload_content=False) as resp,
filename . open (mode="wh’) as out_file:

32 shutil.copyfileobj(resp, out_file)

33

34 resp.release_conn ()

35 else:

36 print (f’{filename} already exists’)

37 print (f 'reading from disk {filename}’)

38 return tf.imread (filename)

39

40

a1 def process_urls(key, config):

12 if "url’ in config[key]:

43 return load_data (x*xconfig[key])

44 else:

45 return config [key]

46

a7 def load_dataset (path):

48 with open(path,’r’) as f:

49 config = yaml.load(f, Loader=yaml.SafeLoader)

50 print (config)

51

52 return {key: process_urls(key, config) for key in config}

53

54 data_Oh = load_dataset(’test_-data_Oh.yaml’)
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55
56
57

data_24h = load_dataset ( 'test_data 24h.yaml”)

aligned_stack_Oh , tvec_.Oh = align.align_stack (xxdata_0h)
aligned_stack_24h , tvec_0Oh = align.align_stack (xxdata_24h)

tf.imwrite (’dayl /00ng BF_TRITC bin2—aligned . tif ', aligned_stack_0h ,
imagej=True, metadata=align .META ALIGNED)

tf.imwrite (’day2/00ng_-BF_TRITC_bin2—24h—aligned . tif >, aligned_stack_24h
, imagej=True, metadata=align .META ALIGNED)

62
63 counts_Oh = count.stack(aligned_stack_0h)
64 counts_Oh
65
66 poisson_lambda = fit.poisson (counts_Oh.n_cells)
67 table = counts_Oh.copy ()
es table.loc[:, "n_cells final”] = counts_24h.n_cells
69 sns.swarmplot (data=table, x="n _cells’, y="n_cells _final ")
70
71
6.2.2 Conversion from nd2 file to zarr file for napari visual-
isation
1 import nd2
2 import zarr_tools
3
4 data = nd2.ND2File(”input.nd2”).to_dask ()
5 zarr_tools.convert.to_zarr (
6 data ,
7 channel_axis=1,
8 path="output.zarr”,
9 steps=4,
10 name=['BF’  "TRITC’],
11 colormap=[’gray ’, green’],
2 lut =((1000,30000) ,(440, 600)),
13
)
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Measuring single-cell susceptibility
to antibiotics within monoclonal
bacterial populations
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Abstract Given the emergence of antimicrobial drug resistance, it is critical to
understand the heterogeneity of response to an antibiotic within a population of cells.
Since the drug can exert a selection pressure that leads to the emergence of resistant
phenotypes. To date, neither bulk nor single-cell methods are able to link the
heterogeneity of single-cell susceptibility to the population-scale response to antibiotics.
Here we present a platform that measures the ability of individual E. coli cells to form
small colonies at different ciprofloxacin concentrations, by using anchored microfluidic
drops and an image and data analysis pipelines. The microfluidic results are
benchmarked against classical microbiology measurements of antibiotic susceptibility,
showing an agreement between the pooled microfluidic chip and replated bulk
measurements. Further, the experimental likelihood of a single cell to form a colony is
used to provide a probabilistic antibiotic susceptibility curve. In addition to the
probabilistic viewpoint, the microfluidic format enables the characterization of
morphological features over time for a large number of individual cells. This pipeline
can be used to compare the response of different bacterial strains to antibiotics with
different action mechanisms.

Introduction

Antimicrobial resistance is considered by the World Health Organization as one of the
biggest threats to public health [25]. Developing new tools and methods to better under-
stand bacterial resistance is becoming necessary. When addressing the question of bac-
terial response to antibiotics, most microbiology studies report the Minimum Inhibitory
Concentration (MIC) at which the cells stop growing, for a given initial inoculum size (usu-
ally 10° cells) and after a growth time of over 24 hours. However, interpreting these MIC
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measurements is far from trivial and could indicate many different phenomena taking
place in the cultures (high variability, inoculum effect, mechanism of action of the antibi-
otic) [16]. Indeed, the response of individual cells, which may then lead to colonies, can
display large heterogeneity [11, 12]. For this reason the MIC is sometimes complemented
with a more precise measurement, the Minimum Bactericidal Concentration (MBC). The
process of determining the MBC is heavy and time-consuming and, like the MIC, only
gives information about the antibiotic susceptibility on the population level. This has mo-
tivated significant effort to measure the bacterial response at a more microscopic level.

For instance, a single-cell MIC was estimated by measuring the MIC for different inocu-
lum sizes and extrapolating the value to a single cell [5]. Classical laboratory methods,
however, are difficult to scale to single-cell manipulation, both in terms of the volumes
of interest and also the number of experiments that are required to obtain a significant
number of replicates. In contrast, the development of microfabrication methods and mi-
crofluidics has allowed measurements to be made on individual cells in controlled envi-
ronments [6]. In this area, two platforms which address questions of antibiotic response
have emerged. First the so-called mother machine and its variations, where individual
cells are trapped in thin channels and observed over a large number of generations [28].
These devices rely on the tracking of the initial mother cells by time-lapse microscopy,
while removing its daughter cells as they push out of the microchannels. By fine analysis
of the images under different antibiotic treatments it is possible to learn about relations
between mother and daughter cells [9], or to detect the effect of rare mutations on the
fitness at the single-cell level [26].

In parallel, the field of droplet microfluidics has allowed studies of a different kind. By
encapsulating one or a few bacterial cells within water-in-oil droplets, the development of
small colonies from individual cells [15], or the signature of their metabolism [10], can be
detected with optical readouts. The addition of antibiotics in solution within the droplets
can then be used to determine the bacteria’s susceptibility. This basic principle has, in
recent years, been developed in two main directions. Either to improve the simplicity of
use [13, 19] or to improve the precision of the measurements [22, 23, 27]. These droplets
approaches have the potential to be transferred to clinical studies, as reviewed in recent
papers [18, 30, 14].

Although these droplet methods constitute important milestones, they suffer from
several drawbacks: First, they require specific and sophisticated equipmentincluding pre-
cise flow control systems to ensure droplet size homogeneity, as well as high-speed elec-
tronics, lasers, and data acquisition, to perform the measurements on flowing droplets.
Second, the latest methods do not allow the droplets to be followed in time or to relate
the final state to the initial state of the droplets. Finally, the link between the single-
cell measurements and the classical biological measurements has never been explicitly
tested. As such, it is difficult to relate the droplet-based measurements with the vast
quantity of data obtained in traditional experiments.

Here, we present an open-access microfluidic platform that addresses some of these
issues. The platform is based on rails and anchors that were introduced a few years
ago [1]. Those droplets are formed within microfabricated wells and remain stationary
for the duration of the experiment, including for the observation of biological processes
within them [2, 3]. As such, the platform only requires simple microfabrication, low-
precision flow control and allows to complete time-lapse measurements. The microflu-
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idic setup is augmented with an original and dedicated image acquisition and analysis
pipeline that extracts the relevant information from the chips in an automated manner.
By providing the image and data analysis as open-source code, the platform will be easy
to integrate in most academic laboratories. Moreover, the current study addresses the
interpretation of the biological measurements for the first time. By doing so it links the
droplet-level approach, used in most droplet-based experiments, with a single-cell anal-
ysis. This analysis is used to obtain unique measurements of the single-cell susceptibility
to antibiotics.

Results

Microfluidic platform and initial observations
The microfluidic device used in this study is based on a geometry described previously [3,
4]. It consists of a triangular array of 501 individual wells, or anchors, that can each hold a
single aqueous droplet (Fig. 1a). The chip format is well suited for imaging on an inverted
microscope, either using wide-field illumination or confocal mode, as discussed below.
Loading the chip and distributing the bacterial solution into droplets is straightfor-
ward and takes about 5 min (see Method for the detailed steps, and Fig. 1 b, ¢, d). Briefly,
the device is first entirely filled with oil (FC40, 3M) containing 0.5% surfactant (FluoSurf,
Emulseo, France). Then, the aqueous suspension of bacteria is flowed through the device.
In a last step, the oil is flowed again through the device, which leads to the formation and
immobilization of droplets containing bacteria, directly on the anchors. The volume of
each dropletis 2 nl and is primarily determined by the volume of the anchor [2]. This load-
ing procedure is simple to set up and can be mastered in only a couple of trials. Indeed,
the droplet formation step is robust to fluctuations in flow rate. It can be performed using
syringe pumps or using hand-held syringes. Also note that the whole loading procedure
is performed while the output is connected to a waste tube, and the bacterial suspen-
sion is constantly encapsulated in an inert oil layer. This makes the protocol suitable in
principle to handling pathogens, since the bacterial solution remains in a closed circuit.
E. coli W3110 with a fluorescent reporter (RFP) in the ptac site (ptac::RFP) allows us
to detect bacterial cells and the growth of the colonies using the red fluorescent protein
(RFP) . A sample fluorescence image of the trapping area of the chip, acquired after 24
hours of incubation, is shown in Fig. 1e. The bacteria at this stage form bright fluorescent
colonies that can readily be imaged using epifluorescence or confocal microscopy. Empty
droplets are also present on the device, since the cells are randomly distributed. The
number of empty droplets is related to the average number of bacteria per drop, which
is in turn related to the initial concentration of the bacterial suspension. Starting from
different initial dilutions, therefore, allows us to tune the average number of cells per
droplet and the number of positive droplets within the chip in the absence of antibiotics.
Before moving on to testing the effects of antibiotics in the microfluidic device, we to
benchmark the bacterial fitness in the microfluidic device compared with standard multi-
well plate experiment. This is done by following the growth of the fluorescent intensity in
the droplets, using time-lapse epifluorescence microscopy, while performing in parallel
a standard growth-curve measurement on a fluorescence plate reader from the same
batch culture. The growth curves for the two cases are shown in Fig. 1f. The curves from
the microfluidic device show a large variability between individual droplets, as a result
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Figure 1. (a) Microfluidic chip design. Left: a unit cell consists of a triangular arrangement of
square anchors, each of size a = 120 pm and distance b = 360 um. Right: design of the full chip,
which includes a main chamber with 501 anchors, 2 input channels on the right and 1 outlet
channel on the left. (b) Side-view (not to scale), showing the channel height ¢ = 30 pm and anchor
depth d = 100 pm. The loading protocol begins by filling the chamber with oil, then (c) replacing
the oil with bacterial suspension, and (d) breaking the bacterial suspension into individual
droplets, anchored in their respective wells. (e) Z-projection of a confocal stack of the chip after
24 h incubation (scalebar: 500 ym). (f) Growth curves in 501 individual droplets on the chip (top),
and in each well of a 96-well plate (bottom). (g) Measured growth rates for bacteria in the
microfluidics chip (2 replicates), and in the 96-well plate (3 replicates). Growth rates were
obtained by fitting an exponential function to the growth curves during the first 10 hours of
growth. P-value=0.24 obtained with Welch's t-test for indetependent samples.
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of distribution of the number of initial cells and of the cell-to-cell variability [7]. In con-
trast, the multiwell plate experiments are insensitive to these stochastic elements and
grow in a reproducible and regular manner. Fitting the individual growth curves with an
exponential function for the first 10 hours of growth shows that the difference in growth
rates in the microfluidic device and in the multiwell plates is statistically not significant,
see Fig. 1g. Hence, the microfluidic results can be compared to standard microbiology
techniques.

Imaging and analysis pipelines

Once the microfluidic device is loaded, the aim of the experiments is to identify which
droplets within the array produce a population of cells after 24h and to link the final state
with the initial number of cells in each droplet. These measurements are performed
by first imaging the chip shortly after the loading and then after overnight incubation.
Image analysis of the initial and final time points then yields a table that identifies each
droplet in the array. Each droplet is then associated with measured quantities such as
the initial number of cells, its final state, as well as the antibiotic concentration for a given
experiment (see schematic in Fig. 2).

As such, the ability to acquire and analyze large amounts of imaging data is funda-
mental to obtain the antibiotic response curves. While the array format lends itself nat-
urally to measuring droplet contents at different time points, the requirement to detect
single cells at early times imposes high-resolution imaging. This runs into data han-
dling limitations associated with the large file sizes and large number of experiments.
These different constraints led us to develop automated imaging and analysis pipelines
whose implementation was instrumental for obtaining the results below. The imaging
steps are described below and the image and data analysis pipelines are provided as
open-source packages at the following GitHub repository: https://github.com/BaroudLab/
anchor-droplet-chip.

The aim of the pipeline is to generate a table with one line for each droplet, which
includes a unique label, the antibiotic concentration, as well as the initial number of cells
and final state for the droplet, as described in Fig. 2.

Initial state.

The initial number of cells per droplet is obtained by imaging the freshly loaded chip first
in bright-field, and second by acquiring a confocal z-stack of the device in the RFP chan-
nel. The bright-field image is used to detect the positions of the droplets, by adjusting for
arbitrary shift and tilt of each acquisition (see Methods). In turn, the confocal stack is re-
duced to a single image by using a maximum projection of the fluorescent intensity. The
resulting fluorescent image allows us to count the number of individual bacteria within
each droplet (Fig. 2c). The algorithm proved sufficiently robust to perform unsupervised
automated analysis of the data from the chips.

Since the cells are expected to follow a Poisson distribution in the droplets [3], a quick
quality control is performed at the end of the first scan, by verifying the distribution of
number of cells per droplet, and checking that it indeed follows the expected shape, see
Fig. 2i. This calculation also allows us to obtain a value of the Poisson parameter 4 and
to adjust the cell dilution if necessary in order to work in the desired range of A.

Note that the loading and scanning each take about 10 minutes and the initial image
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h label X y n_cells [AB] intensity poisson fi n_cells_fiiintensity_final_state I .
" 1 899.0048 1464.147 2 0 0.037842 1.182587 82 37.52328 TRUE .

2 898.7571 2000.597 2 0 0516602 1.182587 106 36.05371 TRUE 150 - F?OISSOH
3 899.2132 2532.335 3 0 0.088623 1.182587 93 53.28439 TRUE fit A=1.3
4 899.2132 3068.335 0 0 0.677917 1.182587 105 57.80243 TRUE
5 899.402 3607.968 1 0 0.025604 1.182587 105 5773022 TRUE € 100 -
6 899.2204 4136.336 1 0 1.011841 1.182587 109 60.50919 TRUE 3
7 899.402 4679.968 0 0 0.380188 1.182587 0 0.306213 FALSE o
8 899.7796 5208.336 1 0 -1.10062 1.182587 101 44.841 TRUE 50 -
9 899.6956 5747.876 9 0 -3.21326 1.182587 26 22836 TRUE
10 899.2043 6275.781 1 0 0.600983 1.182587 109 37.45874 TRUE
11 899.8779 6816.241 0 0 0.465363 1.182587 0 0578491 FALSE 0 B —
12 900.0686 7352.054 0 0 0.595245 1.182587 0 0.369293 FALSE 01 23 456 7
13 900.3052 7887.866 0 0 0.387482 1.182587 0 0.285309 FALSE
14 900.6003 8428.206 3 0 0.219513 1.182587 105 68.28568 TRUE ;
15 900.0979 8952.052 1 0 1128235 1.182587 0 1252075 FALSE

Figure 2. Imaging and image analysis pipeline. (a) The experiment begins by loading several
chips with bacterial suspensions at different antibiotic concentrations. (b) Overlay of the
bright-field image of the chip, and of the maximum projection of a fluorescent confocal z-stack.
Images are acquired minutes after loading (0 h). (c) The bright-field image is used to identify the
alignment with respect to the microscope stage and to create a unique mask around the
positions of the individual anchors. (d) Detecting the fluorescent peaks in the maximum
projection enables to count the initial number of cells per droplet. (e)-(g) Similar imaging and
analysis operations are performed 24 h after the loading, to identify positive and negative
droplets. (h) The data from the initial and final images are collected in a table that provides a
unique label for each droplet, as well as the number of cells at 0 h and at 24 h. Each droplet is
assigned a final status of positive or negative, depending on whether the final number of cells is
larger than a predefined threshold of 15 cells. (i) A quality control step is performed using the
single-cell detection at ¢ = 0 by comparing the cell number distribution with a Poisson distribution.
This leads to an estimate of the Poisson parameter A for each chip.
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validation occurs within a few minutes as well. This yields a first measurement of the
loading in under 30 minutes for each microfluidic chip.

Final state.

The contents of each droplet are later measured at the experimental endpoint, typically
after an overnight incubation (r = 18 — 24 h): each chip is scanned, this time using simple
epi-fluorescence to optimize time and disk storage. The final image of each chip is re-
aligned with the template acquired at initial times to identify each droplet, a registration
step made straightforward by the fact that droplets are anchored at predefined positions.
Then, cells are detected within each droplet, as shown in Fig. 2e-g. In the current exper-
iments, we focus on the bottom of the microfluidic device where cells are more likely to
be detected if the droplet is positive. Different quantities can be obtained from the final
image as proxies for the ability of cells to grow within the drop. We count the number of
cells in the final image, although mean or total fluorescence intensity can also be used.
The main requirement for the measurements is to be sufficiently robust to yield a cutoff
between positive and negative droplets, a classification which is also included in the data
table. The final result is a csv table that contains the relevant information on the initial
and final states of each droplet within each microfluidic device.

Note that the protocols described above can be modified for particular situations. For
instance time-lapse microscopy can be performed on the chips to obtain time-resolved
measurements. Similarly, confocal imaging can be used at later times to obtain a more
precise cell count or fluorescent intensity, or to identify the morphology of the cells. Al-
though these cases would require small modification in the pipeline, the main bricks of
the analysis discussed above can still be used in a modular fashion.

Microfluidic vs. microplate antibiogram
The microfluidics and imaging protocols described above can be combined to obtain an
antibiotic susceptibility curve, by loading several chips in parallel, using known concen-
trations of antibiotics and bacteria in each chip. Performing these measurements is sim-
plified by the standardized microfluidic format and analysis codes, making it possible to
run six to twelve chips in parallel, each with a different concentration. Confronting the
microfluidic measurements against standard microbiological techniques proves crucial
to understand how to interpret the microfluidics data.

In each experimental run, one chip is loaded with the same bacterial concentration
as the others but without any antibiotic. This control chip allows us to estimate the value
of the average number of cells per droplet at initial times, 4, for the given run:

A~ —In(p), (M

where p_ is the fraction of empty to total droplets on the test chip. This estimate comes
from the assumption that the initial number of cells per droplet follows a Poisson distri-
bution [7]. A higher value of A means that drops contain a larger average number of cells
initially.

A typical set of images from the experimental endpoint is shown in Fig. 3a. In these
images the bright spots correspond to droplets where bacteria grew, while dark spots
within the regular matrix correspond to droplets that do not contain a sufficient popula-
tion of cells. These dark positions correspond either to droplets that did not contain any

7 of 20



bioRxiv preprint doi: https://doi.org/10.1101/2023.03.08.531654; this version posted March 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Positive/total
droplets
o
[4,]

0.0

ofo 2?5 570 715 10'.0 12'.5 15'.0
[Ciprofloxacin] (ng/mL)

3
C. 500000 10
& 100000 )
2 50000 = 10
5 10000 i
3 5000 = 10t
2 1000 E
~ 500 £ 10°
2 4 6 8 10 16 36
[Ciprofloxacin] (ng/mL)
n
o d_ —_ *kkk
. . 3
10°'ng/ml - £ 20 1 T
=16
= ..
S 12 { ———
5 84
g
S [
15 ng/ml T T
ufMIC MEC MIC

Figure 3. (a) Antibiogram chips with different concentrations of ciprofloxacin, and an initial
average number of cells per droplet A = 1.3. Bright spots correspond to droplets where bacterial
growth occured. Scale bar: 1 mm. Fraction of positive droplets at the end of the experiment,
normalized by the total number of droplets containing at least one bacterium at the beginning of
the experiment, for different concentrations of ciprofloxacin. Each color corresponds to a
different run, at a different date and with a different value of 4. (c) Result of MBC experiments.
Bacteria were grown in 96-well plates under different antibiotic concentrations, and starting with
different inoculum sizes. The wells were scanned after 24 hours, and the contents of negative
wells were replated on antibiotic-free petri dishes for 24 addidtional hours. The number of
colonies on the petri dishes after incubation directly represents the number of surviving bacteria
in each well. The color corresponds to the number of colonies on the petri dishes. (d) Values of
the MBC (petri dishes), MIC (96-well plates) and pf-MIC on the chip, where the total number of
cells per chip is used as inoculum size. P-values 6e-8 for MBC vs. MIC and 0.9 for ufMIC vs MBC
obtained with Welch's t-test for independent samples.
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cells initially or to droplets where the cells did not form colonies e.g. due to the antibiotic
stress. This antibiogram, allows to determine a measure of the antibiotic susceptibility
of the bacteria, which we denote pf-MIC. The puf-MICcorresponds to the lowest antibiotic
concentration that will inhibits the growth in 95% of the droplets.

As expected, the fraction of positive droplets decreases as the concentration of an-
tibiotics is increased. This decrease is quantified in Fig. 3b, where the number of pos-
itive droplets is shown to decrease towards zero as the concentration of the antibiotic
ciprofloxacin increases, independently of the value of A.

The interpretation of this “digital” measurement and its relation with classical micro-
biology measurements is not obvious. To understand its significance, measurements
from the microfluidic format were confronted with measurements in a standard mul-
tiwell plate, using the same samples. Two classical microbiology measurements were
performed on the samples. First, the minimum inhibitory concentration (MIC) was deter-
mined with a standard microtitre broth dilution method (see Methods). The MIC corre-
sponds to the lowest antibiotic concentration that will inhibits visible growth. Then, the
minimum bactericidal concentration (MBC) was obtained by replating the contents of the
negative wells on antibiotic-free petri dishes. The number of colonies on the petri dishes
after 24 hours of incubation directly represents the number of surviving bacteria in each
well. The MBC thus provides a more precise measure of the antibiotic concentration
that is lethal to the bacteria, compared to the MIC. We find that the number of colonies
growing from negative wells is very large below a critical value of the ciprofloxacin con-
centration of 10 ng/mL, after which it drops dramatically to below ~ 100 colonies, and
eventually asymptotes to zero with increasing antibiotic concentration, see Fig. 3c.

A comparison of the measurements obtained from the three techniques (pf-MIC, MIC,
and MBC) is shown in Fig. 3d, as a function of inoculum size. The inoculum size used for
the pf-MIC corresponds to the total number of cells per chip. The classical MIC measure-
ment (at ¢t = 24 h) is shown to be the least sensitive of the three measurements, since it
finds a critical value of the concentration that is well below the value that is necessary
to kill all of the cells. In contrast, the values of the MBC and of the pf-MIC are in the
same range. They both show similar trends with the inoculum size, namely a slow but
detectable increase with the initial number of bacterial cells.

This close correspondence between the MBC and the pf-MIC, obtained by pooling
together the total number of cells in the chip, indicates that the results in the microfluidic
chip can be treated as a population-level measurement: all the bacteria from a single chip
form a small population, whose ability to survive to a given concentration of antibiotics
depends on its initial size. This result indicates that cells are behaving in an independent
manner.

Computing single-cell antibiotic susceptibility

Beyond population level measurements, the objective is to provide insights about the an-
tibiotic susceptibility of individual cells within a monoclonal population. This is achieved
by taking a probabilistic viewpoint on the ability for a single cell to produce a colony at a
given antibiotic concentration. Experimentally, we count the number of bacteria in each
droplet at the beginning and at the end of an experiment for six antibiotic concentrations,
see Fig. 4a. At the end of an experiment, the image analysis algorithm counts the number
of bacteria at the bottom of the droplets. While this number does not reflect the exact
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total number of cells in the droplet at late times, it is an acceptable proxy to differentiate
positive from negative droplets .

A threshold value to distinguish positive from negative droplets is chosen at ng;,,; =
15 cells to separate best the two populations (colony or no colony). The number of pos-
itive and negative droplets for each condition and each initial number of cells is then
determined. As a result, the probability of a droplet to contain a colony at the end-point
can be plotted as a function of its initial number of bacteria i, and of the antibiotic con-
centration C,5. We call this probability p(i, C,p): it represents the probability to produce
a colony starting from i cells, under a concentration of antibiotics C,5. The evolution of
pis shown as a heat-map in Fig. 4b. We observe that p(i, C,p) decreases as the antibiotic
concentration increases, but that it increases with the initial number of cells in a droplet;
when more cells are in a droplet initially, more antibiotics are needed to prevent the

growth of a colony after an overnight incubation.
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Figure 4. Single-cell antibiotic susceptibility. (a) Final number of cells, counted at the bottom of
each droplet at t = 24 h, as a function of antibiotic concentration. Colors indicate the initial
number of cells i in the droplet at r = 0. The horizontal dashed line is the threshold, fixed at 15
cells, chosen to define the final droplet state as positive or negative. (b) Survival probability,
computed using Eqg. (3), as a function of the initial cell number i and antibiotic concentration. (c)
The probability to produce a colony as a function of initial number of cells, for C,; = 8 ng/mL.
Bars indicate experimental measurements from counting positive cells. Dashed line shows fit
according to Eq. (2), assuming independent outcomes for each cell and fitting for ¢. For additional
fits, see Supp. Fig. S1 (d) The single-cell antibiotic susceptibility is plotted for all antibiotic
concentrations and all experimental replicates (points). The data is well-fitted with a
two-parameter Hill function (line): A(Cyg) = C}, /(K + C), with best fit values n = 3.9 and K = 4.4.

Counting the number of bacteria at initial times, and the fraction of positive droplets
at the end of the experiment, enables to infer the susceptibility of a single cell to a con-
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centration of antibiotic C,gz. This single-cell susceptibility, which we denote ¢(C,p) =
1 — p(1,C,p), is defined as the probability for a single cell to die (equivalently not form
a colony) at concentration C,g. If additionally all bacteria are assumed to behave inde-
pendently, the probability for i cells to die is g(C,p)’. The probability for i cells to form a
colony is therefore the probability for at least one of them to form a colony, and we then
have:

pli,Cpp) =1- Q(CAB)i- (2)

For each concentration of antibiotics, the probability p(i, C,5) was estimated by count-
ing the number W of droplets containing exactly i cells at the beginning of the experi-
ment. Among these W droplets, a number N*(i,C,p) droplets were positive at the end
of the experiment. We then have:

N7(i,Cyp)
—M .

The probability p(i, C,g) was fitted to the functional form of Eq. (2) with ¢(C,g) as a
single fit parameter, as shown in Fig. 4c (see Sl Fig. S1 for all data). The good agreement
between the data and the theory confirms that the bacteria may indeed be considered
as independent of each other (see in Fig. 4c), at least for the low number of cells present
initially at the beginning of the experiments. Then if we write ¢*(C,p) the best fit value
of ¢(C,p), this value provides the best estimate of the single-cell susceptibility to drug
concentration C,p, using all experimental data at hand and assuming that all cells are
independent.

The single-cell susceptibility ¢*(C,g) is expected to take a sigmoidal shape, with a
value near 0 in the absence of drugs (all bacteria form colonies), and increases non-
linearly with the drug concentration until reaching a plateau at ¢*(C,g) = 1. This is con-
firmed by the experimental measurements, as shown in Fig. 4d. These data are arbitrarily
fitted to a Hill function: h(Cap) = Ci,/(K + C}p), with K and n being two fit parameters,
providing a good match between experiments and the fitted function.

pi,Cpg) = (3)

Identifying morphology changes under antibiotic stress

This microfluidic device and image analysis pipeline is a very powerful tool to obtain quan-
titative information at the single-cell level as seen in Fig. 4. But more than quantitative
information, the anchored droplet format provides a unique ability to access qualitative
data and to follow the evolution of the bacterial colonies within each droplet over time.
The tracking of the droplet contents can be performed by time-lapse microscopy on the
chips. Since the droplet position is invariant throughout the experiment, identifying the
progeny of an individual cell can be achieved. Examples of a sample droplet contents can
be seenin Fig. 5 and the accompanying movies, first in the absence of antibiotics (Fig. 5a)
or under a sub-MIC concentration of ciprofloxacin (Fig.5b).

In the absence of antibiotics, almost all droplets display bacteria in their planktonic
state, swimming in the droplets and showing the typical size and shape for E. coli in cul-
ture. A few hours into the experiments and as the populations begin to grow, cells in
some droplets start to adhere to each other, eventually forming clumps. The presence
of these clumps could be attributed to the presence of adhesion proteins like fimbrial
adhesins that may then contribute to biofilm formation of E. coli [8, 21].

The morphological change of bacteria in the presence of antibiotics often begins with
the elongation of the cells into long filaments: this corresponds to 83% of cases in the
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a. No antibiotic b. 7 ng/ml ciprofloxacin
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Figure 5. Example of bacterial growth in three independent droplets growth (a) without antibiotic,

and (b) with sub-MIC concentrations of ciprofloxacin (7 ng/mL). Scale bar: 50 um. Even at sub-MIC
concentrations, the presence of ciprofloxacin leads to a filamentous bacterial morphology.

experiments at sub-MIC antibiotic concentration (7 ng/mL). The filamentation is due to
the SOS response triggered by the presence of ciprofloxacin; cell-division stops but the
cell metabolism continues, leading to cell volume growth. The elongated cells can then
begin to produce offspring after several hours (50% of all cases) or can arrest their growth
and stay in the filamentous form (33% of all cases). This is in agreement with observations
on agar plates [11].

In some cases, no elongation is found. These droplets correspond either to cells that
were in a dormant state (10% of all cases is expected) [17] or to cells that suffered too
much damage and died due to the antibiotics (7% of all cases) as no fluorescence can
be detected. As a result of these dynamics, nearly all of the droplets that form colonies
contain cells having the filamentous form as well. Nevertheless, the ability to image the
contents of the droplets provides a very precise indication of the state of the cells within
them. This in turn is informative about the ability of the cells to overcome the antibiotic
stress.

Discussion
As the emergence of antibiotic resistance is accelerating, it is crucial to understand the
variability of antibiotic response on the single-cell level. This has motivated work using
dilution methods to determine the MIC on petri dishes [12] or in liquid media [5], or us-
ing precision microscopy on agar [11]. In parallel, microfluidic methods have been used
to provide better controlled conditions and statistics over a large number of individual
cells [6, 28]. In recent years a flurry of droplet-based approaches has provided informa-
tion showing the heteroresistance of a bacterial population [23], digital antibiotic sus-
ceptibility [27, 29], or even providing pathogen identification [14]. These droplet-based
methods have shown that the encapsulation within droplets can be used to explore the
progeny of individual cells as they respond to antibiotic stress. By relying on snapshots of
moving droplets, these methods cannot relate the initial and final states of each droplet,
nor can they identify the biological mechanisms that allow cells to overcome the antibi-
otic stress at sub-MIC concentrations.

In this context the device and analysis pipeline presented here combine the advan-
tages of microscopy with those of droplet-based methods. Indeed the ability to iden-
tify the initial state of each droplet allows us to work at much higher cell numbers per
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droplet, which translates to similar statistics as previous papers [27] while using a much
lower number of droplets in total. Moreover the ability to provide time-resolved measure-
ments on each droplet provides unique qualitative information about the adaptation of
the cells, similarly to other microscpy-based methods [11]. Finally, the streamlined exper-
imental and analysis pipeline allows us to load and image the chip in under 30 minutes,
followed by an overnight incubation and a second scan requiring only a few minutes. As
a result the complete campaign for obtaining an antibiogram can be performed robustly
in a few hours. In contrast, the classical (petri-dish) method requires an initial overnight
incubation in a 96 well plate, followed by a second overnight incubation on 50 to 80 petri
dishes and manual counting of the colonies thereafter.

Beyond the performance aspects, it is important to benchmark the microfluidic mea-
surements against standard microbiology protocols. The comparison of MIC, MBC, and
pf-MIC shows that the results in the microfluidic chip can be treated as a population-level
measurement, since the pf-MIC matches the MBC when accounting for the starting inocu-
lum size. In addition to this, the detection of individual cells and the ability to perform a
large number of single-cell assays in parallel allow us to develop a probabilistic treatment
of the outcome within each droplet forming a colony after 24 hours. The probability for
an individual cell to produce a colony at a given antibiotic concentration thus describes
the heterogeneity of responses in the population.

This platform can now be used to address the single-cell response to antibiotics while
screening different bacteria and molecules having different mechanisms of action. The
expectation is that this screening will translate into both quantitative (shape of the sin-
gle cell susceptibility curve) and qualitative (shape of the cells) differences among the
conditions. The ability to encapsulate tens or hundreds of cells within the droplets, in
a controlled manner, will then allow the exploration of collective behaviors and non-
monotonic time-evolution of the response to antibiotics [24]. More complex experiments
can also be envisaged, e.g. by recovering the contents of individual drops and perform-
ing -omics measurements on them or by varying the antibiotic concentration in time, as
described previously [4]. Taken together, the different operations that can be combined
into this platform constitute a major step forward in the study of antibiotic response both
for scientific questions and for medical applications.

Methods
Microfluidics and microfabrication

Microfabrication and chip design

To produce microfluidic chips for the experiments, a custom mold was made using 2-
layer-SU-8 photoresist lithography. The bottom layer contains the channels with 2 inputs
and 1 output. The upper layer contains inverted microwells of squares shapes 120x120
um and space 240 um apart. As shown in Fig. 1 (a), the wells are organized in 13 rows of
39 and 38 wells respectively for odds and even rows. The channel height is 30 um and
the well height is 130 um.

Next, PDMS and its curing agent (PDMS SYLGARD 184, Dow Corning) are mixed at a
1:10 ratio and poured into the mold. The mold is placed in a vacuum chamber for 30
minutes to eliminate air bubbles and then cured for 3 hours at 70 °C. Once the PDMS
is cured, the chip is cut off from the mold and plasma bonded (CUTE Plasma, Femto
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00 Science) to the coverslip.

s» Hydrophobic treatment

sz Prior to loading, the chips are surface treated with hydrophobic solution (NOVEC 1720
sz surface modifier/electronic grade coating 3M). To do so, two surface treatments were
s0a done after the plasma bonding by filling the chip with the hydrophobic solution and cur-
ses  ing it for 10 minutes at 110°C. A third surface treatment is done prior to loading.

ws Chip loading

307 As described in Fig. 1, using a syringe pump (NEMESYS), the chip is first filled through
38 the first input with a continuous oil phase (3M Fluorinert FC40 with non-ionic surfactant
s RAN fluoSurf final concentration 1 %) while purging the air bubbles. Then, through the
a0 second input, the continuous oil phase is replaced by the bacterial suspension. Finally,
a1 the continuous oil phase is injected again at a very low flow rate, breaking the droplets
a2 apart and leaving them locked in the wells.

«: Cell culture and preparation

wa  Strain
a5 The experiments were performed using the E. coli W3110 strain JEK1037 [20] labeled with
ws red fluorescent protein (lacYZ:RFP).

«» Antibiotic Solution

a8 Ciprofloxacin (Sigma-Aldrich) was solubilized in 0.1 N HCI (Sigma-Aldrich) at 25 mg/mL.

a0 Thestockwas then diluted with MiliQ water to 1 ug/mL. The final concentration of ciprofloxacin
a0 Used was between 0 and 32 ng/mL.

a1 Cell culture

a2 From the -80°C stock, the cells were streaked on LB agar plate and incubated overnight
a3 at 37°C. The next day one isolated colony is inoculated in supplemented minimal media
s (MOPS with glucose final concentration 0.4%) and IPTG is added at 0.05 mM to induce
a5 the expression of the RFP. The bacterial suspension is incubated overnight at 37°C with
a6 shaking.

a-  Cell dilution

as  Inorder to get one to five cells per droplet, the optical density of the solution, measured
a0 at 600nm, was calibrated. This was achieved as follows: the calibration was known by
a0 Using digital counting : the chip was loaded with the diluted bacterial suspension without
«1 antibiotics, incubated at 37°C overnight, and then imaged. The empty wells were counted,
.22 and assuming a well can only be empty if no cells is loaded, the initial loading parameter
23 A was computed. 4 is the Poisson parameter which corresponds to the mean number
2s  Of cells per droplet and can be directly obtained by —In(N_,/N,,,). Where N__, is the
s number of negative droplets and N,,,,, is the total number of droplets. 1 is monitored by
=26 the concentration of the bacterial suspension and directly linked to the optical density.

» Growth characterization and antibiotic susceptibility
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Growth curves

For growth characterization cells were loaded at different dilutions (500 to 500,000 cells
per well) in a 96-well plate. The plate was then placed in the plate reader (Thermo Sci-
entific Varioskan LUX) for 24 hours at 37°C with shaking. The optical density at 600 nm
(OD) and the RFP fluorescence signal (excitation 488 nm and emission 520 nm) were mea-
sured every 10 minutes.

In parallel, cells were loaded to the chip with an average of one cell per droplet. This
corresponds to one cell per droplet on average. The chip was then placed under the
microscope and the RFP signal was measured every 30 minutes.

MIC and MBC
The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were obtained to characterize the antibiotic susceptibility at the population level.

Cells are loaded in a 96 well plate at different dilutions (500 to 500,000 cells per well)
and with different ciprofloxacin concentration ranging from 2 to 36 ng/mL. The plate is
then incubated for 24 hours at 37°C with shaking.

The MIC is determined as the antibiotic concentration of the first negative well, i.e.
the well at which the OD is the same as the OD of an empty well.

Then, the contents of the negative wells are plated on LB agar plates and incubated
for 24 hours at 37°C. The number of colonies from each of these plates is counted. The
MBC is determined as the concentration where the number of colonies decrease sharply
from more than a hundred cells to less than a dozen cells.

Single-cell susceptibility
To characterize the single-cell susceptibility to antibiotic, at least 10 microfluidic chips are
fabricated and loaded per experiment : a control chip without antibiotic, and nine more
with serial concentrations of ciprofloxacin (from 2 to 36 ng/mL). The bacterial suspension
is prepared with the antibiotic and immediately loaded into the chip. The chip is imaged,
using fluorescence microscopy, right after in order to determine the exact number of
cells in each well.

Then, the chip is immersed in a container filled with Milli Q water to prevent evapo-
ration and incubated overnight at 37°C. After incubation, a scan of each chip, measuring
the RFP signal is performed, using fluorescence microscopy.

Microscopy and image acquisition

Microscopy images are acquired using spinning disk confocal microscope (Nikon Ti2 +
Yokogawa) with a 20x 0.7 NA air objective lens (Nikon Inc.) and with 2x2 pixels binning
(set directly in camera properties (Hammamatsu Orca 4)). Images of the complete chip
are obtained by stitching individual images with a 5% overlap. The imaging rate is opti-
mized by acquiring first a bright-field image of the complete chip. The RFP signal is then
obtained either in confocal mode, using 3D stack.
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For the 3D stack, using triggered NIDAQ Piezo Z, planes are acquired with a step of
1 um, for a total penetration of 120 ym.

The total area of the device is about 1.4 by 0.4 mm, which translates to 40 kpix long
dataset using 350 nm pixel size. However, some chips could be tilted due to manual
bonding, which effectively increases the necessary scanning area, resulting in much big-
ger images.

Image analysis

Image registration

First the 3D fluorescence stack is converted to 2D using maximum projection (see Fig. S2
b,e). Both channels, 2D bright-field and 2D fluorescence images, are merged together
and saved as a tif stack. Then a well-labelled template image and a well-labelled mask
are made and aligned to the experimental images (see Fig. S2 c,f).

Note that the protocols described above can be modified for particular situations. For
instance time-lapse microscopy can be performed on the chips, in order to obtain time-
resolved measurements. Similarly, confocal imaging can be used at later times in order
to obtain a more precise cell count or fluorescent intensity, or to identify the morphology
of the cells in particular cases. Although these cases would require small modification
in the pipeline, the main bricks of the analysis discussed above can still be used in a
modular fashion, without major changes in the general approach.

Cell counting

After image registration, every droplet is associated with the labeled area defined by the
mask. Inside this mask, peak detection is performed to detect single fluorescent cells.
To avoid false detection, due to noise, a preprocessing is performed as follows: First, a
Gaussian filter, and subsequent peak detection using Scipy function peak_local_max with
an absolute threshold of two. The number of peak per label is then recorded into a table
for further processing.
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Figure S1. Fitting susceptibility to susceptibility for different concentrations of ciprofloxacin.

Figure S2. Template (grayscale) + mask (blue) used for alignment and segmenting the droplets.
Scalebar 500 um
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Titre : Mesure de I'hétérogénéité au sein de la population bactérienne monoclonale en gouttelettes microflui-

diques ancrées : le cas de la de réponse antibiotique
Mots clés : Microbiologie, Microfluidique, Antibiotique

Résumé Lémergence de nouvelles souches
bactériennes résistantes représente un défi mon-
dial majeur. Une population bactérienne résistante
peut émerger a partir d’'une seule cellule qui ac-
quiert soit une résistance, soit une persistance. Par
conséquent, il est nécessaire de développer de nou-
velles approches pour comprendre le mécanisme de
réponse aux antibiotiques, telles que des techniques
de dépistage rapide et fiable de la sensibilité aux an-
tibiotiques, ainsi que des études sur des cellules indi-
viduelles.

Dans cette étude, nous proposons une nouvelle
plateforme utilisant des micro-gouttelettes ancrées
et des protocoles d’analyse d'images pour mesu-
rer la croissance de petites communautés a par-
tir de cellules bactériennes individuelles. En raison
de l'indépendance de chaque gouttelette, ce format
de culture cellulaire 3D nous permet de contrbler
précisément le contenu de chaque gouttelette tout en
suivant la descendance d’une cellule individuelle.
Grace a cette approche, nous pouvons suivre la crois-
sance d'une cellule individuelle jusqu’a la formation
d’'une colonie en utilisant la vidéomicroscopie. De
plus, en exposant les cellules des gouttelettes mi-

crofluidiques a la ciprofloxacine, un antibiotique, nous
pouvons observer les changements morphologiques
au niveau de chaque cellule individuelle. Grace a
notre dispositif microfluidique, nous pouvons étudier
de maniere quantitative la réponse aux antibiotiques
des cellules individuelles au sein d’'une population
bactérienne monoclonale.

Nous démontrons qu’il est possible de détecter une
hétérogénéité au sein d’'une population monoclonale
d’E. coli, ce qui nous permet de déduire la sensibilité
d’une cellule individuelle a I'antibiotique, que nous ap-
pelons la pf-MIC (Concentration minimale inhibitrice
microfluidique). Cette pf-MIC nous permet non seule-
ment d’évaluer la sensibilité aux antibiotiques de la
population dans son ensemble, mais aussi la sensibi-
lité aux antibiotiques a I'échelle individuelle.

En utilisant ce systeme microfluidique et cette
méthodologie d’imagerie, nous fournissons des infor-
mations a la fois qualitatives et quantitatives sur la
réponse des antibiotiques. Cette approche nous per-
met d’accroitre notre compréhension du fonctionne-
ment des divers antibiotiques en fournissant des in-
formations sur leur mécanisme d’action.

Title : Measuring heterogeneity within monoclonal bacterial population in anchored microfluidic droplets: The

case of antibiotic response.
Keywords : Microbiology, Microfluidics, Antibiotics

Abstract : The emergence of new resistant bacterial
strains is a worldwide challenge. A resistant bacterial
population can emerge from a single cell that acquires
resistance or persistence. Hence, new ways of tack-
ling the mechanism of antibiotic response, such as
fast and reliable antibiotic susceptibility testing scree-
ning techniques and single cell studies are required.
It is necessary to see what happens at the single cell
level, in order to understand what happens at the po-
pulation level.

Here, we present a new platform based on anchored
micro-droplets and image analysis protocols to mea-
sure the growth of small communities starting from in-
dividual bacterial cells. As each droplet is independent
from one to another, this 3D cell culture format allows
us to finely control the content within each droplet,
while following the progeny of an individual cell.
Therefore, we can follow the growth from individual
cell to a colony using time lapse imaging. Plus, by ad-
ding ciprofloxacin, the cells in the microfluidic droplets

can be subjected to antibiotic stress and we are able
to observe the morphological changes at the single
cell level. Using our microfluidic device, we can quan-
titatively investigate the antibiotic response of indivi-
dual cells from a monoclonal bacterial population. We
demonstrate that it is possible to detect heterogeneity
outcomes within a monoclonal population of E. coli
from which we can deduce single-cell susceptibility
to antibiotic that we call the pf-MIC (microfluidic Mini-
mum Inhibitory Concentration). This uf-MIC gives us
access not only to the population antibiotics suscepti-
bility but also to the antibiotic susceptibility within the
population.

Using this microfluidic and imaging pipeline, we offer
both qualitative and quantitative insights into the res-
ponse of antibiotics. This approach enables us to en-
hance our comprehension of how different antibiotics
function by providing information about their mecha-
nism of action.
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