
Thesis for the degree of Doctor of Philosophy

Microscopic approaches for bacterial
collective behaviour studies
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Jesús Manuel Antúnez Domı́nguez
ISBN 978-91-8069-837-5 (Printed version)
ISBN 978-91-8069-838-2 (PDF)
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Popular summary

Bacteria, despite their simplicity, have evolved sophisticated strategies for sur-
vival across various environments. Rather than acting individually, bacteria often
work together in groups to carry out complex behaviors. These bacterial commu-
nities can range from just a few cells to millions, and their collective actions can
significantly impact our lives, such as in the case of infections or probiotics.

The remarkable behaviour of bacterial communities arises from two key pro-
cesses. First, many bacteria are considered active matter; they harness energy from
their surroundings to move and interact with each other like flocks or birds or school
of fish. Second, they communicate through chemical substances in a process known
as quorum sensing. When these processes are combined, bacteria exhibit emergent
properties—new characteristics that arise from the group dynamics. For example,
bacteria may coordinate their movement in swarms for effective exploration, form
colony aggregates for protection, or divide tasks within the community. Conse-
quently, as a response to their environment, bacteria can develop complex strategies
that would not be possible to perform alone. To fully grasp how these complex be-
haviours develop from individual bacteria, we need to observe them at both group
and cellular levels. However, traditional research methods fall short because they
often require removing the bacteria from their natural environments and involve
significant manual effort to obtain comprehensive samples.

In response to these challenges, we have developed three microfluidic platforms.
These platforms are designed to maintain the bacterial culture environments mean-
while performing real-time observation of bacterial interactions using a microscope.
Each platform is tailored to offer unique insights into bacterial collective behavior
and represent a new tool for interdisciplinary research. This work equips researcher
to investigate bacterial interactions and paves the way for new applications and
studies.



Sammanfattning

Bakterier har en stor betydelse i v̊ara liv, allt ifr̊an gynnsamma funktioner som
probiotika till negativ inverkan i infektionsammanhang. Deras utbredda förekomst
beror p̊a deras förm̊aga att anpassa sig till olika förh̊allanden och samarbeta genom
kollektivt beteende, vilket leder till komplexa strategier. Traditionella studietekniker
begränsar dock v̊ar först̊aelsen av dessa system. Detta arbete presenterar utveck-
lingen av tre mikrofluidikplattformar för mikroskopistudier och karakterisering av
bakteriella, kollektiva beteenden in situ.

Den första plattformen nyttjar bakteriekulturer p̊a fast agar för mikroskopis-
tudier och möjliggör observationer i upp till en vecka. Agarn är innesluten i en
elastomer-struktur som är förseglad med glas, vilket säkerställer miljöisolering sam-
tidigt som den optiska analysmetoden bibeh̊alls. Denna plattform användes för
att dokumentera de komplexa sociala strategierna hos Myxococcus xanthus, s̊asom
rörelsemekanismer, predationsorganisation och fruktkroppsbildning.

Den andra plattformen är ett automatiserat testsystem för kvantifiering av bak-
teriers viabilitet under olika förh̊allanden. Med hjälp av mikrofluidik effektiviseras
och parallelliseras processen. Plattformen utgör ett miniatyriserat Ames genotoxi-
citetstest, kompatibel med mikroskopi och automatisk bildanalys. Tillvägag̊angssättet
förkortar experimentets tids̊atg̊ang samt minimerar hanteringen av farliga ämnen.

Den tredje plattformen är ett mikrofluidiksystem utformat för automatisk ob-
servation av bakterier i stabiliserade droppar. Tillvägag̊angssättet ökar genom-
strömningen och möjliggör produktion av olika typer av droppar p̊a ett och samma
chip. Bacillus subtilis-bakterier kapslades in i dropparna och deras livscykel ob-
serverades i detalj. Parallellt med detta utvecklades en anpassad programvara för
att analysera mikroskopibilder och automatiskt kvantifiera bakteriernas produktion
av biofilmb.

Varje plattform ger möjlighet till unika perspektiv i bakteriers kollektiva be-
teende och erbjuder forskare nya verktyg för tvärvetenskapliga fr̊ageställningar och
tillämpningar.

Keywords: bakterier, aktiv materia, kollektivt beteende, testplattformar, mikro
uidik,
bio�lm, droppar, avbildning, bildanalys, AI



Abstract

Bacteria signi�cantly impact our lives, from their bene�cial role as probiotics to their
involvement in infection environments. Their widespread presence is largely due to their
ability to adapt to diverse conditions through collective behavior, which enables the devel-
opment of complex strategies from the contributions of simple individual entities. However
the understanding of these systems is limited by the reach of current study techniques.
This work presents the development of three platforms designed to perform microscopic
studies and characterise bacterial collective behaviors in situ, pro�ting the advantages of
micro
uidics over traditional culture techniques.

The �rst platform integrates bacterial culture on solid agar directly on the microscope
stage, allowing for extended observation periods of up to a week. The agar is housed
within an elastomer structure sealed with glass, ensuring environmental isolation while
maintaining optical accessibility. This platform was used to document the complex social
strategies of Myxococcus xanthus, including motility mechanisms, predation organisation,
and fruiting body formation.

The second platform is an automated testing system for quantifying bacterial viability
under various conditions. Using micro
uidic technology, this platform streamlines and
parallelise the process. It adapts the Ames genotoxicity test to a miniaturized version,
using microscopy imaging as the readout. This approach reduces experimental turnaround
time and minimizes the handling of hazardous substances.

The third platform is a micro
uidic system designed for the microscopy observation of
bacteria within stabilised droplets. This approach enhances throughput and allows for the
production of various types of droplets on the same chip. Bacillus subtilis bacteria were
encapsulated in these droplets, and their entire bio�lm formation life cycle was observed in
detail. Parallel to this, custom software was developed speci�cally for analysing microscopy
images to automatically quantify bio�lm formation.

Each of these platforms provides a unique perspectives in the study of bacterial collec-
tive behavior to o�er a comprehensive toolkit for researchers. complementing one another.
This work will equip researchers with the tools to address the mysteries of bacterial col-
lective behavior and opens up new possibilities for application and investigation.

Keywords: bacteria, active matter, collective behaviour, testing validation, micro
uidics,
bio�lm, droplets, imaging, image analysis, AI
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Chapter 1

Background: Bacterial collective
behaviour

1.1 Introduction

Bacteria inhabit all imaginable environments, from the outside world to the inside of
our bodies, impacting our lives in numerous ways, both positively and negatively. Their
widespread presence is due to their remarkable ability to adapt to nearly any environment,
re
ecting the complex relationship between organisms and their surroundings [1]. The
environment imposes a set of conditions that the organisms must adapt and respond to
in order to survive. These conditions include access to resources, temperature, humidity,
exposure to light, salinity, pressure, presence of hazards and many more [2]. The variability
of environments that can be found on Earth arises from the particular values all these
parameters have in a location, which in turn, are dynamic and bound to change over
time. Organisms, in turn, perform behaviours to answer these changes. General and
simple behaviours cannot be modulated as opposed to complex behaviours that can be
speci�cally tailored to the current conditions. However, the biology of an organism, coded
in their genetic material, limits the actions at its reach, and so, the available behaviours.
Therefore, the behaviour repertoire of an organism is a measure of their ability to survive.

Bacteria are among the oldest and most simple living organisms [3], yet their survival
is proof of their adaptability to the environment [4]. They are prokaryotes belonging
to the domain Bacteria, characterised by their absence of a nucleus and cell membrane
bound organelles. Instead, their genetic material is dispersed in the cytoplasm, usually
composed of a single circular chromosome di�erent from the multiple linear ones found in
eukaryotes. Bacteria are traditionally divided into two groups: Gram-negative and Gram-
positive bacteria [5]. Originally based on the ability to retain or not the crystal violet
dye of Gram staining, the classi�cation focuses on the structure of the outer membrane
and cell wall [6] as shown in Figure 1.1A. Gram-positive bacteria, like Bacillus subtilis (B.
subtilis), have an outer cell wall made of a thick layer of peptidoglycans, separated from
the inner cell membrane by the periplasmic space [7]. The cell wall is rigid, maintains
its shape and retains the crystal violet dye after the washing steps. Gram-negative bac-
teria, like Escherichia coli (E. coli) or Myxococcus xanthus (M. xanthus), have instead a
thin peptidoglycan layer in between an outer and inner cellular membrane, de�ning two
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2 Background: Bacterial collective behaviour

periplasmic spaces [8]. This layer is 
exible and does not retain the dye after the washing
steps, which include alcohol and makes the cell wall porous. This traditional division fails
to classify cases where the cell wall is completely impermeable to the dye, e.g. Gram-
indeterminate bacteria like the genus Mycobacterium [9], or when the permeability varies
in the population, e.g. Gram-variable bacteria like Actinomyces viscosus [10]. However,
the current consideration on cell wall structures brings them closer to Gram-positive bac-
teria. Other traditional classi�cations of bacteria consider motility, which will be discussed
in depth later, or their geometrical shape [11] represented in Figure 1.1B. Most bacteria
are spheres or rods, called cocci and bacilli, respectively. Less common are curved shapes,
such as a comma-shaped vibrio, spiral-shaped spirilla, and corkscrew-shaped spirochetes.
Sometimes bacteria group in speci�c structures, seen in Figure 1.1C, like pairs (diplococcus
or diplobacillus), longitudinal chains (streptococcus or streptobacillus), grape-like clusters
(staphylococcus) and lateral chains (palisades). However, this classi�cation is only useful
for visual description since there are other unique shapes and some bacteria might display
di�erent phenotypic shapes along their life cycle.

1.2 Bacterial behaviour

Bacteria have developed a multitude of mechanisms to adapt to the environment. Moni-
toring the conditions and associated behaviours is crucial in understanding the extent of
the bacterial impact. We take the example of antibiotics, substances that interfere with
the development of bacterial vital functions, as a pressuring condition [12]. Bacteria are
sensitive to the presence of antibiotics, but that is not enough information to predict their
survival at exposure. The concentration of the antibiotic can make the di�erence between
tolerance, susceptibility or eradication of a bacterial community [13]. Negligible concen-
tration of antibiotics might a�ect the functions of bacteria to a certain extent, but they are
still tolerant and able to proliferate [14]. If the concentration increases to the minimum
inhibitory concentration (MIC), the lowest concentration needed to prevent observable
growth of the colony, the bacteria become susceptible to the antibiotic and restrain their
growth and development [15]. Higher concentrations will kill at best all members of the
community, reaching the minimum bactericidal concentration. However, antibiotics tar-
geting temperature-dependent functions, like protein folding, will depend on temperature
to establish these thresholds [16]. Therefore, antibiotic concentration can be insu�cient
as a predictor of bacterial viability, underlining the need to account for other conditions.

Adaptation over time occurs as changes in the genetic material of organisms that induce
new behaviours or characteristics �tting the environment. These changes can happen
randomly due to mutations or purposefully through genetic material exchange [17]. In
the case of antibiotic susceptibility, tolerance is a consequence of changes in bacterial
phenotype, which occur as a part of their life cycle. Conversely, a mutation can turn the
usually susceptible bacteria resistant [18]. Resistance then originates from a change in the
genotype and adds new adaptations to a species [19]. These phenomena are not necessarily
spread uniformly , and di�erent levels of tolerance and resistance can coexist, respectively,
in persistent [18] and heteroresistant populations [20]. While tolerance is innate and
all bacteria can adopt the tolerant phenotype, resistance spreads through division and
conjugation, that is, transference of genetic material between cells [21]. Still, the in
uence
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Figure 1.1: Bacteria classi�cation according to di�erent aspects. A. Bacteria classi�ca-
tion according to their permeability to Gram stain, which re
ects their external membrane
structure. B. Bacterial classi�cation depending on their geometrical shape. C. Bacteria
classi�cation according to the structures they are associated in.

of mutations can be unpredictable and a�ect organisms in more ways than one. These
are referred to as collateral e�ects, where the resistant bacteria simultaneously acquires
susceptibility [22] or resistance [23] to another antibiotic or condition. Thus, collateral
e�ects are examples of the intricate interplay of factors that shapes bacterial survival and
adaptation despite their apparent simplicity.

1.2.1 Bacterial motility

One of the most important adaptations built in bacterial physiology is motility, the ability
to displace and move in the environment and as such, most bacteria are a prime example
of active matter. Active matter is a broad concept that encompasses any element able to
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extract energy from the environment and invest it in its own displacement. This de�nition
applies to a broad variety of systems at di�erent scales [24]. Active matter entities comprise
microscopic organisms like bacteria and macroscopic ones as big as whales, given their
capacity to move in the environment and extract energy through nutrition. Furthermore,
active matter also applies to non-biological and arti�cial systems. For instance, Janus
particles move due to the dual properties. Each particle has two hemispheres with distinct
physical characteristics. When one of the hemispheres has catalytic properties, such as
platinum in the presence of oxygen peroxide, the particles will self-propel through the
medium [25]. More complex examples of arti�cial active matter include robots and self-
driven vehicles [26]. These categories are not necessarily exclusive, and systems can be
hybrids. A driver in a car is both arti�cial and natural active matter, while a colony of
microscopic organisms can develop into a macroscopic system, as it will be shown in the
following chapters.

For bacteria, motility o�ers the advantage of locating optimal resources and conditions
through taxis, meaning that they actively orient and move in response to physical stimuli
rather than relying on di�usion and drift [27, 28]. The stimuli can generate attraction or
repulsion, di�erentiating between positive and negative taxis [29]. In bacteria, di�erent
types of taxis have been documented [30]. Chemotaxis is based on the presence of chem-
ical gradients, approaching higher concentrations of useful resources like food, and lower
concentrations of dangerous toxins like antibiotics [31]. Thermotaxis uses the same prin-
ciple but with temperature gradients that optimise metabolism [32]. Phototaxis, which
depends on the presence of light, has been observed both positively and negatively in
photosynthetic bacteria [33,34]. Sometimes the conditions might be intimately related to
motility itself. On a solid surface, durotaxis directs movement based on rigidity [35, 36]
and elasticotaxis according to surface tension [37], while in three-dimensional environ-
ments, viscotaxis directs movements based on viscosity [38]. As a result, bacteria develop
optimal motility strategies based on the environmental properties. In environments with
access to liquids, such as damp soil or open water, bacteria are planktonic and swim to
move through the volume of the liquid. Swimming is linked to the presence of 
agella,
specialised appendages that rotate and propel the cell forward [39]. The number and
arrangement of 
agella in bacteria vary among species. Some species have a �xed num-
ber while others have a variable number. Flagella can be positioned at a single end of
the cell (one 
agellum for monotrichous or several for lophotrichious), at both ends of
the cell (one 
agellum at each for amphitrichous and several for cephalotrichous) or ar-
bitrary distributed around the outer membrane (peritrichous) [40]. In the absence of a
liquid medium, bacteria rely on contact with a solid surface to move through twitching.
Twitching uses bacterial adhesive appendages known as type IV pili [41,42]. Pili extend,
attach to a surface and then retract, causing movement forward, similar to a grappling
hook. Pili are numerous and not aligned in a �xed direction, consequently, the movement
is convulsive and not uniform. Another displacement alternative on solid surfaces is glid-
ing motility. Gliding describes directed bacterial movement without the use of external
appendages, relying instead on adhesion and propulsion. Bacteria �rst attach to a surface
using their focal adhesion sites, then deform their membrane in a rotating motion that
pushes them forward [43]. Finally, bacteria lacking active swimming mechanisms can still
move through passive means like drifting in liquids, or sliding on solid surfaces. Sliding
motility occurs due to colony growth and is facilitated by the production of surfactants
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that reduce the surface tension [44]. Although environmental conditions can in
uence
growth and thus displacement [45], this behavior is classi�ed as tropism rather than taxis,
meaning the movement is not directed and the colony is not actively pursuing a speci�c
goal.

1.2.2 Bacterial communication

Another mechanism that bacteria use to adapt to the environment is communication [46].
Communication is the transmission of information from one entity to another. It needs
the presence of three elements, an emitter, a receptor and a message containing the in-
formation. The main requirement for communication is a shared sensory channel where
the emitter can transmit a message that the receptor can receive. In the case of bacteria,
communication takes place through the secretion and reception of chemical signals, in a
process known as quorum sensing (QS) [47]. QS is based on the production of autoin-
ducers that a�ect the receptor's genetic expression. However, autoinducers need to reach
a threshold concentration to induce the changes and it is often regulated by population
density [48]. Bacteria can trigger a multitude of behaviours through QS including motility,
aggregation, substance production and virulence, i.e., the ability of a pathogen to damage
the host [49].

QS autoinducers display a wide range of speci�city, playing a key role in the be-
haviour of members of the same colony, as well as in interaction between di�erent bacterial
species. Moreover, communication also takes place with other more complex organisms
like plants [50], fungi [51] and animals [52], as seen in the interaction of pathogens and
symbionts adapting to their host. The ability to communicate relies on the capacity of
the receptor to process the message, in this case, through external receptors in their outer
membrane that bind the autoinducers. Given the di�erences in bacterial membrane struc-
tures, di�erent QS molecules have been identi�ed for Gram-negative and Gram-positive
bacteria [53]. Gram-negative bacteria predominantly use acylated homoserine lactones [54]
while Gram-positive bacteria use specialised peptides [55]. Other molecules, like hormones
and neurotransmitters such as norepinephrine, can mediate QS interactions across di�erent
species [56].

1.2.3 Bacterial collective behaviour

Combining motility and QS leads to bacterial collective behaviour, or emergence, which
characterises systems that cannot be described merely as the sum of their components.
Their isolated entities interact and a�ect each other's operation, resulting in a community
behaviour that is far more complex than the reach of the individuals [57]. Consequently,
collective behaviour allows bacteria to overcome their simplicity and develop intricate
responses to environmental conditions [58].

These behaviours can be classi�ed according to the e�ects of their interaction [59{61].
Spiteful behaviour harms both the perpetrator and recipient, whereas altruistic behaviour
bene�ts both. When the emitter takes advantage of the recipient the process is sel�sh, but
if it bene�ts the recipient at its own cost is considered altruistic. Therefore the outcomes
and synergies are broad, leading to all kind of strategies. However, this project's focus
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is on the collective behaviors exhibited within a bacterial community, which are mainly
altruistic or mutualistic:

Organised motion: One of the main examples of bacterial collective behaviour is organ-
ised motion in swarms [62]. Bacteria organise in swarms to prevent competition between
cells of the same colony and explore the environment more e�ciently by quickly spreading
over a surface. Swarming involves the association of bacteria in coordinated movements
with neighbouring cells [63]. Traditionally, the term swarming motility has been used
to describe collective motion of bacteria on solid surfaces mediated by 
agella as seen in
B. subtilis [64]. However, the term swarm has been extended to other motility mecha-
nisms like twitching and gliding, as seen inM. xanthus [65], due to their overall common
characteristics. In most cases, swarming bacteria are elongated and 
exible, to enhance
movement in crowded environments. As in sliding motility, surfactant production en-
hances displacement along surfaces. Moreover, many surfactants, such as surfactin, also
act as QS molecule mediating the swarming process [66] or inhibiting growth of close
colonies [67]. Collective behaviour in three-dimensional space is less documented and is
tipically referred to as 
ocking rather than swarming [68,69].

Aggregation: Through exploration, bacteria are able to �nd environments where they
can thrive and settle. Bacteria communicate when they �nd a suitable location, attracting
others to join the community. Aggregation occurs when cells attach to each other, form-
ing a viable colony through cooperation. When joined, bacteria can communicate and
coordinate more e�ciently due to the population density dependance of QS [70]. They
can also engage in resource generation for other cells to use, like siderophores or extra-
cellular matrix (ECM) produced by B. subtilis. Siderophores are reservoir structures that
store biologically available iron, typically produced by bacterial communities and rarely
observed in unassociated bacteria [71]. Many species are unable to produce siderophores
themselves, but can still pro�t from those generated by others, ful�lling a key role in
multispecies communities. The ECM is another element mediating bacterial aggregation
and a component of bacterial communities, known as bio�lms [53]. The ECM serves as
a shelter for the bacteria that inhabit it, o�ering another protective layer and facilitating
adhesion of new members.

Di�erentiation: Bacterial adaptation taken to the extreme leads to di�erentiation,
where a change in phenotype allows for specialisation for a particular task. An individual
bacterium does not bene�t from specialising alone, but the colony as a whole does [72].
This shift in focus from individual survival to collective survival enhances interactions
between colony members, allowing them to complement each other. Consequently, di�er-
entiation is a collective behaviour that must be considered in the context of a community
with complementary activities. Collective behaviour can induce di�erentiation to pro-
mote synergies between bacteria. Life cycles of bacteria usually include di�erent states
related to collective behaviours. In swarming bacteria likeB. subtilis, the swarming form
is usually hyper
agellated so that the 
agella of di�erent cells entangle and boost their
e�ectiveness for movement over a solid surface [73]. During surface colonisation, bacteria
will di�erentiate into matrix producing cells to aggregate and form bio�lms [74]. Another
example of di�erentiation is sporulation, when bacteria enter a latent state resistant to
hostile conditions, as opposed to their metabolically active vegetative state [75]. In con-
trast to spores in multicellular organisms, each cell produces a single spore, which serves as
a defensive structure rather than a reproductive one. Spores ensure the long-term survival
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of the colony by enduring harsh conditions and germinating back to their vegetative state
if conditions become hospitable again. The di�erentiation process is not advantageous for
the individual bacterium, as it halts its functions and development, but it bene�ts the
community by ensuring its survival through both 
uctuations and catastrophic changes.
Di�erentiation can go as far as producing self-sacri�cing cells, as seen in bothB. subtilis
and M. xanthus, where these cells undergo autolysis to provide nutrition to susceptible
cells, such as those going through sporulation [76].

1.3 Bacterial systems

Throughout the duration of this project, the collective behaviour of two species of bacteria
were studied: bio�lm formation by B. subtilis and community organisation of M. xanthus.

1.3.1 Bio�lms

Bacterial bio�lms are communities born out of the association of bacteria to enhance their
survival against hostile conditions [77]. They are formed in the interface between two
di�erent substances, where bacteria attach and start generating an ECM to embed them-
selves into [78]. As such they constitute a conditioning layer that also allows biofouling
as other organisms progressively attach and build upon it [79]. Bacterial bio�lms provide
several advantages in their formation. They allow attachment to strategic positions, pro-
viding access to nutrition or favourable environmental conditions. They promote intimate
contact among constituents, improving cell communication and cooperation in collective
responses. They provide physical protection against predation [80], and competition [81],
as well as resistance to antibiotics [82], UV radiation [83], desiccation [84], starvation [85],
and 
uctuations in temperature [86], and pH [86].

B. subtilis is an aerobic Gram-positive bacteria widely used as a model organism for
bio�lm formation due to its ability to build bio�lms in all media interfaces [87, 88]. This
property makes this species ubiquitous, allowing the colonisation of numerous environ-
ments from soil to the sea
oor, and symbiotic association with plant roots and the gut
microbiome of animals [89, 90]. Its life cycle is closely linked to bio�lms, leading to dif-
ferentiation into three main cell phenotypes: motile cells, sessile matrix producers and
endospores [91]. Motile cells are peritrichous bacilli and move through swimming, swarm-
ing and twitching to �nd new surfaces to settle. Inside bio�lms, cells turn sessile, elongate
and organise in chains while producing an ECM. Certain regions of the bio�lm will be-
have as fruiting bodies, where cells will di�erentiate into round endospores. These are
B. subtilis cells that can withstand extreme temperatures, desiccation, starvation and
antibiotics, and other hostile conditions for extended periods of time [92].

In general, bacteria inside of a bio�lm have an enhanced tolerance to antibiotics,
withstanding one thousand times the original MIC of the planktonic state [82]. There are
several mechanisms behind the antibiotic tolerance of bio�lms. First, bacterial components
can literally block the antibiotic compounds by binding them to the ECM or by hindering
di�usion [93]. Then, the alterations induced inside a bio�lm, including di�erentiation,
might change or slow metabolic paths targeted by the antibiotic, palliating its e�ects
[82]. The group of non susceptible bacteria inside a community, whether tolerant or
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resistant, are known as persisters and include spores, slow growers or other complementary
species that avoid eradication [94]. Finally, the close cooperation between cells can foster
conjugation processes and spread resistant genetic factors across the community [95].

Due to their persistence, the thresholds of e�ect of antibiotic concentration are rede-
�ned in the context of bio�lms. The presence of antibiotics might induce di�erentiation
and bio�lm formation to withstand the harsh conditions, so the minimum concentration of
antibiotics that inhibit bio�lm formation in a planktonic sample is the bio�lm prevention
concentration [96]. If a bio�lm already exists, the minimum bio�lm inhibitory concentra-
tion is the lowest quantity of antibiotics needed to arrest its development. The bio�lm
bactericidal concentration or minimum bio�lm eradication concentration is the amount
needed to kill all the inhabitant cells [97].

As opposed to the widespread idea of bacteria living as individuals in a microscopic
environment, most species actually live in bio�lms in their natural habitat [98]. Bio�lms
are absent only when there are no suitable surfaces for attachment and no reliable sources
of nutrition. Therefore, bio�lms are present in almost every ecosystem on earth, with few
exceptions like deep sea or arti�cially clean environments [99]. In such environments, free-
swimming individuals have an advantage with respect to bio�lms, since they can scout in
search of scarce resources without competition for them. Nevertheless, if given the chance
by sudden abundance, a bio�lm will grow to optimise the newfound available resources.
Such is the case of marine snow, completely colonised particles of decaying organic matter
in the otherwise scarce depths of the sea [100].

The di�erent components of bio�lms play a key role in their function and purpose.
The �rst is the physical interface. As opposed to a volumetric space, a surface provides
a stable environment for development. Bio�lms can occur in di�erent kinds of interfaces
according to the states of matter involved: liquid/solid, liquid/
uid (air or liquid) and
solid/air [101]. Some species of bacteria exclusively form a particular type of bio�lm,
while others like B. subtilis can adapt to multiple environments [89]. A di�erent substrate
can trigger a di�erent composition of the matrix, di�erentiation of the cells and structure
of the bio�lm. Bio�lms in the limit between a solid and a liquid are known as submerged
bio�lms or mats. The solid substrate can provide access to insoluble nutrients, keep the
community in a stable place and reduce the e�ect of shear stress in dynamic conditions. In
the limit between liquids and air, bio�lms are known as pellicles. They ensure easy access
to gases but they are not stuck at a speci�c location. Attachment to the surface is enhanced
by the production of surfactants, like surfactin, and the hydrophobic components of the
bio�lm itself [79]. In the limit between solid and air, like agar plates, bio�lms are known
as colonies. Colonies often hold fruiting bodies, structures where spores are produced and
stored to survive an impending change of conditions like drought or starvation [102].

The structure of the resulting bio�lm is not random and has specialised features with
de�ned purposes. In the absence of a liquid medium, colonies develop complex structures
to accumulate moisture and reach the highest cell concentration at the edges, where nutri-
ents are not depleted [103]. A common pattern ofB. subtilis bio�lms is the development of
wrinkles that work as a circulation system, collecting waste and di�using nutrients through
the whole community, thus avoiding the formation of a necrotic core while maximising cell
density [104].

The components that make up the ECM encase the cells in a protected environment
and attach them to the media interface. Bacterial cell elements like pili and 
agella can
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bind cells together and become part of the ECM, but the building blocks of bio�lms,
known as extracellular polymeric substances (EPSs), are purposefully produced for this
goal [105]. EPSs cover a wide range of organic compounds, including polysaccharides,
proteins, external DNA and sometimes lipids [106]. Occasionally, some bacteria might
even incorporate inorganic components through biomineralisation [107]. The proportion
of these components depends on the available resources, bacterial species and chosen sub-
strate, and consequently, the EPS can perform a wide variety of supplementary functions
to bene�t its inhabitants. Exopolysaccharides have a predominantly structural role in the
bio�lm [105]. They can consist of the repetition of the same monosaccharide or an arbitrary
combination of di�erent ones, homopolysaccharides or heteropolysaccharides, respectively.
Longer chains will foster entanglement, and the existent variety of chemical end groups
(neutral, anionic and cationic) can introduce further crosslinking through electrostatic in-
teractions, Van der Wals forces and hydrogen bonds, e�ectively increasing the stability of
the bio�lm [105]. These terminals can also adhere to other functional components of the
bio�lm and the substrate, or sequester minerals and antimicrobial compounds. Proteins
perform structural functions as amyloids and catalytic functions as enzymes. Enzymes can
be stored in external vesicles for later use and collective digestion of compounds [108,109].
External DNA (eDNA) derives from both the content of dead lysed cells and proactive
secretion to the environment. Apart from a structural component, eDNA can protect
against UV light by absorbing most of the genotoxic radiation that would otherwise af-
fect the cells genetic material [110], but also contribute to horizontal gene transfer [111].
Lipids are the least present component of the EPS and as opposed to the rest of mostly
hydrophilic components, makes liposoluble compounds bioavailable and allow attachment
to hydrophobic surfaces [112]. Other components include inorganic resources of the envi-
ronment, like metallic cations. In the case of calcium, not only can it link two di�erent
polymeric chains through electrostatic interactions, but bacteria also precipitate it in a
controlled manner to form a mineral sca�olding for the bio�lm [113].

Bacteria form diverse populations inside of bio�lms through di�erentiation and collab-
oration with other organisms. Due to the stability and closeness provided by the ECM,
QS compounds reach high concentrations faster and trigger more complex responses in-
side of a bio�lm [53]. This leads to di�erentiation of cells and separation of tasks [114].
General roles inside a bio�lm include persisters [94] like spores, scouts like motile cells and
resource producers like matrix-secreting cells. The same species phenotype can ful�l more
than one of these functions, such as antibiotic-tolerant matrix producers [73]. Similarly,
there might be more than one phenotype in the species for a function, for example special-
ising in the production of each of the components of the ECM or swimmers for di�erent
motility modalities. Variety in the bio�lm relies also on the recruitment of cells of other
species that specialise in tasks unattainable to the original one through di�erentiation.
This extends also to other microorganisms like yeasts and algae, often able to produce
their own bio�lms [115, 116, 51]. However association is not necessarily symbiotic and
cheater cells might appear to take advantage and invade the bio�lm [109]. The original
species might be even eradicated, adding to the complexity of the resulting system.

Since bio�lm formation starts when a scouting bacterium contacts a surface, tactic
behaviour is crucial for helping bacteria �nd suitable locations with access to resources
like oxygen or nutrition. The bacterium initially attaches to the surface reversibly using
appendages like pili or secreting adhesive substances [117](Figure 1.2A). Even if the bac-
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Table 1.1: Summary of bio�lm diversity in terms of their interface, ECM components
and which role di�erent types of cells present.

Category Classi�cation De�ning trait

Interface
Submerged bio�lms Solid/liquid
Pellicles Liquid/
uid
Colonies Solid/air

ECM

Polysaccharides Structural
Amyloids Structural
Enzymes Catalytic
eDNA Protection
Lipids Hydrophobic interactions
Minerals Structural

Cell role

Persisters Survival
Scouts Exploration
Producers Generate resources
Cheaters Sel�sh behaviour

terium detaches, these elements remain, forming a conditioning layer that other species can
exploit. Since not all surfaces are susceptible to bacterial attachment in the same measure,
according to properties like hydrophobicity, a conditioning layer allows species that previ-
ously could not colonise the surface to do so. [118]. The bacterium will then di�erentiate
into a sessile state and become irreversibly attached to the surface (Figure 1.2B), starting
a community. The community grows by recruitment of other free bacteria [119] and repli-
cation. As the community grows, di�erentiation will promote the appearance of matrix
producers and consequent EPS generation (Figure 1.2C). Once its three components are
present: surface, cells and ECM, the system can be considered a bio�lm that grants an
advantage to the resident bacteria. As the system develops further, the population might
di�erentiate further into more specialised cells like persisters, and structures like fruiting
bodies (Figure 1.2D). Under certain triggers, like environmental changes or increased cell
density, the bio�lm will enter dispersal and disassemble its ECM, partially or totally, to
release aggregates, spores and motile cells into the environment [120, 121] (Figure 1.2E).
These cells will restart the cycle when �nding a suitable spot or when the conditions turn
ideal again [122]. This phenomena is studied in Paper IV.

1.3.2 Social organisation

This section describes how the organisation of an active community can accomplish adap-
tation to the environment. While bacterial communities can develop collective strategies
to enhance their movement such as swarming,Myxobacteria applies movement to re�ne its
collective responses, in the limit between unicellular and pluricellular behaviour [123{127].
Thus, there is a research interest in using bacteria likeM. xanthus as a model organism
to study collective behaviour [128{131]. Additionally, M. xanthus is notable for other
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Figure 1.2: Bio�lm life cycle. A. When motile bacteria come in contact with a suitable
surface, they will �rst attach reversibly. B. Then, they will attach irreversibly as the
di�erentiate into a sessile form. C. Matrix producer cells will embed the community in
ECM. D. As the bio�lm grows, it will bene�t from the protection of the ECM and the
diversity of cells that inhabit it. E. If the conditions stop being favourable, the bio�lm
will undergo dispersal and the cells will be released to the envrionment.

intriguing behaviours, such as its potential for yielding new antibiotics [132, 133] and its
role in crystal precipitation through biomineralisation [134,135].

M. xanthus is an aerobic Gram-negative bacterium found in soil, where it predates on
other microorganisms. It displays a complex life cycle where elongated vegetative cells
seek to organise into swarms to explore the territory [136, 137]. However, these swarms
are very sensitive to environmental conditions and when threatened, some of the cells will
di�erentiate into round myxospores that can withstand starvation, drought and antibiotics
exposure [138, 139]. Along this life cycle, its behaviours (namely motility, predation and
fruiting body formation) are mediated through population density and highly dependent
on community collaboration.

M. xanthus is capable of two di�erent types of motility; social and adventurous. Since
both mechanisms require a solid surface, the deciding factor is not the substrate but
population density [140]. M. xanthus cells that engage in social motility form swarms as
seen in Figure 1.3A, which advance by twitching using pili. The long and 
exible cells are
adapted for travelling in densely packed swarms that move in the same direction, stretching
into elongated 
ares at the edge of the colony. However, some of the cells will separate
to scout the nearby environment independently. These cells display adventurous motility
by gliding while leaving a slime trail behind [141]. The slime is made of polysaccharides
that other cells of the community can detect and follow to travel in the same direction,
potentially leading to the formation of new 
ares and swarms [142{144]. Due to the
di�erent mechanisms employed, one type of motility can be more e�ective according to
environmental conditions, such as substrate rigidity. Social motility is faster at high
agar concentrations, while adventurous motility is faster at lower concentration [145].
Swarms are guided by elasticotaxis, moving according to substrate tension caused by prey
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colonies [146, 142, 147]. Additionally,M. xanthus is a photosensitive species and it will
synthesise orange carotenoid pigments during growth to protect the colony from intense
light [148,149].

The organisation of the community in swarms also enhancesM. xanthus' role as a
predatory bacteria. When a potential prey is reached,M. xanthus cells secrete antibiotics
and enzymes to exterminate and digest the target cells [150]. They are known to prey
on a wide range of microorganisms, including Gram-positive [151,152] and Gram-negative
bacteria [153, 150], archaea, and yeasts [154], yet other cells within the colony remain
impervious to the antibiotics [155,156]. To optimise the use of antibiotics and collection of
nutrients, cells organise into ripples that maximise time in contact with the prey [157,158,
150], represented in Figure 1.3B. Ripples are formed by the synchronisation of reversions,
which are changes in the direction of movement among neighboring cells, creating waves
of cell density. In the absence of prey, reversion is a stochastic process in
uenced by
each cell's internal clock. However, when prey is present, cells nearby periodically revert
simultaneously. [159,141].

In the absence of prey, if the substrate dries out, or if the bacteria are exposed to
chemicals such as glycerol,M. xanthus will form fruiting bodies in which cells di�erentiate
into myxospores, as shown in Figure 1.3C. Fruiting bodies have a haystack structure:
the myxospores accumulate in mounds surrounded by vegetative cells pointing outwards
[160, 128]. The role of vegetative cells is to assist di�erentiating cells and myxospores by
self-sacri�cing or targeting potential prey. The produced nutrients can help the fruiting
body develop further or exit their latent state if conditions are favourable again [161]. By
aggregating into fruiting bodies, the re-emerging colony will have enough cells to produce
a predatory swarm, which is why fruiting body formation is triggered when a threshold
density is reached [162].
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Figure 1.3: Schematic representation of the social organisation strategies ofM. xanthus
along its life cycle. A. Cells organise in swarms to enhance motility during exploration.
B. When prey is found, they organise into ripples that increase predation e�ciency. C.
Under stress conditions like starvation, the colony forms defensive structures known as
fruiting bodies.
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Chapter 2

Aim

Despite their apparent simplicity, bacteria develop complex strategies to survive in most
environments that often involve the coordination of whole communities in collective be-
haviours. The size of these communities can range from a few cells to millions of com-
ponents, where the consequences of collectivity can be perceived at the macroscopic
scale [163]. Sometimes, they even have a considerable impact in our lives, such as the
production of antibiotics or the development of chronic infections [164]. However, to fully
understand how such intricate behaviour arises from the sum of basic entities, reliable
platforms are needed to document their phenomenology. Establishing the proper tools to
bridge the gap between the collective and individual behaviour could be key to discover,
harness, and optimise the potential applications related to them.

Bacterial communities are rarely studied in their native environment [165]. Instead,
samples are extracted from their culture site for analysis, distancing the observed system
from the original one. Each sample needs individual growth and preparation, requiring
considerable manual work to obtain a and still not enough data might be yielded. This
approach neglects the initial phases of bacterial community development and the behaviour
at the cellular level that shapes their characteristics. Moreover, the environmental role
is undermined and limited to basic parameters, by no means comparable to complex
environments that represent the natural conditions and trigger most bacterial behaviour
in the �rst place.

Traditional techniques to study bacteria, mainly agar gel in Petri dishes or liquid cul-
tures, are ine�ective to study natural bacterial behaviours. Not only are they unsuited for
in situ observation and analysis, but they also lack the tunability options to implement nat-
ural features. These traditional microbiology techniques still used these days are unspeci�c
and can successfully culture only few bacterial strains when compared to the broad variety
of bacterial species that have been identi�ed. This phenomenon, known as the great plate
count anomaly [166], shows that current methods do not reproduce the required conditions
for culture or accurate environment replication [167]. The behaviour of the unculturable
microorganisms, �ttingly referred to as microbial dark matter [168{170], and their poten-
tial applications remains thus completely uncharted and shrouded in mystery. The pitfalls
of traditional cultures underline the need to develop new tools speci�cally tailored for the
study of bacterial behaviour. In this project, the application of micro
uidics is proposed
as a promising solution to overcome many current limitations. By applying micro
uidics
techniques in di�erent degrees, the aim of this project is to adapt and validate platforms
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for in situ bacterial observation focusing on the following requirements:

1. Direct and long-term observations.

2. High temporal and spatial resolution.

3. Controlled and tunable microenvironments.

4. Meaningful data throughput and subsequent analysis.

Three di�erent platforms were designed according to these ideas during the progression
of this project. Each one applies micro
uidic techniques to varying degrees dependent on
needs and goals. Together, they complement each other and o�er a wide range of future
applications.



Chapter 3

Methodology

The standard method in microbiology studies involves using Petri dishes, which serve as
physical supports for a nutritive medium in the form of solid hydrogels. Bacteria obtain
nutrients and humidity from the gel, typically made of agar, and are maintained at the
proper temperature in an incubator [171]. Plates are routinely inoculated, spread, and
harvested for colonies, which are then placed under a microscope for imaging. Liquid
cultures are also commonly used due to their higher yield in experiments, though they
can introduce complexity, such as oxygen gradients for culturing microaerophilic bacte-
ria [172]. Liquid cultures allow for monitoring bacterial growth through optical density
(OD) measurements, which indicate the number of cells in suspension by assessing tur-
bidity [173, 174]. OD measurements generate characteristic growth patterns for bacterial
strains, forming logarithmic growth curves that track turbidity from inoculation through
nutrient depletion to cell death. The quanti�cation of OD can be further validated by in-
oculating agar plates with varying OD concentrations and counting the resulting colonies,
establishing a relationship between OD and colony-forming units (CFU) for the bacterial
strain of interest [173]. Examples for the strains used in this project can be found in the
Appendix. Regarding observation, colonies can be analysed for their macroscopic features,
or samples can be extracted for examination microscopically.

3.1 Continuous Micro
uidics

The study of bacterial collective behaviours is held back due to their reliance on traditional
microbiology techniques, far from the scale at which these phenomena originate. As op-
posed to the macroscopic scale, the microscopic scale allows observation of both cell and
community behaviour required to reach a better understanding of collective behaviour.
Micro
uidics presents itself as a promising �eld to adress this challenge.

3.1.1 Physical description

Micro
uidics is the �eld that describes the manipulation of 
uids at the microscopic scale
and the techniques derived from it [175]. Micro
uidics encompasses systems where at least
one dimension ranges from 100nm to 1 mm, a scale that exhibit consistent hydrodynamic
behaviour. Micro
uidic systems are too large to be interpreted at the discrete molecular
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level and can be described as a continuum, without considering thermal 
uctuations and
individual particle interactions [176, 175]. Let us consider a generic liquid system to un-
derstand the particular consequences of scale in micro
uidic phenomena. The continuum
hypothesis, previously mentioned, imposes that the variables attributed to the particles
that make up the 
uid can be expressed as continuous functions over the volume of the
liquid, such as mass, which is expressed as the density function. The liquid considered
is [177]:

1. Isotropic: the liquid does not have internal orientation and its properties are not
dependent on the direction.

2. Newtonian: the liquid has a constant dynamic viscosity, that is, the proportionality
constant � between the shear rate� and the shear stress du/dy remains consistent,
as described in Eq. 3.1.

� = �
du
dy

: (3.1)

3 Incompressible: the density is independent of time, which can be interpreted as the
mass conservation in the system expressed in Eq. 3.2. The liquid 
owing in the
system is identical to the liquid 
owing out, resulting in a net zero velocity across
the system's boundaries, as presented in Eq. 3.3:

D�
Dt

= 0 : (3.2)

r � u = 0 : (3.3)

The system is also far from phase transitions or 
uctuations that might a�ect physical
properties like the viscosity or density of the liquid. In such conditions the dynamics of
the system is described by the Navier-Stokes equation [178] (Eq. 3.4):

�
�

@u
@t

+ ur � u
�

= �r p + � r 2u + f: (3.4)

where � is the density, u is the 
ow velocity, t is the time, p is pressure and� is the

uid's dynamic viscosity. As a dynamic equation, each term represents the contribution of
di�erent forces. From left to right, the left term side is the inertial component, consisting
of the local (@u

@t) and the convective (ur� u) acceleration components respectively, the right
side accounts for the pressure (�r p), the viscous forces (� r 2u) and external forces (f ),
like gravity. In this systems the e�ects of scale are assessed through the Reynolds number
in Eq. 3.5. This parameter is a dimensionless quantity that characterises the system's
length scale and helps dtermine the applicability of various approximations and physical
expressions [175].

Re =
�UL

�
�

Inertial
V iscous

: (3.5)
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Here, U and L denote the characteristic 
ow speed and length of the system. In
micro
uidic systems, the Reynolds number represents the ratio of inertial to viscous forces.
Therefore, as the length dimension L decreases, viscous forces become more signi�cant,
overshading other factors such as external gravitational forces and pressure. Depending on
the Reynolds number, a hydrodynamic system can be described by two di�erent regimes,
laminar or turbulent. The threshold value can vary according to system conditions, but it
typically falls between 1800 to 2300 [175]. A Reynolds number below this range indicates
laminar 
ow, where viscous forces prevail over the inertial forces, resulting in the liquid
moving parallel layers as shown in Figure 3.1. In this regime, mixing occurs via di�usion
because the layers do not intermix. Conversely, a higher Reynolds number indicates that
inertial forces are more prominent, leading to a turbulent regime, prone to 
uctuations.
Flow is laminar for most micro
uidics systems at atmospheric pressure, room temperature
and common 
ow rates. However, it is possible to reach high Reynolds numbers increasing
the contribution of other terms in the Navier-Stokes. Micro
uidic systems can operate in
turbulent 
ow by applying strong pressures [179], external forces [180,181] or compensating
for the scale factor in Eq. 3.5 through high 
ow rates [182].

Figure 3.1: Schematic representation of laminar 
ow con�ned between two glass slides.
Viscous forces dominate over inertial forces, causing the liquid to move as parallel layers.
Di�usion is the main mechanism for mixing, as the layers do not mix or interfere with
each other.

By applying a low Reynolds number to the Navier-Stokes equation, we can neglect the
�rst inertial term, resulting in the Stokes equation (Eq. 3.6) for creeping 
ows in a system
with no free interfaces and no slippage [175]:

If Re � 1
�r p + � r 2u + f = 0 : (3.6)

This expression de�nes many of the attractive properties of micro
uidics from a tech-
nological and physical point of view:

1. Linearity: Since the Stokes equations are linear, they are easy to solve to determine
the 
ow rate in a system.
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2. Instantaneity: The system will answer to changes immediately, reaching equilibrium
and adapting its 
ow pro�le accordingly.

3. Reversibility: The system is invariable under changes in the sense of 
ow direction
due to the independence of time. The 
uid will follow the same path in the same
environment no matter the direction it is moving, leading to stable streamlines.

4. Minimal dissipation: The system's kinetic energy dissipation is minimised, as solv-
ing the equation is equivalent to optimising the system under the given boundary
conditions.

5. Uniqueness: The Stokes equation has a single solution in a given system, completely
excluding the presence of instabilities and turbulent behaviour.

The typical Reynolds number values at the micrometre scale account for the unique
physical characteristics of micro
uidics [176,175]. This scale is ideal for 
uid monitoring,
as it avoids the complexities of both nanometric and macroscopic phenomena.

3.1.2 Micro
uidic systems
From a practical perspective, micro
uidics o�ers simple and accurate control of the en-
vironmental conditions of an experiment, making it an attractive �eld for many diverse
applications [183]. Micro
uidics shares its origins with electronics, another �eld which
has found applications in several other areas of research. Through the same lithography
techniques that produced electronic microchips, it became possible to design complex,
micrometric channels and features, known as micro
uidic chips. In micro
uidics, the
fabrication process has traditionally relied on soft-lithography, which involves creating a
micrometric mould to transfer a design into a soft polymer, typically polydimethylsiloxane
(PDMS) [184]. While soft lithography is not the only fabrication technique available, nor
is PDMS the only polymer option, their combination is extensively used in life science
applications [185]. This populatiry is due to PDMS's biocompatibility [186], gas perme-
ability [187], and other properties [188], making it a suitable environment for cell survival,
as pro�ted in Platform 1. The production of PDMS chips through the soft-lithography
process involves several steps.

1. Mould fabrication: The mould is made through the selective deposition of a pho-
toresin on a silicon wafer, which is then irradiated to imprint the pattern from a
mask. The mould can be either positive or negative, depending on whether the ir-
radiated material is hardened or softened, respectively. The susceptible material is
then removed using chemical etching to create the pattern in the mask. This mould
is subsequently used to cast the PDMS.

2. PDMS processing: Unprocessed PDMS starts as an unlinked prepolymer in the form
of a viscous liquid. To solidify, it is combined with a cross-linking agent, typically
in a 10:1 ratio, and mixed thoroughly. Other ratios can be used to tune the physical
properties of PDMS, such as permeabilty, rigidity and bonding. The mixture is
then degassed to remove any air bubbles that might a�ect the chip properties and
the quality of the pattern. Finally, the mixture is poured on top of the mould and
baked overnight at 65� C to harden into a solid polymer.
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3. Chip preparation: Once the mould is separated from the wafer, the pattern of the
micro
uidic circuit pattern is open and must be sealed. To enable access to the
internal channels later, a biopsy punch is used to created holes the surface of the
chip before it is closed.

4. Bonding: PDMS can bond reversibly to glass and other PDMS surfaces through
Van der Waals forces [189], but this union cannot withstand pressure or stress. To
achieve a stable bond, both the PDMS surface and a clean glass cover are irradiated
with plasma that functionalises the silanol groups (Si{OH) to form a covalent bond
with the glass. Following, a post-baking step to consolidate the bond, the chip is
ready for use.

The use of soft lithography and PDMS o�ers several advantages in micro
uidics:

1. Adaptability: The small size of chips is ideal for microscopy and easy implemen-
tation into other experimental setups. Moreover, PDMS is physically durable and
can withstand a wide range of conditions without compromising performance. Ex-
ceptions exist when handling organic solvents [190] or hydrophobic substances that
dissolve into the bulk of the polymers [191].

2. Transparency: PDMS is highly transparent and allows nearly complete transmis-
sion of visible light. Although it does not o�er the same optical clarity as glass
alone, it can be bonded to glass which, provides ideal optical properties for di�erent
imaging techniques. Consequently, this combination enables micro
uidic chips to
facilitatev in situ observation of systems.

3. Cost e�ciency: Micro
uidics reduces reagents use and optimises their use through
high control of laminar 
ows.

4. Automation: Laminar 
ow in micro
uicid systems enables precise 
uid manipu-
lation, which can be automated with speci�c equipment to perform various tasks
e�ectively.

While these properties arise from the use of PDMS for micro
uidic chips, they have
been incorporated into micro
uidics as a �eld and remain true for most fabrication tech-
niques and materials. PDMS continues to be a popular choice for rapid prototyping and
in-house chip development. However, alternative materials can o�er better insulating,
chemical or wetting properties. For this project, various materials were employed for their
speci�c advantages. Glass, for instance, o�ers exceptional optical clarity and minimal light
distortion, making it ideal for optical windows, particularly when paired with PDMS for
reliable bonding and accurate observation. Thermoplastics, like Polycarbonate (PC), pro-
vide good optical clarity, ease of fabrication, and cost-e�ectiveness, making them suitable
for large-scale applications. However, PC does not have a strong chemical resistance to dis-
infectants and certain surface treatments, which makes Cyclic Ole�n Copolymer (COC)
a preferred choice. COC o�ers similar optical properties but with improved chemical
resistance. Bioresins were also considered for their customisable attributes, such as trans-
parency and biocompatibility, which make them suitable for creating detailed structures
and compatible with adhesives and hazardous chemicals. The range of available materials
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o�ers 
exibility in fabrication methods, including 3D-printing, laser cutting, hot emboss-
ing and micromilling. An in depth review of materials and microfabrication techniques
can be found in the article by Damodara et al [192].

Also the design of micro
uidic systems draws parallels with the circuit theory of elec-
tronics. Instead of electrical charges, liquids are transported through channels to di�erent
components. Extrapolating other relevant magnitudes and equipment necessary [193], we
obtain a system de�ned by:

1. Pressure: It serves as the hydraulic equivalent of voltage. Di�erences in pressure
between di�erent points cause liquid to move through the circuit channels. There
are di�erent methods to generate pressure gradients, but pressure pumps were the
preferred choice for the platforms in this project [194]. Pressure pumps pressurise
liquid reservoirs to generate a di�erential with respect to the atmospheric pressure
or other speci�c part of the system.

2. Flow rate: This corresponds ro electric current. It measures the movement of liquid
from one point to another, enabling the system to ultimately perform its intended
task. Syringe pumps are used to control the 
ow rate, and they do so independently
of the circuit's geometry.

3. Hydraulic resistance: This is the equivalent of electronic resistance. Given the preva-
lence of viscous forces, the liquid will 
ow slower through narrower channel cross-
sections. In laminar 
ow, no-slip boundary conditions result in parabolic velocity
pro�les, meaning that the liquid moves more slowly near the channel walls [193].

4. Valves: These function like switches in electronics. They allow 
ow management
at speci�c points by either stopping or redirecting it. Valves are usually addressed
based on the number of ports (inlets and outlets) and their operating positions. The
types used in this project include:

(a) 2/2 valve: This valve has two ports|one for inlet and one for outlet|that
can be either closed (o�) or open (on).

(b) 3/2 valve: It has three ports | one inlet and two outlets (or vice versa de-
pending on the 
ow direction)|this valve has two operational positions. The
main port connects to one of the two alternatives at a time, redirecting the

ow to an alternative path.

(c) Multi-injection valve: This is an advanced version of the 3/2 valve, with ten
alternative ports instead of two, e�ectively functioning as an \11/10 valve"
with a total of eleven ports and ten possible positions.

These considerations make it possible to relate these magnitudes in the same way as Ohm's
law, resulting on the Hagen{Poiseuille equation (Eq. 3.7). This equation also de�nes the
calculation of hydraulic resistance in the system, providing an intuitive and simple frame
for experiment design. This analogy can be further extended to other magnitudes, such as
pistons being the equivalent of capacitors that store liquid volume, but their applications
in micro
uidic systems are less universal.

� p =
8��LQ

S2 = RQ (3.7)
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3.2 Droplet micro
uidics
The systems described so far have consisted of a single liquid phase in the circuit. However,
by introducing another immiscible liquid phase in the system, droplets can be formed to
drastically increase experiment parallelisation. This is the �eld of droplet micro
uidics,
which takes advantage of the immiscibility of two liquids to form an emulsion in a precise
manner. The reagents of interest are distributed in homogeneous droplets that serve as
independent reactors, each one potentially an independent experiment.

An emulsion is a type of colloid, i.e. a homogeneous mixture consisting of two im-
miscible phases. It consists of a dispersed phase distributed in droplets throughout the
volume of the continuous phase. Typically, emulsions consist of an organic phase and an
aqueous phase. They can be classi�ed based on their structure as either O/W (oil droplets
in water) or W/O (water droplets in oil). In some cases, the dispersed phase itself can
also be an emulsion, leading to droplets within droplets. These are known as multiple
emulsions and are referred to using the same conventions: O/W/O (oil-in-water-in-oil) or
W/O/W (water-in-oil-in-water). This process can be applied consecutively to generate
higher-order emulsions, with potentially di�erent phases at each stage.

Droplet formation occurs due to the interface between the two contacting phases. To
maintain a curved surface at the interface, pressure must be exerted from the concave
side towards the exterior. The pressure di�erence from one medium to another required
to curve the interface between two liquids is described by the Laplace's pressure equation
(Eq. 3.8) :

p = 

�

1
r x

�
1
r 


�
: (3.8)

Where 
 is the surface tension andr x and r y are the maximum and minimum value
of the curvature radii, that in the case of a spherical droplet would be the same. In this
expression, the pressure p gives us an idea of the energy, per unit of volume, that has to be
applied to deform the surface and convert the liquid into a sphere. Greater surface tension
between the liquids results in a larger pressure di�erence. Conversly, the pressure required
is inversely proportional to the droplet size, meaning smaller droplets require more energy
to form.

Surface tension is particularly important in droplet micro
uidics, where it drives cap-
illary forces, unlike continuous micro
uidics where viscous forces are predominant. The
impact of these forces can be quanti�ed by the capillary number (Eq. 3.9), which is the
ratio of viscous to capillary forces:

Ca =
� 1U



�

V iscuous
Capillary

(3.9)

Where U is the characteristic speed,
 is the surface tension and� 1 the liquid viscosity
of the dispersed phase. This expression shows that capillary forces can be neglected only
at high velocities, but in turn, this will result in an increase in the Reynolds number,
moving the 
ow out of the laminar range. A multiphase system is still described by the
Stokes equations for each phase, but boundary conditions at each of the interfaces are
needed. These boundary conditions are not limited to continuous ones like velocity, and
can include kinematic boundary conditions due to the displacement of the limit surface
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between liquids and discontinuous conditions like Laplace's pressure at each interface.
In such systems, the properties of continuous micro
uidics previously described are lost,
making the system non linear and deviating from the laminar 
ow regime.

3.2.1 Surface tension
The e�ect of surface tension is important because the liquids are contained in channels
rather than in a free volume, hence interaction with the walls must be considered. In con-
tinuous systems, the carrier liquid always wets all the walls inside a micro
uidic chip and
their interaction does not change. However, in droplet micro
uidics, various phenomena
occur due to the existence of di�erent liquid phases. The di�erences in surface tension
a�ect how one liquid phase interacts with the walls compared to another phase, a process
known as wetting [195].

If a droplet is released at the interface between a 
uid and a solid, the shape that
the droplet adopts depends on its wettability. This property describes the a�nity of a

uid to spread over the surface of a solid, which is a macroscopic consequence of the
intermolecular forces between the particles that make up the liquid and the walls. In the
system, represented in Figure 3.2, if the contact area increases between the droplet and the
solid, SD, the same area is reduced in the contact between the solid and external 
uid, SF.
However, the spread of the droplet also increases the contact area between the droplet and
the 
uid, DF. Considering their surface energy as the product of the surface and surface
tension, we can de�ne the work necessary to spread the droplet an in�nitesimal step over
the radial direction (Eq. 3.10).

Figure 3.2: Volumetric representation of the cross section of a droplet expanding over
a solid by � r. The increase in the solid-droplet (SD) contact area coincides with the
reduction of the solid-
uid (SF) area, marked in red, while the growth of the droplet/
uid
interface (DF) is highlighted in green. Both areas can be related through the cosine of the
contact angle � .

�W = ( 
 DF � 
 SF ) �r � 
 SD cos��r (3.10)
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At equilibrium, the incremental work must be equal to 0, and simplifying the terms,
Young's equation (Eq. 3.11) is obtained:


 DF cos� = 
 SF � 
 SD (3.11)

This expression characterises wettability of a 
uid over a solid in an environment, and
it is measured through the contact angle, that de�nes three possible scenarios:

1. Complete wetting: The liquid has a high a�nity for the substrate and spreads 
at
into a thin �lm over the surface forming a 0 � contact angle.

2. Partial wetting: The liquid has some a�nity for the substrate but it does not
overtake the liquid's intermolecular forces. The liquid has a 
at side in contact with
the surface, while the rest of the droplet curves above it. The contact angle can
range from anything between 0� and 180� , not included.

3. Dewetting: The liquid shows no a�nity for the substrate and favours contact only
with the environment 
uid, causing it to form a spherical droplet on top of the
substrate and a contact angle of 180� .

Wettability is a crucial parameter in droplet micro
uidics and can drastically change
the behaviour of droplets inside a channel. Complete wetting is unsuitable for a dispersed
phase and prevents droplet formation, but it is highly desirable for the continuous phase
(Figure . 3.3A). The opposite will be true for dewetting, which is optimal for droplet
generation and stability (Figure . 3.3B). In the case of partial wetting, a meniscus is
formed unless the contact angle is 90� (Figure . 3.3C). An angle between 0� and 90� will
produce a Laplace's pressure pointing to the inside of the liquid (Figure . 3.3D), while
an angle between 90� and 180� will produce pressure pointing outwards (Figure . 3.3E).
Both phenomena can be combined at once in micropatterned surfaces, alternating di�erent
wettabilities, to move droplets (Figure . 3.3F) [196].

Since most droplet micro
uidics systems consist of an aqueous phase and an oil phase,
wettability is usually mentioned in terms of hydrophobicity. Hydrophobic materials have
a high contact angle with water and low for organic oils, in contrast, hydrophilic materials
have a�nity for water but not for organic oils. Hence the choice of chip material is crucial
and will determine the types of droplets that can be produced, w/o or o/w. Wettability
in
uences the formation of droplets, with 
uids having the highest contact angle showing
less a�nity for the walls and therefore lower surface energy when separated. Hydropho-
bic materials promote aqueous droplets and hydrophilic materials support oil droplets.
Ideally, the dispersed phase should repel the wall to prevent material adhesion and accu-
mulation, which can progressively increase wettability over time and a�ect performance.
However, wettability can be be improved through di�erent means such as surface pattern-
ing, chemical functionalisation and the use of surfactants.

Surfactants or surface active agents, are substances that interact with the interface
between two phases, reducing surface tension. This property originates from their am-
phiphilic structure, which include a polar hydrophilic head and a non-polar lipophilic tail.
Surfactants with a stronger hydrophilic head are water soluble and suitable for forming
O/W emulsions, while in the opposite case, a surfactant will be more liposoluble and facil-
itate the formation of W/O emulsions. Their primary bene�t in droplet production is the
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Figure 3.3: E�ect of wettability for a droplet inside of a channel. A complete wettability
will spread the liquid over the walls. B Dewetting will form a dettached and stable
droplet. C A contact angle of 90� will produce a liquid pillar. D Lower contact angles
will point Laplace's pressure to the inside of the liquid. E. Higher contact angles will
point Lpaplace's pressure outwards. F Micropatterned surfaces alternating wettability
properties: non wettable in grey and wettable in orange, will align both contributions and
produce movement.

reduction of surface tension at the 
uids interphase, which lowers Laplace's pressure and
facilitates droplet formation. When introduced into a droplet micro
uidic system, one of
the following scenarios typically occurs:

If the surfactant added is mostly soluble in the dispersed phase, wettability is greatly
enhanced for the dispersed phase, while the e�ects on the continuous phase is minimal.
Increasing the surfactant concentration will extend the contact between the droplets and
the channel walls until both liquids equally wet the surfaces at a contact angle of 90� .
If more surfactant is added, the system will undergo phase inversion, where the roles of
dispersed and continuous phase will be swapped [197].

Conversely, if the surfactant added is mostly soluble in the continuous phase, wetta-
bility improves for the continuous phase but remains una�ected for the dispersed phase.
The contact between the walls and the droplets decrease until the continuous phase fully
wets the surface and the dispersed phase becomes dewetted, a phenomenon known as
detergency [198{200].

Consequently, Bancroft's rule establishes that system stabilisation requires the use of
a surfactant soluble in the continuous phase, as this promotes droplet dewetting, which
is generally bene�cial for the performance of droplet micro
uidics and emulsion systems
[201,202]. However, the e�ectiveness of a surfactant is not determined by its concentration
alone but its presence at the interphase. Surfactant addition is only e�ective when there
is available space at the interphase. Beyond this threshold, known as the critical micelle
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concentration (CMC) [203], the system becomes saturated, and instead of interacting with
the now unavailable surfaces, the surfactant molecules aggregate into micelles. These are
aggregates of surfactant molecules that form vesicles to minimise the exposure of their less
compatible end to the surrounding medium. But since micelles have no e�ect on the surface
properties of the system, surfactants have a limited range of e�ectiveness in altering the
system. Given their limitations, surfactants are characterised beyond simple hydrophilic or
lipophilic properties. Not all surfactants can reach detergency before reaching their CMC.
A more exhaustive evaluation of their behaviour is provided through the hydrophilic-
lipophilic balance (HLB) [204,205], which assigns an index to surfactants according to the
proportion and strength of their hydrophilic groups. This index ranges from 0 to 20 and
helps classify surfactants in agreement with their suitability for various applications. This
method can also be applied to surfactant mixtures to optimise their e�ects. These concepts
were utilised in the development of Platform 3, an integrated droplet micro
uidic system,
where per
uorinated oil served as the continuous phase. The chip channels were chemically
treated with an antiwetting agent to render them hydrophobic, and a 
uorosurfactant was
incorporated into the liquid phase formulation to ensure e�ective dewetting.

3.2.2 Droplet formation
Droplet production is based on the Rayleigh-plateau instability that induces the separation
of liquid streams in separate droplets to minimise their surface area. This phenomenon
arises from the optimisation of surface energy associated with a column of liquid (Eq. 3.12)
with respect to a string of droplets (Eq. 3.13), establishing a dependence on the radii
(Eq. 3.14):

EC = 2 �RL
 =
2�V 
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R (3.14)

Where 
 is surface tension, R is the radius and L the length of the liquid column, R'
the radius and N number of the resulting droplets and V the total volume of liquid, the
same in both cases.

When the two liquid streams are put in contact to make droplets, the continuous
phase will generate shear stress on the surface of the (to be) dispersed phase. The shear
stress will squeeze and separate the liquid into droplets. This process can take place
in di�erent regimes depending on the conditions. A classi�cation according to the the
capillary number establishes di�erent droplet production regimes (Eq. 3.9 on page 23):

1. Dripping: The droplets are detached from the column of liquid one by one, as they
enter in contact with the continuous phase. The capillary number is low, indicating
high capillary forces that lead to a slow detachment of the droplet (Figure 3.4A).

2. Jetting: The stream of the dispersed phase advances as a column for a certain
length, before droplet detachment takes place. The capillary number is higher due
to higher 
ow rates, limiting the e�ect of the capillary forces (Figure 3.4B).
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3. Co
ow: The two liquids travel in concentric or parallel streams and droplets are not
formed. This is true for considerably high capillary numbers, where the capillary
forces are negligible with respect to viscous forces due to high 
ow rates (Figure
3.4C).

These regimes do not take into account the con�guration used for droplet generation,
but are applicable to all of them. Di�erent con�gurations can have more complex regimes
that are not listed above, and each regime may have speci�c conditions that make them
suitable for various applications.

Methods for droplet production involve any mechanism capable of a�ecting the surface
tension [206]. Active droplet generation methods rely on direct interaction with the liquid
surface to trigger separation, using techniques such as electrodes, lasers or centriguga-
tion [207]. These methods o�er precise control and tunability of droplet size, but they add
complexity to the micro
uidic or experimental setup. In contrast, passive droplet produc-
tion methods rely solely on the con
uence of the two liquid streams without additional
features, with droplet formation resulting from the inherent geometry of the system:

1. T junction: The dispersed phase channel connects to the continuous phase in a
perpendicular or slanted (V junctions) direction. Once the liquids arrive at the
junction, the continuous phase will push the dispersed phase on its side, leading to
a shear stress that separates the droplet to be gathered by the continuous phase
channel. T junctions are the simplest con�guration for droplets production but still
achieving high levels of monodispersity (Figure 3.4D).

2. Flow-focusing: Two 
ows of continuous phase coincide at the exit of the dispersed
phase channel. Shear stress pinches the droplet free from both sides and in an e�ec-
tive way (Figure 3.4E). Flow-focusing allows �ner tuning of the size and throughput
in exchange of paralellisation potential. In this project, this was the geometry of
choice for droplet production in Paper IV, given the importance of size for the
success of the experiments.

3. Co
ow: The dispersed phase 
ows through a capillary inside the continuous phase
channel. The shear stress comes from the continuous 
ow that pushes the droplets
forward. This con�guration allows production on the dripping regime for the highest
range of 
ow rates (Figure 3.4F).

4. Step emulsi�cation: Both phases are made to co
ow in a 
at narrow channel leading
to a considerably bigger chamber. High shear stress is induced by the geometry at
the connection between breaking the co
ow regime and leading to the formation of
even submicrometric droplets (Figure 3.4G).
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Figure 3.4: Regimes and geometrical con�gurations for droplet production. The Regime
depends on the 
ow rates involved in droplet production A. Dripping regime. B. Jetting
regime. C. Co
ow regime. The con�guration depends on the working principle of the
device, due to geometrical shapes for the case of passive methods. D.T-junction con�gu-
ration. E. Flow-focusing con�guration. F. Co-
ow con�guration. G. Step emulsi�cation
con�guration. The same con�guration can work on di�erent regimes.

3.3 Analysis techniques

The type of information obtained from a system can vary signi�cantly depending on the
analysis techniques used, especially when examining bacterial behaviour: chemical analy-
sis, such as Raman microscopy [208{210], can identify the components of bio�lms or the
chemicals involved in quorum sensing, genomic sequencing allows for the detailed genetic
pro�ling of bacterial populations, revealing gene expression patterns [211,212], and di�er-
ent imaging techniques allow for the observation of these behaviours as they develop [213].
In this project, two main imaging techniques were employed for data acquisition, involving
two main modalities: bright�eld (BF) and 
uorescent microscopy. BF microscopy pro-
vides a straightforward method for general visualisation of bacteria and their environment
using standard light illumination. Fluorescence microscopy, on the other hand, allows for
speci�c visualisation of bacterial components by using 
uorescent dyes and proteins that
bind to and highlight a particular target, such as DNA. The added contrast is necessary
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to visualise biological elements that may otherwise be indistinct. Additionally, genetically
modi�ed bacterial strains that produce 
uorescent protiens under speci�c conditions, such
as sporulation, were used to label di�erent processes or structures [214]. These imaging
techniques collectively provide valuable insights into bacterial dynamics and interactions.

However, images acquired through microscopy often require processing to extract use-
ful information, and typically involve several key steps. First, to enhance image quality,
the images are preprocessed through, e.g., noise reduction, normalisation, and background
subtraction [215]. Next, segmentation is performed to identify and isolate speci�c fea-
tures|such as cells and bio�lms, which are pertinent to this project|separating them
from the background. This is often followed by feature extraction, where the various
features are translated into quantitative information. Fluorescence images o�er enhanced
speci�city for quanti�cation and analysis but comes with signi�cant drawbacks when stain-
ing is required. The staining process involves multiple conditioning steps to prepare sam-
ples, which can complicate or preventin situ imaging. Additionally, the introdcution of

uorescent dyes can pose risks such as toxicity or alterations in bacterial behaviour, po-
tentially a�ecting results. While genetically modi�ed organisms can address these issues,
their generation is complex and requires considerable expertise, limiting accessibility. In
contrast, BF microscopy is more accessible and generally does not interfere with bacterial
behaviour, but it produces non-targeted images that are challenging to analyse, especially
when with complex biological features.

To overcome these challenges, Arti�cial Intelligence (AI) models for image analysis can
be highly e�ective. Virtual staining uses computational methods to generate 
uorescence-
like contrast in unlabeled samples, combining the advantages of easy sample acquisition
and straightforward processing [216]. Additionally, AI models can improve the resolution
of structures beyond the optical limits of the imaging setup to gain superresolution [217],
which has been extensively used to characterise and identify speci�c molecules critical for
bacterial behaviour. A review of the primary applications and interests related to these
techniques, but in cell biology, is included as Paper III. AI models typically require large
training datasets that represent the desired task. Depending on whether these datasets
provide ground truth labels or not, models can be classi�ed into two types: supervised and
unsupervised [218]. Supervised AI models o�er high accuracy for tasks with labeled data,
enabling precise predictions and classi�cations. However, they require extensive labeled
datasets, which are time-consuming and costly to produce. In contrast, unsupervised AI
models excel at discovering patterns within unlabeled data, making them valuable for
exploratory analysis and high-throughput applications. Nevertheless, they may face chal-
lenges with accuracy and interpretability due to the lack of labeled data. Each approach
has its strengths and weaknesses, in
uencing the choice based on research goals and avail-
able data. In this project, Chapter 6 introduces results from an unsupervised AI model
used to recognise bio�lm at di�erent stages.



Chapter 4

Platform 1: Observation

4.1 Motivation
This chapter describes the development of a platform forin situ observation of bacteria
on solid supports at both community and cellular scales. Although bacteria are routinely
cultured in solid/air environments by solidifying nutrient medium into a hydrogel, they
are rarely observed in these settings. Bacteria exhibit many interesting behaviors at these
interfaces, as discussed in Chapter 1, which covers motility mechanisms and collective
behaviors. One example is the social strategies ofM. xanthus, which was the study subject
for this work. Stabilising these systems for microscopy has been challenging, limiting
imaging to short periods and preventing detailed observation of behaviours like fruiting
body formation. By applying PDMS fabrication techniques, a platform was developed to
maintain environmental stability during observation, allowing for extended documentation
of collective behaviors. This work contributed to Paper I, a tutorial on M. xanthus culture
describing its collective behaviours and their relevance in multidisciplinary research. This
chapter includes the design and procedures not covered in the article.

4.2 Limitations
The starting point for observing bacteria in their original environment remained close to
traditional techniques. The platform described here is based on a widely used bacterial
culture system: agar plates. When sealed, agar plates are closed systems that can be
easily transported and placed in an incubator to maintain ideal temperature and humidity
conditions. However, Petri dishes present three challenges for conventional microscopic
imaging:

1. Flat surface: Imaging requires all objects in the �eld of view to be at the same
distance from the objective, the focal distance, to obtain sharp, well-de�ned features.
However, the surface of the agar in a Petri dish forms a meniscus due to the capillary
forces, resulting in a non-
at surface. Even on minimal curvature in the center of
the plate can cause uneven focus at the micrometer scale.

2. Stability: Without the lid, the system is not insulated. making the sample suscep-
tible to contamination and 
uctuations, especially in humidity. In an atmosphere
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not saturated with water, the agar quickly loses water and shrinks. This a�ects
substrate properties like rigidity, which can be crucial for M. xanthus experiments
and alters the focus plane due to volume decrease in the hydrogel.

3. Objective distance: High magni�cation objectives must be placed close to the
sample with a clear light path to avoid refraction. For an inverted microscope,
the plate must be turned upside down to circumvent the agar. Regardless of the
microscope con�guration, the plate lid will always be between the objective and the
sample. Petri dish lids are typically made of either polymer, such as polystyrene
(PS), or glass. Polymer lids are thinner, allowing closer proximity to the sample,
while glass lids cause refraction and dispersion, resulting in more de�ned images
[219]. This can be particularly noticeable at higher magni�cations, necessary for
observing bacteria, where optical distortions can signi�cantly impact image quality.

To address these disadvantages, an initial attempt adapted the use of Petri dishes
(Figure 4.1A). This method involved overpouring agar into a Petri dish (Figure 4.1B)
and covering it with a burner-sterilised glass slide (Figure 4.1C). After removing the glass
slide, a 
at agar surface is obtained at the edge of the Petri dish, making it optically
accessible (Figure 4.1D). The over�lled agar plates were then inoculated withM. xanthus
wild-type strain DK1622 (Figure 4.1E) and observed with an inverted microscope. During
the acquisition, the plates, without the lids, were placed upside-down on a stage incubator
(Figure 4.1F). However, without the lid the agar was prone to contamination and insta-
bility over time. Dispite this issues, M. xanthus behaviour could be documented hourly
for up to a a day at 4x magni�cation allowing community-scale imaging. Consequently,
traditional agar plates are unsuitable for long-term in situ observation.

4.3 Platform Setup

4.3.1 Design

A new platform was designed for long-term bacterial imaging at the cellular level. This
platform consists of a physical support that holds the agar close to an optical window
without contact (Figure 4.2A), allowing bacteria to develop three-dimensional structures.
The support base matches the dimensions of a microscope glass slide for easy adaptation
to the microscope stage. The agar is distributed in three circular wells along the surface,
enabling di�erent replicates or condition comparisons. Circular wells provide uniform
support to the agar all around its contour (Figure 4.2B), as opposed to square wells,
which promote uneven surfaces at the corners. The agar surface is kept at a speci�c
distance from the objective by creating a chamber with the thickness of two coverslips
(Figure 4.2C), which are inserted during �lling and removed before observation. The
depth of the wells determines the thickness, with thicker agar being more robust against
humidity 
uctuations, thus minimising surface deformation over time. A height equal
to the radius of the well was chosen to minimise the surface-to-volume ratio, decreasing
potential water loss (Figure 4.2D). Even in a sealed environment, agar will slowly release
water in a process known as syneresis [220]. Temperature changes, such as bringing the
platform from the working bench to the stage incubator, can trigger the release of water
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Figure 4.1: Petri dishes use adaptation for microscopic imaging. A. Petri dish is poured
melted agar B .The Petri dish is �lled completely instead of partially. C. A glass slide is
placed on top, making contact with the still liquid agar. D. Once solidi�ed, the glass slide
is removed sliding it carefully to the side. E. The 
at surface where the glass slide was is
inoculated with bacteria. F. The agar plate is placed upside down in the microscope stage
for imaging.

to the system [221]. In a saturated atmosphere, this water condensates on the internal
walls of the platform, including the observation window. To prevent condensation due to
humidity 
uctuations, an air chamber of the same height as the agar wells was introduced
into the support.

4.3.2 Fabrication

The support was fabricated using PDMS due to its casting simplicity and its ability
to bond reversibly to glass, via Van der Waals forces, without plasma treatment. A
3D-printed negative design was used as a mould (Figure 4.3A) and a square frame was
printed to cast three supports simultaneously. After casting, each support was cut to �t in
a glass slide (Figure 4.3B). To obtain the described PDMS design, the frame con�ned the
PDMS prepolymer and two stacked 18x18 mm glass coverslips were placed in the positions
corresponding to each well (Figure 4.3C). These coverslips ensured a 
at surface and
consistent distance from the well to the microscope objective. After placing the negative
moulds in the corresponding positions of the wells, the prepolymer and crosslinker were
mixed at 10:1 ratio, degassed and poured over the mould (Figure 4.3D), ensuring no air
bubbles. The PDMS covered the mould until the very edge to place a glass sheet on




