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“I'should like to say two things, one intellectual and one moral. The intellectual thing I should want
to say is this: When you are studying any matter, or considering any philosophy, ask yourself only
what are the facts and what is the truth that the facts bear out. Never let yourself be diverted either
by what you wish to believe, or by what you think would have beneficent social effects if it were

believed. But look only, and solely, at what are the facts. That is the intellectual thing that I should
wish to say.

The moral thing I should wish to say... I should say love is wise, hatred is foolish. In this world
which is getting more closely and closely interconnected we have to learn to tolerate each other, we
have to learn to put up with the fact that some people say things that we don’t like. We can only
live together in that way and if we are to live together and not die together we must learn a kind of

charity and a kind of tolerance which is absolutely vital to the continuation of human life on this
planet.”

— Bernard Russell

This thesis is dedicated to my parents...
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Abstract

Fast spreading antimicrobial resistance (AMR) is an emerging major public health issue. New
therapeutic and diagnostic paradigms must be implemented to counteract this evolution. In this
respect, fast antimicrobial susceptibility testing (AST) plays an important role by enabling optimum
antibiotic prescriptions to improve the therapeutic efficiency on the one hand and to avoid excessive
consumption of antibiotics on the other hand. Eventually, this could slow down AMR progression
and extend the lifespan of current antibiotics. This thesis explores routes towards innovative fast
AST technologies from 3 perspectives, using E. coli as a model organism: (i) microbial metabolic
heat production, (ii) oxygen consumption assessment in response to antimicrobial exposure, and
(iii) bacterial motility analysis after incubation without and with antibiotics.

In the first project, we propose a chip-based isothermal nanocalorimeter, enabling reliable bacterial
metabolic heat flow measurements. Main components of the nanocalorimeter platform include
a microincubator positioned on a Si chip-based heat flow sensor, combined with a custom PID
controlled thermostat and an integrated fluidic handling system. The platform’s high sensitivity
enables bacterial growth detection within only a few hours of culture. The measured heat flow
in bacterial growth correlates to the lost energy in terms of heat generation during the central
metabolic process. Heat flow curves reflect growth rate and lag phase variations under different
bacterial culture conditions and in the presence of antibiotics. At the first stage, for instance,
we assessed bacterial heat flow in 3 different culture media, and we found that the overall heat
production (i.e. heat flow integrated over time) depends on the availability of nutrients. More
importantly, using heat as a viability indicator, we were able to perform AST on E. coli within
only several hours. In these assays, growth inhibition due to antibiotic activity was revealed by a
decrease or the absence of the metabolic heat signal. Furthermore, we found that antimicrobial
stress resulted in metabolic energy spilling by the bacteria. As a proof-of-concept, we conducted a
metabolic heat AST study based on 3 clinically relevant antibiotics featuring different functional
mechanisms. The presence of antibiotics at sub-MICs (minimum inhibitory concentrations) leads
to slower growth rates and lag phase elongation. MIC ranges could be determined with our system
and were found to correspond well to established MIC values.

In a parallel approach, we adapted the nanocalorimeter platform to develop an on-chip bacterial
oxygen consumption measurement system as an indirect calorimetric method. We focused on the
aerobic metabolic activity of E. coli in the early phase of bacterial growth. A nanoparticle-based
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sensor allows correlating the concentration of dissolved oxygen in the culture medium with a phase
shift in the fluorescent signal response. We established a model to evaluate the oxygen consumption
rate (OCR) and bacterial doubling time based on exponential bacterial growth. Antibiotic exposure
above MIC suppresses bacterial growth as well as oxygen consumption.

In the third project, we further explored the properties of bacteria cultures facing antimicrobial
stress. We performed an extensive motility study at single-bacterium resolution under different
culture conditions. We developed a protocol using a composite microfluidic chip with UV-curable
optical adhesive (OA)-patterned microchannels. The rigid OA-based chip provides several
advantages over conventional PDMS chips in certain applications. The 4-um high microfluidic
channels confine bacterial suspensions in a quasi-2D space to facilitate high-resolution time-lapse
imaging. We developed a high-content image processing protocol to analyze both the static and
dynamic properties of on-chip bacterial cultures. In particular, we studied collective bacterial
migration, appearing as "traveling bands" in the microchannel. Such collective behavior occurs as
a chemotactic response to self-generated nutrient gradients of confined bacterial populations. For
instance, we found that different inoculum sizes of isogenic bacteria result in heterogeneous
swimming phenotypes. Interestingly, the collective migration properties were altered by the
presence of antibiotics. We investigated this phenotypic diversity by quantifying bacterial motility
based on parameters such as swimming velocity, tumble bias, and effective diffusion. We propose
that the observation of the presence/absence of traveling bands may be used as an alternative AST
method. Based on the quantification of bacterial morphological information, we also found that
the bacterial elongation effect varied depending on the antimicrobial mechanism.

In summary, the scope of this thesis was to take advantage of microfluidic technologies to assess
the impact of antimicrobial exposure on E. coli from several aspects: metabolic heat flow, oxygen
consumption, and swimming/motility behavior. The different platforms presented in this work are
new tools enabling innovative protocols for fast in vitro diagnostics and general metabolism-related
biological investigations.

Keywords

Antimicrobial resistance (AMR), antimicrobial susceptibility testing (AST), bacterial metabolism,
metabolic heat flow, microfluidics, minimum inhibitory concentration (MIC), nanocalorimetry,
on-chip bacterial culture, thermopile, oxygen consumption rate (OCR), chemotaxis, bacterial
motility analysis, collective bacterial migration, image processing and analysis, microbial
phenotypic diversity, traveling bands, tumble bias (TB).
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Résumé

La résistance aux antimicrobiens (AMR) a propagation rapide est un probléme de santé publique
majeur émergent. Nouveaux paradigmes thérapeutiques et diagnostiques doivent étre mis en ceuvre
pour contrer cette évolution. A cet égard, les tests rapides de sensibilité aux antimicrobiens (AST)
jouent un role important en permettant des prescriptions d’antibiotiques optimales pour améliorer
I'efficacité thérapeutique d'une part et éviter une consommation excessive d’antibiotiques d’autre
part. A terme, cela pourrait ralentir la progression de la AMR et prolonger la durée de vie des
antibiotiques actuels. Cette thése explore les voies vers des technologies AST rapides innovantes
a partir de 3 perspectives, en utilisant E. coli comme organisme modele : (i) la production de
chaleur métabolique microbienne, (ii) I'’évaluation de la consommation d’oxygéne en réponse a
une exposition aux antimicrobiens, et (iii) 'analyse de la motilité bactérienne apres incubation
sans et avec antibiotiques.

Dans le premier projet, nous proposons un nanocalorimetre isotherme a puce, permettant des
mesures fiables du flux de chaleur métabolique bactérien. Les principaux composants de la
plateforme nanocalorimétrique comprennent un microincubateur positionné sur un capteur de
flux de chaleur basé sur Si, combiné a un thermostat contrdélé par PID et un systeme de gestion
fluidique intégré. La haute sensibilité de la plateforme permet la détection de la croissance
bactérienne en seulement quelques heures de culture. Le flux de chaleur mesuré dans la croissance
bactérienne est corrélé a I'énergie perdue en termes de génération de chaleur pendant le processus
meétabolique central. Les courbes de flux de chaleur refletent le taux de croissance et les variations
de phase de latence dans différentes conditions de culture bactérienne et en présence
d’antibiotiques. A la premiére étape, par exemple, nous avons évalué le flux de chaleur bactérienne
dans 3 milieux de culture différents, et nous avons constaté que la production de chaleur globale
(c’est-a-dire le flux de chaleur intégré dans le temps) dépend de la disponibilité des nutriments.
Plus important encore, en utilisant la chaleur comme indicateur de viabilité, nous avons pu
effectuer I'AST sur E. coli en quelques heures seulement. Dans ces essais, 1'inhibition de la
croissance due a I'activité antibiotique a été révélée par une diminution ou ’absence du signal
thermique métabolique. De plus, nous avons constaté que le stress antimicrobien entrainait un
déversement d’énergie métabolique par les bactéries. En guise de preuve de concept, nous avons
mené une étude d’AST thermique métabolique basée sur 3 antibiotiques cliniquement pertinents
présentant différents mécanismes fonctionnels. La présence d’antibiotiques a des sous-MIC
(concentrations minimales inhibitrices) entraine des taux de croissance plus lents et un
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allongement de la phase de latence. Les gammes de MIC ont pu étre déterminées avec notre
systéme et se sont avérées bien correspondre aux valeurs de MIC établies.

Dans une approche parallele, nous avons adapté la plateforme du nanocalorimetre pour
développer un systeme de mesure de la consommation bactérienne d’oxygene sur puce en tant
que méthode calorimétrique indirecte. Nous nous sommes concentrés sur I’activité métabolique
aérobie d’E. coli dans la phase précoce de la croissance bactérienne. Un capteur a base de
nanoparticules permet de corréler la concentration d’oxygene dissous dans le milieu de culture
avec un déphasage dans la réponse du signal fluorescent. Nous avons établi un modele pour
évaluer le taux de consommation d’oxygene (OCR) et temps de doublement basé sur la croissance
bactérienne exponentielle. Lexposition aux antibiotiques au-dessus de la MIC supprime la
croissance bactérienne ainsi que la consommation d’oxygene.

Dans le troisieme projet, nous avons exploré plus en détail les propriétés des cultures de bactéries
exposées au stress antimicrobien. Nous avons réalisé une étude approfondie de la motilité avec
une résolution a une seule bactérie dans différentes conditions de culture. Nous avons développé
un protocole utilisant une puce microfluidique composite avec des microcanaux a base d'un
adhésif optique durcissable aux UV (OA). La puce a base OA rigide offre plusieurs avantages par
rapport aux puces PDMS classiques dans certaines applications. Les canaux microfluidiques de 4
um de haut confinent les suspensions bactériennes dans un espace quasi-2D pour faciliter
I'imagerie time-lapse avec haute résolution. Nous avons développé un protocole de traitement
d’images a haut contenu pour analyser les propriétés statiques et dynamiques des cultures
bactériennes sur puce. En particulier, nous avons étudié la migration bactérienne collective,
apparaissant comme des «bandes mobiles» dans le microcanal. Un tel comportement collectif se
produit comme une réponse chimiotactique a des gradients de nutriments auto-générés par des
populations bactériennes confinées. Par exemple, nous avons constaté que différentes tailles
d’inoculum de bactéries isogéniques entrainent des phénotypes de natation hétérogenes. Fait
intéressant, les propriétés de migration collective ont été modifiées par la présence d’antibiotiques.
Nous avons étudié cette diversité phénotypique en quantifiant la motilité bactérienne en fonction
de parametres tels que la vitesse de nage, le biais de tumble et la diffusion effective. Nous
proposons que 'observation de la présence / absence de bandes mobiles puisse étre utilisée
comme méthode AST alternative. Sur la base de la quantification des informations
morphologiques bactériennes, nous avons également constaté que l'effet d’élongation bactérienne
variait en fonction du mécanisme antimicrobien.

En résumé, le but de cette these était de tirer parti des technologies microfluidiques pour évaluer
I'impact de I’exposition aux antimicrobiens sur E. coli sous plusieurs angles : flux de chaleur
métabolique, consommation d’oxygene et comportement de natation et de motilité. Les différentes
plateformes présentées dans ce travail sont de nouveaux outils permettant des protocoles innovants
pour des diagnostics in vitro rapides et des investigations biologiques liées au métabolisme en
général.
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|§ Introduction

1.1 Scope of the thesis

Escherichia coli (E. coli) is one of the oldest organisms on earth and one of the most intensively
studied models in biological and biophysical research. Most E. coli strains are benign to the human
and their presence in the human gut is even beneficial, especially for preventing the invasion of
fungi and other hazardous microorganisms. Specific types of E. coli strains, however, may bring
about serious infectious diseases. A major breakthrough in fighting microbial infections was the
discovery of penicillin by Sir Alexander Fleming in 1928,[1] which has been widely used in public
healthcare since 1942 after mass production of the compound was achieved by Howard Florey and
Ernst B. Chain. Almost at the same time, in a 1945 interview with The New York Times, Sir Fleming
warned that the misuse of antimicrobials could result in the selective proliferation of resistant
bacterial strains.[2] In the following half century, a bloom in antimicrobial discovery lead to the
illusion that humans were invulnerable to bacteria/fungi-caused infectious diseases. However,
alarming reports on continuously increasing and spreading antimicrobial resistance (AMR) quickly
rectified this optimistic vision.

Although the veil of most infectious diseases has been lifted by biomedical research, and above
all, by the development of molecular biology, human beings continue facing serious challenges, in
particular related to viral infections. People benefit tremendously from globalization but, in the
meanwhile, this facilitates the spreading of pathogens. Since 2000, several serious public health
emergencies occurred, such as the outbreak of the SARS epidemic in 2003, HIN1 outbreak in 2009,
Ebola outbreak in 2014-2016 and the COVID-19 pandemic in 2020. Global outbreaks of bacterial
infectious diseases could be prevented so far due to the massive administration of antibiotics.
However, facing a context where, on the one hand, more and more bacteria develop multi-drug
resistance, and, on the other hand, research and discovery of new antimicrobials is stagnating, this
apparently safe situation might change rapidly. Rapid diagnosis of bacterial infections combined
with fast and accurate antimicrobial susceptibility testing (AST) appear as keys to counteract AMR
progression and to prolong the lifespan of currently existing antimicrobials.
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1.2 Thesis outline

In this thesis, we will present three microfluidic-assisted methods to assess the bacterial metabolic
activity, including metabolic heat flow measurements, quantification of microbial oxygen
consumption and the study of bacterial motility. E. coli will be used as model organism in this
study. The thesis comprises an introduction chapter (Chapter 1), an overview on theoretical
aspects and principles of calorimetry (Chapter 2), a state of the art of modern chip-based
calorimeters (Chapter 3), the three major research projects on microbial metabolism and motility
(Chapter 4 to Chapter 6), and a final conclusion with outlooks (Chapter 7). The appendices provide
additional technical and software-related information.

Chapter 1 (this chapter) prepares the background knowledge on AMR and AST, including not only
the gold standard methods used currently in clinical settings, but also innovative methods and
commercial technologies. The impact of microfluidic technology in this field will be addressed, as
well as fundamental aspects of bacterial metabolism, growth and motility of E. coli.

Chapter 2 gives an overview on the theoretical background and recent advances on calorimetry. We
presented briefly the heat transfer theory, classifications and principles of calorimeters, and
milestones in the development of classical calorimetry. A specific theoretical analysis of the
thermopile-based heat flow calorimeter will be introduced.

Chapter 3 presents the state of the art of modern calorimeters and discusses recent advances in the
field brought about by MEMS technology and microfluidic integration. Representative examples of
chip-based micro- and nanocalorimeters based on different material combinations and operating
principles, such as open chamber or flow-through devices, are shown.

Chapter 4 addresses the development and characterization of our isothermal nanocalorimetric
platform (INCfAST) and its application to perform fast AST. As a proof-of-concept study, we have
demonstrated metabolic heat measurements of E. coli in the presence of three clinically relevant
antibiotics. By combining heat flow assessment and growth curves recorded by optical density
measurements, we revealed that antimicrobials might induce energy spillage in the bacterial
metabolism.

Chapter 5 presents oxygen consumption (OC) measurements performed with a modified INCfAST
platform (also called indirect calorimetry). Oxygen sensing is based on the fluorescence detection by
means of a nanoparticle sensor. For facultative anaerobic bacteria like E. coli, oxygen consumption
may be used as an indicator of viability and thus also as a new method to perform AST. OC results
can be correlated with heat measurements to assess the metabolic state at different growth phases.

Chapter 6 provides an extensive on-chip microbial motility study. Microfluidic technology and time-
lapse imaging enables recording and analysis of bacterial swimming with single-cell resolution. We
took advantage of an optical adhesive-based microfluidic chip to confine bacteria populations in a
quasi-2D channel. We analyzed the collective chemotactic microbial migration behavior and found
that genetically identical bacteria may lead to different swimming phenotypes. Interestingly, the
swimming behavior may also be altered by the presence of antibiotics.
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As is outlined in Figure 1.1, we intended to study bacterial metabolic activity and behavior on
different time and dimensional scales, eventually allowing us to correlate single-bacterial features
with community patterns. The microfluidic platforms developed in this work provide new
toolboxes for performing fast AST and to study antimicrobial effects on bacteria from a more

holistic perspective.
Bacterial number Chapter 6 Chapter 5 Chapter 4
A Motility Oxygen Heat flow

Bulk of bacteria

Layer of bacteria D 'LD:E

Bacteria —
. o 3}
Sub-population SRS —

2 2

il -
Excitation = Detection ‘

Nanocalorimeter

for fast AST
AST based on microbial
oxygen consumption
Microfluidic platform for
the study of bacterial motility
° 1-D Line 2-D Surface 3-D Reservoir -

Space

Figure 1.1 — Thesis outline presented on a 2-dimensional parameter space: feature of the bacterial
number and experimental space dimension. Metabolic heat was recorded on larger bacteria
populations in a micro-chamber and from a growth-related point of view. Indirect calorimetry by
oxygen consumption was performed on sedimented bacterial layers near the sensing spot. Motility
properties of quasi-2D populations, were derived from trajectories obtained by single-bacteria
tracking based on videos recorded for tens of seconds.

1.3 Antimicrobial resistance (AMR) and persistence

1.3.1 AMR facts and challenges

Fast spreading of antimicrobial resistance (AMR) has been considered as one of the most challenging
problems for global public health. Antibiotics as "magical weapons" have hidden the potential
danger and high mortality related to infectious diseases. However, seven decades of antibiotics
use and misuse triggered a strong selective pressure that promotes the proliferation of pathogens
harboring antimicrobial resistance genes. Clinically relevant bacteria increasingly show single-drug

3
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and multiple-drug resistance. Wrong administration and overprescription of antibiotics are major
driving forces for AMR spreading.

An often cited AMR review report, based on detailed scenario analyses of the impact of AMR
spreading on healthcare and macroeconomics, estimated to 10 million the number of deaths per
year attributable to AMR in 2050, i.e. more than for most of the other major causes of disease-related
death like cancer and diabetes (Figure 1.2a).[3] Moreover, since the 1980s, no new class of antibiotics
has been discovered (Figure 1.2b), whereas the reported resistances increase steadily.[4] Obviously,
this situation will have dramatic consequences, if no urgent measures are taken to reverse this

trend.
a b ,. ... .
. Antibiotic Discovery Time to get the
____AMR in 2050 . Antibiotic Resistance
- Penicillin - 1920
10 million
Tetanus
60,000 1943 Penicillin
Cephalosporin -
1950 Tetracycline
Road traffic 1953 Erythromycin
accidents Cancer
o o 1960 Methicillin
1.2 million 8.2 million
AMR now 5 1967 Gentamicin
a
700,000 o 1972 Vancomycin
(low estimate) Carbapenum mmm g
i Q.
Fluroquinolone _ =
=t 1985 Imipenem &
Measles Cholera g Ceftazidime
130,000 100,000~ ] 5
o
120,000 >c>> 2. 1996 Levofloxacin
] 2 2000 Linezolid
. 3 = 2003 Daptomycin
Diarrhoeal 5 =
disease Diabetes (2 2010 Ceftaroline
1.4 million 1.5 million 2015

Figure 1.2 — The reality of antimicrobial resistance (AMR). (a) Estimation of deaths caused by AMR
compared to other major diseases by 2050 if no effective actions are taken. (b) Antimicrobial
discovery roadmap and the reported resistances. Adapted from [3, 4].

1.3.2 AMR mechanisms

Bacterial AMR is an inevitable natural selection process, that may occur faster or slower. AMR
exhibited by bacteria has several sources: intrinsic, acquired or adaptive.[5] Intrinsic resistance is
related to some inherent properties of the bacterium without exchange of genetic material. Acquired
resistance means that an initially sensitive bacterium acquires resistance either by a mutation or
the acquisition of new genetic material from horizontal gene transfer. Horizontal gene transfer
occurs by transformation, transduction and conjugation. In this way, the selected resistance gene
may be spread through the bacterial population. For both of these two sources, natural selection is
a critical process, thus the misuse or overuse of antibiotics is highly responsible to promote AMR.
Adaptive resistance by the modulations in gene expression is induced by environmental changes.
This complicated process allows fast bacterial response to the antibiotic challenge.

In contrast to antimicrobial resistance, bacterial persistence refers to different concepts. Instead

4



1.3. Antimicrobial resistance (AMR) and persistence

of acquiring resistance genes, bacterial persisters switch the phenotype enabling survival without
growth in the presence of antimicrobials.[6] Persisters serve as noticeable reservoir of chronic and
recurring infections.

Antibiotic resistance mechanisms are diverse and can be classified into antibiotic destruction,
antibiotic modification, target alteration, efflux and global adaptation.[7]

1. Antibiotic destruction
The most classical example is that §-lactamases destroy the amide bond of the -lactam type
antibiotics in order to turn them ineffective. Best known B-lactam antibiotics include
penicillin derivatives (including ampicillin), cephalosporin, carbapenems, etc. Other
examples include AmpC enzymes and carbapenemases.

2. Antibiotic modification
As an example, the invalidation of clinically relevant aminoglycoside (e.g. gentamicin) is
often caused by the enzymatic modification of the antibiotic. Aminoglycoside modifying
enzymes (AMEs) turn aminoglycoside to be less effective by acetylation, phosphorylation or
adenylation. Similarly, chloramphenicol acetyltransferase (CAT) is another example targeting
on chloramphenicol.

3. Modification of antibiotic activating enzymes
Mutations in nitroreductase genes nfsA and nfsB hinder the formation of toxic intermediate
compounds which are required for the activity of nitrofurantoin.

4. Target alteration

(a) Targetreplacement
The f-lactam resistance in Streptococcus pneumoniae and methicillin resistance in
Staphylococcus aureus are mainly caused by the replacement of the bacterial penicillin-
binding proteins (PBPs).

(b) Target site alteration
Mutations in genes encoding the domain V of the 23S rRNA are the most common
mechanism of linezolid resistance. Quinolone (e.g. ciprofloxacin) resistance is caused
by the mutations in the bacterial gyrase and/or topisomerase IV genses.

(c) Target site protection
Ribosomal protection proteins (RPPs) by acting as a DNA analogue and reducing the
interaction of the bacterial gyrase and topoisomerase IV with DNA reduces the available
binding sites of quinolone to achieve resistance.

(d) Target overproduction
As an example, overproduction of dihydrofolate reductase (DHFR) leads to resistance to
trimethoprim in E. coli.

5. Decreased permeability of the bacterial outer membrane
The outer membrane of gram-negative bacteria serves as a permeability barrier for antibiotics.
Mutations on the function of porins serving as route of entry will effectively reduce the cell
susceptibility to certain hydrophilic antibiotics.

6. Efflux pumps
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Efflux pumps on the cytoplasmic membrane, which are energy-dependent complex bacterial
systems, are capable of pumping toxic molecules like antibiotics out of the cell,
7. Changes in cell regulation

Apart from the previous mechanisms, AMR may be due to a global adaptive response. For
example, daptomycin kills the bacterial cell by altering cell membrane homeostasis. In
Enterococci, mutations in genes encoding regulatory systems controlling cell envelope
homeostasis and genes involved in phospholipid metabolism have been associated with the
development of daptomycin resistance.

The investigation of mechanisms underlying AMR plays an important role in the development of
new antimicrobials and also with respect to new therapeutic protocols based on the combinatorial
utilization of antibiotics.[8]

1.4 Microfluidic technology

Microfluidic technology based on soft lithography has been widely used in the biological research
works since 2000.[9] George Whitesides forecasted in 2006 that microfluidic technology will boom
in the field of fundamental studies and analytical applications.[10] Indeed nowadays, reliable
microfluidic toolboxes are getting more and more available to the scientific community, for
healthcare settings and for industrial applications. Miniaturization of bio-analytical systems, also
called lab-on-a-chip, enable high-throughput and precise manipulation of biological/biochemical
samples and small organisms, thus also opening new frontiers in analytical applications. In this
thesis, microfluidic-assisted protocols will be used for nanocalorimetric microbial metabolic
studies and for bacterial motility analysis.

In general, a fluidic flow field for an incompressible Newtonian fluid is described by the Navier-
Stokes equation

PO+ V- VIV) = -Vp+nViv+f (1.1)

where ¢, p, v, p, 0, and f stands for the time, the fluid density, the velocity field, the pressure, the
kinematic viscosity, and the external force density, respectively. To characterize the flow regime,
the Reynolds number (Re) expresses the ratio between the inertial force p(v-V)v and viscous force
nV2v, which leads to

_ pVoLo
n

Re (1.2)

where Ly and Vj stand for the characteristic length and velocity of the system, respectively.

For a microfluidic channel (filled with water), L is typically in the range of ~ 100 um and a value of
~ 30 um/s can be used as indication for V;, resulting in Re = 3 x 1073, In general, Re numbers do
not exceed ~ 10! in a microfludic system. Consequently, viscous forces dominate and the flow is
laminar given that the transition to turbulent flow generally occurs in the range of Reynolds number

6
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2000. In this case, the Navier-Stokes equation is simplified to Stokes equation (1.3) by neglecting
the inertial forces (stationary condition without external force).[11]

nViv-Vp=0 (1.3)

For pressure driven flow in a microchannel (Poiseuille flow), a parabolic flow profile is observed.
The laminar flow regime at low Re numbers, however, implies that different fluidic components can
not be easily mixed as in turbulent flow. Active or passive microfluidic mixers have been developed
to solve this issue.[12]

The most common material used in microfluidics is poly(dimethylsiloxane) (PDMS), which is
an optically transparent elastic polymer. PDMS is bio-compatible and allows easy prototyping.
Taking advantage of the elastic property, on-chip pressure-driven valves and peristaltic pumps
have been developed, e.g. the pioneering work for microfluidic large-scale integration by Unger
et al..[13] Following these developments, droplet technology on microfluidic chips has enabled
high-throughput and single-cell based analysis.[14] Microfluidic-assisted biological research is
used nowadays for a broad range of applications, including devices classified as cell-on-a-chip,[15]
blood-on-a-chip,[16] organ-on-a-chip, or even patient-on-a-chip.[17] Among these, the emerging
field of organ-on-a-chip or tissue-on-a-chip systems, designed as predicative human tissue models
with sophisticated tissue assembly, draws more and more attention.[18] This technology aims to
explore dynamic cell environments and cellular communication to mimic organ functions. This
approach may also be important to fill the gap between cell culture-based drug screening and drug
testing on animals.

Moreover, microfluidic technology has expanded the frontiers of microbiological studies.[19]
Microfluidic chip-assisted time-lapse imaging allows unprecedented characterization of bacterial
behavior in specific environments.[20] The image analysis as a subsequent work step enables
single-cell growth, motility and morphological analysis. The software ImageJ was invented to assist
the engineers and biologists to extract useful information for the biological studies.[21] By
controlling chemical compound distributions on-chip, bacterial chemotaxis can be specifically
studied in a more controlled microenvironment.[22] In the presence of an external electric or
magnetic system, bacterial taxis can be investigated from different perspectives and used for
bacterial separation. Other examples are aerotaxis, rheotaxis, pH taxis, thermotaxis, and
phototaxis.[23] Controlling bacterial distributions or locally confining sub-populations on-chip
opens the way to advanced studies of quorum sensing in bacterial communities.[24] As bacteria are
abundant in the natural environment, microfluidic chips can help creating a well controlled system
to mimic a small snapshot of ecological processes.[19]

Microfluidics also became increasingly influential in chemical synthesis and some industrial
studies.[25] Chemists can benefit from the advantages of on-chip protocols, such as continuous
synthesis, tight control of reaction parameters, small-size, automation and high-throughput.[26]
However, in the extreme conditions required for some chemical processes, such as high
temperature or high pressure, microfluidic technology may be less applicable. Microfluidic models
have helped in different branches of science such as medicine, genetics, liquid channeling and
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enhanced oil recovery. In the latter case, for instance, micromodels can be made to represent a
microversion of a partially saturated rock with crude 0il.[27]

1.5 Antimicrobial susceptibility testing (AST)

1.5.1 Definition of AST

AST refers to protocols that aim to determine to which specific compound (in particular antibiotics)
a specific bacterial strain or fungus is sensitive. Currently in hospital settings or clinical laboratories,
AST is mainly performed based on bacterial culture in liquid media or on agar plates. AST leads
to qualitative or quantitative results. The qualitative results simply indicate whether the bacteria
are sensitive or resistant to a specific antimicrobial. The quantitative results in this context mainly
refer to the minimum inhibitory concentration (MIC), which is defined as the lowest concentration
of a chemical that prevents visible bacterial growth (typically within 16-20 hours). For the clinical
standards, the Clinical & Laboratory Standards Institute (CLSI) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) are the most important institutions, respectively in
US and Europe, that provide guidelines for the practice.[28]

1.5.2 From hospitalization to AST

To emphasize the importance of fast AST, which is one of the core topics of this thesis, we first discuss
a typical current clinical timeline from hospitalization to the availability of the AST results. Figure
1.3 shows a schematic referring to a blood stream infection (BSI) as an example that may be applied
likewise to urine infections, respiratory tract infections and others.[29, 30] The hospitalization
and logistics are the starting point of this workflow. A delay of 2-3 days is necessary from blood
sample collection to AST results if traditional blood culture routines are pursued. Once a positive
blood culture is identified, a purification step of the pathogens follows. Pathogen identification
can be performed by gram-staining, fluorescent in situ hybridization (FISH),[31] matrix assisted
laser desorption ionization - time of flight (MALDI-TOF) mass spectrometry,[32] etc. At this stage,
the patient is normally treated according to an empirical antibiogram of the identified pathogen.
In the meantime, AST can be performed on the purified pathogen culture in order to obtain an
experimental antibiogram that allows to refine the therapeutic protocol. In this thesis our focus
was to propose a method that may reduce considerably this additional delay in order to provide
an optimum antimicrobial administration protocol as a first option for treatment of infections,
immediately after identification of a positive culture.

Figure 1.3 indicates another option based on molecular diagnostics to identify microbial resistance
to antibiotics. Based on genome sequencing technology or PCR amplification for certain types of
genes in the clinical sample, both the bacteria strain identification and the presence of resistance
genes can be performed.[33, 34] This routine has high sensitivity and the read-out time is
significantly reduced with respect to culture-based methods. However, a pre-established gene
database is necessary. Nevertheless, for the time being, molecular diagnosis is still the most
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promising of the emerging AST technologies and it is more and more accepted by the clinical

facilities.
Nn Hospitality n Blood Molecular n&qr:h;n e niricat on
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Figure 1.3 — A typical workflow for blood stream infection (BSI) from hospitalization to AST results.
The traditional routine comprises blood culture, pathogen purification and AST. The new routines
(red arrow) include molecular diagnostics and single-bacteria analysis. The typical time required
for each step is indicated in the figure. [29].

1.5.3 Conventional methods

The most widely used AST methods in clinical laboratories are the broth micro dilution (BMD)
method and the disk diffusion method (Figure 1.4a and 1.4b), which are considered as gold
standard by CLSI and by EUCAST, respectively.[28] Standardized protocols are a pre-requisite for
reliable treatments. For instance, MIC values may depend on the initial bacterial concentration,
which is called inoculum effect.[35] The above-mentioned methods need overnight culture to
monitor whether bacterial growth occurs or not. BMD consists of a labor-intensive protocol for the
preparation of antibiotic solutions with different concentrations to determine MIC values
quantitatively based on the presence of bacterial growth in the well-plate. Disk diffusion,
performed on agar plates spread with bacteria, only provides qualitative results using the
categories “susceptible”, “intermediate”, or “resistant” depending on the inhibition zone diameter.
bioMérieux commercialized the E-test, a relative new method based on the same principle as disk
diffusion (Figure 1.4c). E-test strips already contain antibiotics at different concentrations based on
the intersection of the concentration scale with colony growth/no-growth borderline.[36]
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Figure 1.4 — Conventional AST methods in current clinical setting. (a) Broth micro dilution (BMD).
The visual formation of bacterial colony in each well is inspected to determine the MIC values. (b)
Disk diffusion. The diameter of the inhibition zone around the antimicrobial disk is measured to

nn

determine whether the bacteria are "sensitive", "resistant" or "intermediate" to the antimicrobial.
(c) E-Test (bioMérieux).The intersection of growth and non-growth areas defines the MIC value,
which is indicated on the strip. Adapted from [28].

1.5.4 Recent commercialized methods

From a market perspective, traditional culture-based methods, such as agar plate and BMD, still
dominate the market, but it is expected that the impact of these methods will decrease gradually.
Competitors in the AST market include established companies, also called unicorns, such as BD and
bioMérieux, and start-ups, e.g. as Symcel, Astrego Diagnostic AB, Accelerate Diagnostics, Milidrop
or oCelloScope. The unicorns mostly developed automated machines based on optical density (i.e.
turbidity) measurements to monitor bacterial growth as shown in Figure 1.5.[37, 38] Their product
is usually equipped with the sample preparation module. Looking at more recent developments,
the start-up Symcel uses the detection of microbial heat flow to realize fast AST.[39] This technology
is comparable to the approach discussed in the frame of this thesis. Astrego Diagnostic AB declares
a 30 min read-out time lapse based on single bacterial growth monitoring, thus being the fastest
among all companies.[40] Accelerate Diagnostics performs AST based on bacterial morphological
information and species identification with FISH.[41] Milidrop proposes a microfluidic droplet
technology with high throughput.[42] oCelloScope produced an automatic microscopy to monitor
the growth of individual bacteria or small groups of bacteria.[43] Besides these technologies, there
are also products based on gene sequencing technologies, for instance the Biofire® Filmarray®
system from bioMérieux.[44] Table 1.1 summarizes the previously mentioned technologies based
on the data disclosed by the companies.

1.5.5 Microfluidic methods

Innovative AST methods have been developed based on various principles. The main objective
is to minimize the AST time to result without losing accuracy of the final results. Improving
the throughput is another objective. In this context, microfluidic-assisted technologies take an
important part for developing options for high-content analysis of small sample volumes in a

10
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Figure 1.5 — Commercial AST methods. (a) BD Phoenix TM®. (b) bioMérieux Vitek-2®. Adapted
from [45, 46].

parallel high-throughput manner. Different detection and characterization methods based on
different physical or biological parameters have been demonstrated.

Figure 1.6 shows four examples of microfluidic-based fast AST approaches. Droplet microfluidics
(see Milidrop in Table 1.1) enables monitoring bacterial growth and MIC evaluation in individual
droplets, in which the bacterial concentration and antimicrobial concentration is quantified by
two types of fluorescent molecules (Figure 1.6a).[42] As shown in Figure 1.6b, Baltekin et al. took
advantage of confined microchannels, for monitoring single bacterial growth when nutrients and
drugs are flushed through the system (see Astrego Diagnostic AB in Table 1.1).[40] Based on the
biomass change for each individual channel, bacterial susceptibility to the antimicrobial can be
analyzed. Choi et al. immobilized bacteria in agarose in chip compartment where antimicrobials
could diffuse in (Figure 1.6c). The susceptibility algorithm was based on both the bacterial growth
and the morphological analysis.[47]. Fredborg et al. (see oCelloScope in Table 1.1) developed an
imaging technology combined with well plate format to render bacterial morphological and growth
information for high-throughput, low-cost and fast AST.[43]

Some other principles may be explored to perform AST. For example, ultrasensitive electrical
transduction techniques for detecting nanomechanical movements of bacteria in a microchannel
may indicate the bacterial viability.[48]. In another approach, impedance spectroscopy monitored
the electrical response of bacteria captured on flexible plastic-based microchips with printed
electrodes in the presence and absence of antibiotics.[49] Syal et al. demonstrated rapid AST by
tracking bacterial motion on the sub-um scale with an optical imaging technique. The dose-
dependent motion provided reliable MIC results.[50] Raman spectroscopy on a dielectrophoresis
chip has been introduced to identify antimicrobial susceptibilities and determine MIC values within
only 2 h.[51] More work in this field is reported in recent reviews.[52, 53]

11
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Table 1.1 - Examples of commercial available AST platforms.

TECHNOLOGY DESCRIPTION TIME TO COMMENTS
READ-OUT

bioMérieux French company; AST 5-24 hours Sample preparation; high

Vitek-2 based on the optical throughput;  coherent
density measurement with the gold standard
and identification method; database for
based on Advanced identification.
Colorimetry®.

BD PhoenixTM - American company; 5-18 hours Sample preparation; fully

BD EpiCenterTM  based on the optical automation  possible;
density measurement. identification module;

data management.

Symcel Swedish start-up; based 6 hours High throughput; sample

calScreener on nanocalorimetry. loading by pipetting.

Astrego Diagnostic Swedish start-up; 30 min High throughput;

AB based on microscopy visibility of bacterial
imaging of bacteria in a growth.
microfluidic chip.

Accelerate American start-up; based 7 hours Species  identification

Diagnostics on the morphological with FISH; complicated
analysis of bacterial image analysis algorithm.
growth and division.

Milidrop French start-up; 7 hours High throughput;
microfluidic droplet- fluorescent dye in the
based technology. droplets.

oCelloScope Dutch start-up; based on  2-6 hours High throughput;
time-lapse imaging and visibility of bacterial
image processing. number.

INCfAST Platform  Current study of the 5-7hours 150 uL sample volume;

thesis

microfluidic sample
delivery system;
throughput to be
improved.

1.6 Bacterial metabolism

1.6.1 Metabolic pathways

Metabolism refers to all biochemical reactions that occur in a cell or organism. The uptake of
nutrients by a cell can be converted to energy to maintain the cellular processes, which is known
as catabolism. The produced energy will be used to synthesize bio-molecules (cell walls, proteins,
fatty acids, nucleic acids), which is known as anabolism. Most bacteria, including all pathogens,
belong to heterotroph organisms and therefore rely on the oxidation of organic compounds in
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Figure 1.6 — Innovative AST methods. (a) Droplet technology,[42] (b) the bacterial "mother
machine",[40] (c) bacterial morphology analysis,[47] and (d) analysis based on images obtained by
automatic optical microscopy.[43] Adapted from the corresponding papers.

the food sources. The oxidizable compounds include carbohydrates (in particular glucose), lipids
and proteins. The metabolites are converted via several pathways to one common intermediate
compound, named pyruvic acid.[54]

Bacterial metabolic pathways mainly includes fermentation, aerobic respiration or anaerobic
respiration (Figure 1.7a). Aerobic respiration is a type of heterotrophic metabolism that uses oxygen
and in which 38 moles of ATP are derived from the oxidation of 1 mole of glucose with 308,000 cal
energy loss as heat, where the energy efficiency is 55%. In the presence of oxygen, the pyruvic acid
produced from glycolysis and other substrates may be completely oxidized to H,O and CO, using
the Krebs cycle, also called tricarboxylic acid (TCA) cycle. Whereas, in fermentation, another type
of heterotrophic metabolism, an organic compound rather than oxygen is the terminal electron
acceptor to recycle NADH to NAD. Most bacteria use the one-step conversion of pyruvic acid to
lactic acid. Less energy is generated from this incomplete form of glucose oxidation. Anaerobic
respiration uses other terminal electron acceptors, such as nitrate bonding to NH,, sulfate or
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molecular sulfur to HyS, or ferric ion to ferrous ion. Less ATP is produced for each NADH than
during aerobic respiration, because the reduction-oxidation potential is lower for these reactions.

a Proteins Polysaccharides Lipids b
Degradative ¢ ¢ ¢
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Figure 1.7 — (a) Bacterial metabolic pathways and (b) a typical bacterial growth curve. Adapted from
[54].

1.6.2 Bacterial growth

If enough metabolites are available to support synthesis of the bacterial components, especially the
nucleotides for DNA synthesis, bacterial growth can occur. The bacterial replication is a coordinated
process, in which two identical daughter cells are produced. A typical bacterial growth curve is
represented in Figure 1.7b. When alive bacteria are added to the culture medium, a certain time
is required for bacteria to adapt to the new environment. This delay is known as the lag phase of
growth. Hereafter, bacteria will grow and divide with a characteristic doubling time, resulting in a
logarithmic or exponential growth phase. The initial number of bacteria increases by 2", where
n is the number of generations (doubling). Eventually, metabolite depletion occurs in the culture
medium and/or toxic substances may be produced, forcing bacterial growth to stop and enter a
stationary phase. Finally the population declines due to death. In the stationary phase and even in
the dead phase, some bacteria remain viable but not metabolically active.

1.6.3 Antimicrobial effect on the metabolic activity

Bacterial metabolic homeostasis is often an important consequence of antimicrobial treatment
that targets energy-consuming processes. The antimicrobial activity and bacterial metabolism are
mutually influenced. Not only the antimicrobials will alter the metabolic state of bacteria, but also
the metabolic state will influence their susceptibility to antibiotics.[55, 56] These effects depend on
whether the antimicrobial is bactericidal or bacteriostatic.
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Recent studies revealed that E. coli and S. aureus show increasing basal respiration rates via
deletion of the alpha subunit of the F; complex of ATP synthase (atpA).[57] However, bacteriostatic
antibiotics simultaneously decrease central carbon metabolism and increase the abundance of
associated intracellular metabolites. It has been shown that bacterial persisters endure the
metabolic repression and display decreased susceptibility to bactericidal agents.[58]

1.7 Swimming of E. coli

Antonie van Leeuwenhoek was the first scientist who observed the motion of E. coli under a
microscope in the 17th century. Today, not only individual bacteria but also their flagella can
be observed under optical microscopes.[59] Beyond swimming in a liquid phase, bacteria also
show specific motility features on a humid surface, including swarming, twitching, gliding and
sliding.[60] Motility on surfaces also plays an important role in bacterial colonization.

The development of molecular biology revealed the molecular machinery that controls swimming
of E. coli. E. coliuses a tumble/run strategy to navigate in the microenvironment. A coordinated
protein system senses a chemical gradient and orientates swimming towards optimum
environmental conditions.[61, 62] As shown in Figure 1.8a, the protein network includes a
chemical sensing system and a motor system. The sensing and processing of chemotactic sitmuli is
performed by complexes consisting of attractant-specific chemoreceptors — the methyl-accepting
chemotaxis proteins (MCPs) in the cytoplasmic membrane. Apart from the chemoreceptors, the
complexes also comprise a histidine kinase CheA (chemotaxis protein A) and an adaptor protein
CheW. The responses to the ligand binding events are mediated by methylation or demethylation
of chemoreceptors on four specific glutamate residues by the methyltransferase CheR or the
methylesterase CheB. CheA senses changes through transmembrane chemoreceptors, which
induce the trans-autophosphorylation of dimeric CheA to form CheA-P. The phosphoryl group of
CheA-P is competed by two response regulator: CheY and CheB. Therefore, the main output of the
signaling network is the level of phosphorylated response regulator CheY (CheY-P). The binding of
CheY-P to the switch protein FliM on the flagella motor promotes clockwise (CW) flagella rotation,
which causes the cell to tumble and change directions. An increased attractant binding to
chemoreceptors inhibits the autophosphorylation of CheA, which reduces the concentration of
CheY-P and therefore the frequency of motor switching. This causes the bacterium to swim in a
positive direction for longer time by the counter-clockwise (CCW) rotation of the flagella motor,
which is called run. Rapid dephosphorylation of CheY-P is ensured by the phosphatase CheZ. An
additional negative feedback is provided by CheA-dependent CheB phosphorylation as it also
competes for the phosphoryl group from CheA-B which controls the adaptation of the
chemoreceptors. Phosphorylated CheB (CheB-P) results in an increased methylesterase activity
and an increased demethylation of the MCPs. Demethylated MCPs have a reduced ability to induce
CheA autophosphorylation, so the rate of CheA autophosphorylation and the rate of CheY-P
formation are decreased.

As shown in Figure 1.8b, CCW rotation of flagella motors leads to straight swimming runs and CW
rotation of flagella motors results in tumbles. Without chemical gradient, bacterial swimming
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corresponds to a random walk model.[63] In the presence of a gradient, the CCW rotation is
promoted once bacteria sense the attractant gradient, which results in directional bacterial
swimming towards the attractant (Figure 1.8c).
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Figure 1.8 — (a) Protein system generating the "tumble/run" swimming strategy of E. coli, including
a chemical sensing module and a motor module. (b) Swimming of E. coli without gradient showing
random walks. CCW flagella rotation leads to straight runs and CW rotation leads to bacterial
tumbling, which allow the bacteria to adjust the swimming direction. (c) Chemotactic swimming
towards higher attractant concentrations. Adapted from [62].
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¥4 Theory of calorimetry

Calorimetry is a classical method in physical chemistry. The famous ice calorimeter experiment
performed by Lavoisier and Laplace marked the birth of modern calorimetry.[64] Today, MEMS
technology and new synthesized thermoelectric materials[65] provide enhanced versatility for
innovate calorimeter research and technology. The wide range of applications covers chemical,
biological[66], food-related research[67], and industrial needs. Design aspects of calorimeters
comprise heat transfer simulations, sensor technology and signal processing protocols. In this
chapter, theoretical aspects related to calorimetry will be outlined and different principles will be
discussed, mainly from the perspective of heat exchange. We then focus on heat flux calorimeters
based on thermopile temperature sensors, which corresponds to the concept of the isothermal
nanocalorimeter for fast antimicrobial susceptibility testing (INCfAST) presented in this thesis.

2.1 Heat transfer phenomena

Heat transfer is one of the most studied transport phenomenon, which comprises three parts: heat
conduction, convection and radiation.[68] Understanding the heat transfer theory, described by
well-established partial differential equations (PDE), is a prerequisite for developing the calorimetric
platform.

The energy transport equation is obtained from the conservation of mass and energy. To do so, we
consider a system with a volume V [m3] and a system boundary defined by a surface A [m?2]. The
variation of energy within V is equal to the heat flux crossing the surface A. The global conservation
2

]

of energy E [J-m™“] in the system can be described as

dE

E = qun - qDout + qcin - qcout + qR - W (21)
where ¢p,, and gp,,, represent the inward and outward heat flux by conduction (diffusion).
Correspondingly, qc,, and qc,,, represent the heat flux by convection. g represents the heat

exchange by radiation. The last term corresponds to the work W carried out by the system.

The transfer of kinetic energy between atoms or molecules leads to heat conduction. The collisions
between molecules in gases, lattice vibrations in solids and an intermediate behavior in liquids
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Chapter 2. Theory of calorimetry

result in different heat conductivities depending on the media. In a homogeneous environment,
heat conduction is described mathematically by the Fourier law

qp=-AVT (2.2)

where the heat flux gp in [J-s~' -m™2] is proportional to the temperature gradient VT in [K]. A
[W-K~!-m™?] is the thermal conductivity of the system, which is a positive value. The minus "—"
sign in the equation accounts for heat transport from high to low temperature (the second law of
thermodynamics).

Heat may also be transported by convection if the system consists of liquid or gas phase enduring a
flow field u. Flow can be generated naturally by buoyancy effects or by external forces. Heat flux by
convection is expressed by the following equation

qc =upcyT (2.3)
where p [kg-m™3] is the mass density and cp - kg1 -K™!] is the specific heat capacity. pu is the
mass flow density that carries the heat quantity ¢, T" at a temperature T [K].

The Stefan-Boltzmann law describes the total energy radiated per unit surface area per unit time of
a black body. If the hot object is radiating energy to its cooler surroundings, the net radiation loss
rate takes the form

qr = €0 (Ts — T)) 2.4)

where ¢ is the emissivity of the object’s surface, o is the Stefan-Boltzmann constant
(5.669 x 1078 W-m~2.K™%), T, [K] is the object’s temperature, and T, [K] is the temperature of the
surrounding environment.

Partial differential equations for heat transport

If only the heat conduction (diffusion) gp and convection g¢ are considered, energy conservation
in a system with volumeV can be written as

OE
f—dV:fAVT-ndA—fpcpTu-ndA (2.5)
v Ot A A

where n is the vector normal to the surface element dA. For a constant volume, the energy
variation dFE is related to the temperature variation dE = pc, dT and the energy conservation can
be expressed as

oT A

—dV=— VT-ndA—f Tu-ndA (2.6)
v Ot pcp Ja A
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2.2. The classical calorimeter

The divergence theorem allows us to rewrite the previous equation

)

If we assume an incompressible system (p = const, Vu = 0), we obtain the following partial

— —-—V*T+V-(Tu)|dV=0 2.7)
ot pcy

differential equation

O VT =xV’T (2.8)
—+u-VI=x :
ot

where x = A/pcy, is the thermal diffusivity in [m?-s™']. Without flow (u = 0), Eqn. 2.8 can be

simplified to the classical heat equation
0, T =xV?T (2.9)

where V? signifies the Laplace operator.

2.2 The classical calorimeter

Thermal analysis is the study of a specific sample property as a function of its temperature upon
heating or cooling in a controlled manner. Calorimeters, some of the most important tools in
thermal analysis, are used to characterize the heat information of a system for different conditions.
Heat information such as temperature, heat and heat power is measured in an absolute or relative
way. [69]

2.2.1 Simplified calorimeter model

A simplified calorimeter model is illustrated in Figure 2.1. The system comprises the sample and
its container. We assume a good thermal contact inside the system with a temperature Tsy;. The
system is thermally connected to the surrounding environment at a temperature Tg,, through a
thermal resistance Rsyssorny- RsystoEny includes the thermal resistance to the thermostat Rsysso7s
and the resistance to the measurement unit Rsys;onu. The heat quantity transferred through each
thermal pathway depends on the relative value of these thermal resistances. In addition, as the
measuring unit is not fully thermally isolated, heat passing from the sample to the measurement
unit will eventually go to the thermostat or the environment as well. This heat transfer path also has
aresistance Ryyrors.- Most of the calorimeters, even if their design is based on different principles,
can be described by this simplified model. Historically, calorimeters are classified based on different
criteria.[70]
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Thermostat (TS)
RsystoTs

Surrounding
Environment
(Env)

RMutoTs

Figure 2.1 — Schematic representation of the thermal circuit of a classical calorimeter composed of a
sample in a container (system), a measuring unit, the thermostat and the surrounding environment.
Thermal resistances indicate pathways for heat transport.

2.2.2 Different heat exchange principles
Adiabatic and diathermal calorimeters

Based on whether a heat exchange exists between the system and the thermostat, two broad
families of calorimeters can be distinguished: adiabatic and diathermal. For the adiabatic type, no
heat exchange occurs between the system and thermostat. In this way, heat stored in the system is
maximized and measured in situ by a temperature change. Heat production and absorption
influence the temperature being measured. On the contrary, in diathermal calorimeters heat
exchange between the system and surrounding thermostat is enhanced. The heat exchange will
influence the temperature of the surrounding environment, which can be controlled by the
experimental set-up.

Passive and active modes of operation

Adiabatic or diathermal can be designed based on passive control using appropriate thermal
resistances R;j or with the help of active electronic control.

For adiabatic calorimeters, heat exchange between the system and the surrounding thermostat can
be minimized by two routes: (i) in a passive manner, by increasing the thermal resistance Rsysso7s
with appropriate thermal insulation, or (ii) actively by decreasing the temperature difference
between the system and the surrounding Tsys — Trs (considering the thermostat temperature is the
same as the surrounding environment). Infinite thermal resistances Rsysso7s and Ryurors do not
exist in reality, so heat leak always occurs between the system and surroundings. Therefore, passive
adiabatic calorimeters are often called quasi-adiabatic or isoperibol calorimeters historically.
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2.2. The classical calorimeter

"Water calorimeters", for which the samples are in good contact with a water bath that collects the
heat produced, are a type of passive adiabatic calorimeters. The Berthelot calorimeter (Figure 2.2b)
is a typical water calorimeter. Passive adiabatic designs may also be used in sophisticated modern
calorimeters. Instead of maximizing thermal resistance and insulation, the active adiabatic
calorimeter approach may be more convenient by implementing servo-controlling of the
thermostat temperature Trg to follow the sample Tsy;. By combing the advantage of thermal
insulation and temperature control, heat phenomena can usually be followed over much longer
time than with passive calorimeter.

Passive diathermal calorimeters monitor the heat transferred from the sample to the thermostat by
taking advantage of good thermal conduction. As shown in Figure 2.2c, the Tian-Calvet calorimeter
is a typical passive diathermal set-up. Heat is not stored in the sample or system but will pass
through a thermopile to the thermostat.[71] The heat can also be measured by a quartz
microbalence, phase transitions or peripheral liquid flow. The Lavoisier ice calorimeter (Figure
2.2a) was based on the observation of a phase transition in the surrounding thermostat. Passive
diathermal calorimeters are also called heat flowmeters and thermal conductive calorimeters. The
calorimeter developed in this thesis also belongs to this category. The working principle of active
diathermal calorimeters is opposite to the active adiabatic calorimeter, as here the system
temperature is servo-controlled in order to follow the thermostat temperature. In this way, good
heat exchange is simulated. Heat compensation can be achieved by Joule effect if the phenomenon
is endothermic or by Peltier effect if it is exothermic.

11
for cuvette ~

\ |_Negative poles of both stacks

Sensor N

Placement of

the sample |

LTCC cuvette with

QN /Posilive poles of both stacks
integrated Pt500 ~~{

N Measuring point
o N / for temperature
) ey

Heater for

\|_—" isothermal block

Isothermal block

Isolation

Figure 2.2 — Examples of historical calorimeters. (a) Ice calorimeter developed by Lavoisier.[64] (b)
Typical passive adiabatic calorimeter developed by Berthelot.[70] (c) Tian-calvet calorimeter as an
example for a passive diathermal calorimeter.[71] Adapted from [70-72].

2.2.3 Possible descriptions of calorimeters

The previous nomenclature classifies most calorimeters. Other nomenclatures have been proposed
to illustrate different working principles. For example, Hemminger and Hohne in 1984 proposed
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various types of classifications depending on criteria, including measurement principles, mode of
operation, and construction principle.[73, 74]

Measurement principles

1. Heat compensation: Calorimetry with compensation of the thermal effects: (i) by phase
transition, for example the ice calorimeter, (ii) by electric effects (Joule effect, Peltier or
Seebeck effects), or by chemical heat of reaction.

2. Heat-accumulating principle (temperature difference): The heat capacity and heat leaks
must be considered to design a reliable calorimeter. This includes most of the adiabatic and
quasi-adiabatic calorimeters.

3. Heat conduction: Such calorimeters usually make use of a thermopile as a sensor of heat
flow.

Operation mode

The operation mode can be static (isothermal, isoperibol, adiabatic) or dynamic (scanning of
surroundings, isoperibol scanning, adiabatic scanning).

Construction principle

Single measuring systems, twin systems or differential measuring systems may be used.

2.3 Heat flux calorimeter

Thermopile-based calorimeters represent a large part of modern systems based on heat conduction.
Moreover, the development of MEMS-based sensors and new thermoelectric materials has become
the driving force for innovative calorimeter design. In the present thesis, we used thermopile
sensors to measure the metabolic heat production of bacteria.

2.3.1 The thermoelectric effect

Thermopile sensors are based on the thermoelectric effect, i.e. the direct conversion of temperature
differences to electric voltage and vice versa via a thermocouple (a junciton of two different metals).
Two effects may be distinguished, known as Seebeck effect and Peltier effect, which will be discussed
in the following. The nanocalorimeter developed in this thesis is based on the Seebeck effect.

The Seebeck effect describes that a temperature gradient across an isolated conducting material
generates an electromotive effect (voltage). The effect was discovered by Thomas J. Seebeck in the
1900s. As shown in Figure 2.3a, the temperature difference AT between the hot junction T}, and
the cold junction T,,;4 of a thermocouple (TC) induces electric voltage difference Urc. The two
junctions are separated by a layer of medium with a given thermal resistance. Ut is proportional to
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Heat Flow

T ! input

hot junction

hot junctions cold junctions

Figure 2.3 — Thermoelectric effect. (a) Seebeck effect. Thermocouple (left) and thermopile (right).
(b) Peltier effect illustrated by a p-n junction.

the temperature difference and depends on the material properties of the thermocouple described
by the Seebeck coefficient a.

Urc=a-AT (2.10)

where AT = Thor — Teo14- @ represents the thermal electromotive force for a temperature difference
of 1 K. Material properties fundamentally influence the heat flux sensor performance. The output
signal may be amplified by connecting N thermocouples in series to form a thermopile (TP),
resulting in Urp

Urp=N-a-AT 2.11)

The traditional copper-constantan thermocouple has a Seebeck coefficient of about 50 uV-K~1. The
thin-film sensor chip used in the present work is based on p-type silicon-aluminum thermocouples
(Figure 2.4a), which has a considerably higher Seebeck coefficient (~ 300 uV-K~!). Emerging
semiconductor thermoelectric modules may have further higher Seebeck coefficients of more than
1500 uV-K™! like PbysGesgSesg (Figure 2.4b).[75]

The Peltier effect is of the same nature as the Seebeck effect but describes the temperature difference
generated at the junction of dissimilar conductors upon the passage of an electric current. It is
the basis for thermoelectric coolers. As shown in Figure 2.3b, the consumption of electrical energy
maintains the temperature difference between the cold and hot side of the device. Heat absorption
or production dQp per time (Equation 2.12) depends on the direction of the current i [A] and a
material property Cpejsier [V]. The Peltier coefficient Cje;rier represents how much heat is carried
per unit charge.

dQp = Cpeltieridt (2.12)
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Figure 2.4 — Thin film-based vs p-n type thermopile senor. (a) Themopile made of a series of p-type
silicon-aluminum thermocouples on a thin SiO, membrane. (b) Schematic of semiconductor
thermoelectric modules.

2.3.2 Theory of heat flux sensors
2.3.2.1 Sensor sensitivity

Heat flux g, [W-m™2] (or heat flow density) is the quantity of heat transported through an isothermal
surface per unit time and unit area. Modern sensors measure a heat flux from 1072 W-m™2 to
the order of 10 W-m™2. The operating principle of most heat flux sensors may be described by a
theoretical model, which was elaborated by Schmidt in the 1900s. An "additional wall" with a known
thermal conductivity A is located in the path of the heat flux g to be measured. The reciprocal
value of A is the thermal resistance R;;,. The temperature difference AT between the wall sides is
proportional to the amount of the total heat flux g4 [W] (also called heat flow) through a surface A.
At a known thermal resistance of the sensor, AT is created by the heat flow g4 from the hot junction
to the cold junction.[75]

AT =Ry qa (2.13)
The heat flux g5 [W-m™2] through a surface A perpendicular to its direction is given by
ds=4qal A (2.14)

The sensitivity Sg [V-W~!-m?] of a heat flux sensor is defined by the ratio of the electrical sensor
signal U [V] to the heat flux g,

Sg= v (2.15)
qs
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Correspondingly, the integral sensitivity S4 [V-W™!] is the ratio of U to the heat flow g4 through
the surface A,

u_ U S

= = = 2.16
qa qs'A A ( )

Sa

Combing with the previous equations, the voltage signal U can be expressed in the following way
U=N-a-Rip-qa (2.17)
Thus the power sensitivity S 4 is expressed as:

U
Sa=—=N-a-Ry, (2.18)

2.3.2.2 Tian’s equation

For a model system including the reaction vessel, sample, thermopile and heat sink, the net heat
flow may be expressed by two parts, considering the configuration of a calorimeter shown in Figure
2.1. Here the measurement unit is a thermopile sensor. We define gsqmp1e as the heat flow generated
by the sample in the system (Sys). In the heat flow balance, gsampie is set equal to the sum of two
parts: (1) the heat flow gsyss0mu from the hot junction to the cold junction through the thermopile
(i.e. the measuring unit MU) with a corresponding thermal resistance Rsyssomu, and (2) the heat
flow gss dissipated to the thermostat (TS) through Rgys:ors (here we use "loss" assuming the
sample has a higher temperature).

Gsample = q4SystoMU T {loss (2.19)

According to Eqn. 2.13, gsysromu and q,ss can be expressed as

ATSys
qsystoMU = &5 (2.20)
RSystoMU
ATs
qloss = A 2.21)
RSystoTS

For an isothermal platform, we assume that eventually the temperature at the cold junction is equal
to the temperature of the heat sink, thus ATsys = ATy co14- Another approach considers a heat
capacity Cgys for the system including the sample container, sample and half of the thermopile
wall. The total heat loss Q;,ss [J] can be expressed by the temperature change of the measuring unit
ATsys.

Qioss = CSysA TSys (2.22)
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Thus g5 is a function of the temperature change rate.

de

Gloss = Csys (2.23)
with Eqn. 2.13 and 2.17, we find Eqn. ATsy,s = U/(N - @) which we substitute in Eqn. 2.20 and Eqn.
2.23. We obtain

U
qsystoMU = 77— (2.24)
ysto N-a-Rgystomu

Csys dU

- 2.25
N-a dt ( )

qioss =

According to Eqn. 2.19 and by using Eqn. 2.24 and Eqn. 2.25, we can establish a relation between
the measured voltage signal U and the heat flow gsamp1e. This relation is called Tian’s equation. [76]

dU
Gsample =€ U+ Tsensinga (2.26)

where Tgensing is the sensing time constant defined by 7sensing = RsystomuCsys. € [W-V1]
corresponds to the inverse integral sensitivity S4 and can be written as

€=1/(N'a'Rsy3mMU):l/SA (2.27)

In the ideal case, Gsampie = Gsystomu Where all the heat flow generated by the system is transported
through the thermopile, the second term in Eqn. 2.26 can be neglected and the equation simplifies
to

Gsample =U/Sa (2.28)

2.3.2.3 Noise analysis

The first term in the Tian’s equation corresponds to the electrical heat compensation. The second
term accounts for the transient state for an instant sample temperature change. Using a thermopile
as heat flux sensor, the measurement can be classified as a fast or a slow process. Fast reaction
occurs on a time scale smaller than the sensing time constant and slow processes have a longer time
scale. Mixing of two liquids is typically a fast reaction, whereas biological processes like bacterial
growth usually are slow.

In the case of fast temperature variations, the nanocalorimeter works almost in adiabatic mode, as
the heat flow through the membrane may be neglected. In such conditions, the signal-to-noise
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ratio (SNR) may be calculated in the following manner

UTp _STATad_ ST Q_ ST cVAH N ST cAH
Unoise Unoise Unoise C  Unoise PCpV+Ca Unoise PCp

SNRfas; = (2.29)

for Cp < pcpV

where Urp [V] is the measured signal, U,;ise [V] is the voltage noise, St [V - K] is the temperature
sensitivity of the nanocalorimeter, AT,; [K] is the adiabatic temperature change, Q [J] is the
heat generated by the sample, C [J-K™1] is the total heat capacity, ¢ [mol-m™3] is the reactant
concentration, V [m3] is the sample volume, AH [] - mol~!] is the reaction enthalpy, p [kg- m3] is
the sample density, ¢, [J-kg~!-K 1] is the specific heat capacity of the sample, and C, [J-K '] is
the heat capacity of the nanocalorimeter excluding the sample. As can be seen on the right-hand
side of Eqn. 2.29, for a heat capacity C, of the nanocalorimeter being very small (C; < 1 mJ/K), the
volume of the sample drops out and does not directly affect SNR, which mainly depends on the
temperature sensitivity S of the device. For this reason, this type of nanocalorimeter is suitable for
very small sample volumes, down to the nL volume range and below.

The calculation of the SNR for slow processes, instead, may be reported as follows:

U S S
SNR = TP _ AYsample A

Unoise Unoise Unoise

-rVAH (2.30)

where S5 [V-W™!] is the heat power sensitivity, gsampie [J - s71]is the heat power generated by the
sample, and r [mol- m~3-s71] is the reaction rate. In this case, the SNR is proportional to the sample
volume, making extreme reduction of sample volumes less advantageous. In the specific case of the
nanocalorimeter developed in the present work, our main interest focuses on the investigation of
slow biological processes.

In fact, the sensing time constant 7 se,,sing Of @ previous version of the current nanocalorimeter was
about 10 s [77], which is much smaller than the reaction time of typical metabolic processes, which
are in the order of minutes. In this case, it is possible to neglect the transient term and to write
the simplified version of Tian’s equation (Eqn. 2.28). Specifically, the documented temperature
sensitivity S 4 for the commercial nanocalorimeter (XEN-NCM 9924 chip, Xensor Integration) used
in this work is 50 mV/K as shown in Appendix A.4.[78] Additionally, sample volumes of around 150
pL have been used in order to obtain good SNR.

Thermal noise (Johnson-Nyquist noise)

The SNR and thus Uy,;se are very critical for the performance of a calorimeter. An important
component of the total noise is the thermal noise or Johnson-Nyquist noise , generated by the
thermal agitation of electrons inside an electronic conductor. Similar to photodetectors, the usual
parameters also apply to the heat flux sensors: electrical thermal noise U]%T, sensitivity threshold
F;;,, NEP (noise-equivalent power), and detectivity D*. Electrical thermal noise is expressed in the
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following way:
Uz =4kp-T-ACR-Af (2.31)
where kg is the Boltzmann constant, T is the sensor average temperature, ACR is the sensor

resistance, and A f is the frequency band in which the measurements are done.

The sensitivity threshold F;;, [W-cm™! - Hz!/?] is the value of the heat flux causing a sensor output
voltage equal to the root mean square (RMS) noise voltage. Sensitivity threshold with reference to
the unit pass band and unit area of the sensor is expressed as

Vv Uer
Fip=———
Sa/ANf

where S 4 is the power sensitivity [V/W] and A is the sensor working area in [cm?].

(2.32)

NEP [W-Hz"!/?] is the sensor parameter characterizing the minimum detectable radiation power
in a 1 Hz bandwidth causing a sensor signal equal to RMS noise.

NEP = (2.33)
Sa
The reciprocal value of the sensitivity threshold F;, is the detectivity D* [cm-Hz!/2-W~1].
A SAVA
D*=1/F,, = VA AVA (2.34)

NEP  \/ak,T-ACR

Electronic thermal noise can be minimized by averaging a series of continuous data points
considering the time scale of our experiment. In our study, the baseline drift caused by the
temperature variations is more critical for the platform’s performance.

Thermostat temperature fluctuation

Apart from the Johnson-Nyquist noise, the thermostat temperature fluctuation also contributes
to the noise performance of the calorimetric system. The influence on the signal is dependent on
the heat capacity C of the sample and the microincubator as well as the thermal time constant.
Assuming white temperature noise of bandwidth wp, the relationship between voltage noise U,
and temperature noise T, can be expressed as follows [79]

1
U, = —3$ACwBTn (2.35)

It is realistic to aim at a heat power resolution level near 10 — 15 nW by decreasing the temperature
noise down to 10 uK.[80] Noise related to temperature fluctuations can be minimized by
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embedding the measurement system in a highly stable thermostat and adequate thermal
insulation. Thermostat temperature fluctuation is the dominant source of noise if we don’t
consider baseline drift for a long-term experiment. Further improvement of the temperature
control system can reduce this noise.

Baseline drift

For a long term measurement, the baseline drift due to the environmental influence of the voltage
output of the nanocalorimeter can be considered as another main source to affect the limit of
detection. Although the thermostat is maintained at a constant temperature, the measuring units
still possess a certain temperature distribution. Ideally, this temperature distribution is constant,
thus the resulting heat transfer through the thermopile will generate a constant background signal.
In the experiment, the temperature of the thermostat is controlled by probing the temperature near
the thermopile unit. Although the temperature is maintained at a constant level by a closed PID
controller, this does not necessarily imply that the temperature distribution is constant. In fact, the
thermostat’s heater power will change, if the environmental temperature is varying. This leads to a
change in the background heat transfer and temperature distribution, which causes the baseline
drift. For a short-term experiment, the baseline drift may not be obvious. However, for a long-term
experiment (several hours), this baseline drift must be considered and reduced to obtain optimal
results. Additional data analysis can be found in the Appendix A.1. The baseline drift caused by the
environmental influence in the current context is the main source of noise when considering the
SNR to determine the LOD.
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8] State of the art of modern chip-based
calorimeters

Advances in MEMS technology and material science promote the development of modern
calorimeters. In this chapter, representative examples for modern chip-based calorimetry
approaches will be presented. Chip calorimeters based on different sensing principles, including
thermopiles, cantilevers and thermistors, will be discussed. Finally, two examples of commercially
available systems will be shown.

3.1 Thermopile-based calorimeter

Thermopile-based calorimerters are an important category in modern calorimetry. Historically, a
distinction between microcalorimeters and nanocalorimeters was made. In principle, these
calorimeters measure heat power in the yW range or nW range, respectively. Nowadays, these
categories may be somewhat obsolete, as some of the microcalorimeters are able to obtain heat
signal limit of detection (LOD) in the hundreds of nW range, when the electrical controlling
components are updated. However, the design principles of some older calorimeters may still be
used for modern calorimeters. Today, nanocalorimeters usually correspond to a miniaturized
MEMS-based format, thus they are often referred as chip calorimeters. Table 3.1 summarizes the
performance of the thermopile-based calorimeters discussed in the following.

Open chamber devices

Johannessen et al. developed a thermopile sensor on an 800-nm thick silicon nitride membrane.[81]
As shown in Figure 3.1a, the thermopile is made of 10 gold-nickel thermocouples, which are
radially positioned with respect to an open polyimide sample microchamber on the top of the
membrane. The resulting temperature sensitivity is 220 pV/K and the limit of detection is 15 nW.
The microchamber has a diameter of 200 um and a volume of 700 pL. The calibration is performed
with an integrated nickel heater on the thin film. The authors investigated the heat production
of brown adipocytes upon the treatment with noradrenaline (NE). NE is a hormone released by
the cold- or diet-stimulated sympathetic nervous system, which induces thermogenesis in the
adipocytes. The average metabolic heat production of NE-stimulated brown adipocytes is around
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Figure 3.1 - Membrane-based calorimeters with open chambers. (a) Nanocalorimeter developed
by Johannessen et al. Upper panel: Top view of the microchamber with samples placed on the
thermopile sensors. Lower panel: Heat measurement of brown adipocytes upon the treatment
with noradrenaline (NE) and rotenone. The two curves show the control and the drug test on
cells, respectively.[81] (b) Nanocalorimeter developed by Xu et al.. Upper left: Photo of the
commercial thermopile sensor (S25 silicon-based thermopile sensor from Dexter Research Center,
Inc., Dexter, MI). Upper right: Photo of the thermopile inside the housing. Lower panel: Schematic
representation showing the working principle of the device, where a 50 nL droplet was positioned
on the suspended nitride membrane. The microchamber is sealed to prevent evaporation.[82]

1.6 nW per cell. Xu et al. developed an open chamber titration calorimeter based on a commercial
suspended thin-film thermopile sensor that is placed on a 1.5 pm thick silicon membrane (Figure
3.1b).[82] A small number of cells suspended in a sample volume of ~ 50 nL is pipetted on the
membrane. The power sensitivity of ~ 2.9 V/W is calibrated by a chemical reaction between H,SO,
and NaOH. Two thermal shields without temperature controlling system reduce the thermal noise
and a LOD of 22 nW is reported. The chamber is closed with a cover glass and the samples are
covered locally by oil to prevent evaporation of the small liquid volume. An updated version of this
platform further reduced the sample volume to 2.5 nL, resulting in an improved power sensitivity of
60 V/W.[83]

Closed chamber chip calorimeters

Figure 3.2a and 3.2b are two examples of passive diathermal chip calorimeters with closed chambers.
Lerchner et al. built a heat flow chip calorimeter for samples in the yL range (Figure 3.2a).[84] This
calorimeter was used for a wide range of applications, from enzymatic assays to metabolic activity
of biofilms.[88-91] The thin film thermopile is fabricated on a 1 ym silicon nitride membrane on
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Figure 3.2 — Different types of microfluidic calorimeters. (a) Top: Photo of a flow-through chip
calorimeter with two embedded thermostats developed by Lerchner et al. .[84] Bottom: Cross-
sectional view of the calorimeter with four thermopiles (TP) positioned along a PMMA channel,
which is sealed with a thin PMMA film (50 ym) on the bottom. (b) Chip calorimeter with MEMS
technology developed by Lee et al..[85] Top: Cross-sectional view showing the different components
of the nanocalorimeter, including parylene and PDMS microfluidics. The vacuum space for
thermal isolation is indicated. Bottom: Gold-nickel thermopile on the parlyene membrane (red
square) and enhanced view of the parlyene microchamber with access channels. (c) Differential
microfluidic calorimeter developed by Wang et al. featuring two parallel flow-through chambers.[86]
(d) Calorimeter for heat measurements of single cells developed by Hong et al..[87] The calorimeter
is equipped with several embedded thermostats and insulation layers. The cell which intakes iron
oxide nanoparticles can be immobilized by magnetic focusing.
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which 118 bismuth-antimony thermocouples and a nickel-chromium resistive heater are patterned.
Four identical thermopile sensors are aligned along the fluidic channel enabling 4 consecutive
measurements on samples that flow through the channel. A removable poly(methyl methacrylate)
(PMMA) channel (20 mm in length, 1 mm in width and 0.5 to 1.2 mm in height) is positioned on the
thermopile sensor and separated from it by a 50 um PMMA foil. An additional thin paraffin film
was used to enhance the thermal contact between the PMMA foil and the sensor. A high-precision
thermostat enabled a temperature stability better than +£100 uK. A more recent version of this
platform used a so-called segmented flow mode, where sequential processing of sample separated
by immiscible inert segments was performed.[91, 92]

Lee et al. implemented a parylene-based microfluidic chip calorimeter combined with other
materials for studying the heat production of nL-volume samples and reagents (Figure 3.2b).[85]
The sample chamber is thermally isolated from the surrounding by an on-chip vacuum space to
maximize the heat transfer through the sensor. A thermopile of 5 gold-nickel thermocouples is
arranged around of the 3.5-nL sample chamber on top of the 2-uL parylene membrane. This chip
calorimeter has a power sensitivity of 7.1 V/W, an estimated thermal conductance of 16 yW/K and
a power resolution of 4.2 nW. As a proof-of-concept the authors demonstrated its application for
measuring the heat of urea hydrolysis reaction catalyzed by urease.

Differential measurements

Wang et al. developed a differential calorimeter integrated with a microfluidic chip (Figure 3.2c).[86,
93, 94] The thermopile sensor is made of 50 nickel-chromium thermocouples on a 5 um thick SU-8
membrane. The temperature sensitivity is around 35 puK. Two parallel PDMS microfludic channels
are located above the hot and the cold junction, respectively, with the thermopile unit spanning
the space in between. This configuration enabled differential measurements between the sample
and the reference chamber. In a flow-through mode, the heat production of a glucose oxidization
reaction was analyzed by prefilling the sample chamber with enzyme modified beads while blank
beads were used in the reference chamber. The resulted power sensitivity is 1.2 V/W.

Multi-thermostat set-up and single-cell study

Most recently, Hong et al. developed a flow-through microfluidic-assisted calorimeter for single-
cell measurements (Figure 3.2d).[87] The noise can be reduced dramatically thanks to the high
temperature stability and 3 thermal insulation and thermostat layers. The temperature stability
can be maintained within 80 yK for more than 10 h and the resolution was as low as 0.2 nW,
enabling the single-cell metabolic heat measurements. Cells are introduced through the vacuum-
isolated microfluidic channel and an embedded magnetic-based focusing system minimizes the
cell movement. A Bi-Pt based thermopile was fabricated on a parylene layer underneath the
microfluidic channel. The authors proposed that the heat production fits to the following power

42



3.2. Cantilever-based heat sensing

relationship[95]
B=B,V3* 3.1)

where B is the basal metabolic rate, By is the normalization coefficient, and V is the body size.

Table 3.1 - Performance of thermopile-based chip calorimeters.

Name [Ref] Resolution Sample Temperature Power
volume stability sensitivity
TAM-IV system (TA 200 nW 1-20 mL + 100 uK N/A
Instrument)[96]
Johannessen et al.[97] 13 nW 700 pL N/A 1.1V/IW
Lee et al.[85] 4.2 nW 3.5nL +500 mK (1 h) 7.1VIW
Lerchner et al.[89] 50 nW 10 uLL + 100 uK N/A
Hong et al.[87] 0.2nW 0.2 uL + 40 uK 88 V/IW
Liu et al.[98] 750 nW 150 uL + 250uK 1.14V/IW

3.2 Cantilever-based heat sensing

Cantilever beam calorimeters (CBCs) have been demonstrated to be a sensitive and reliable
thermomechanical sensing tool for chemical and biological heat detection. A CBC usually works in
deflection or resonant mode. In both modes, the extracted parameters can be correlated to the
temperature change of the cantilever. The materials used for the fabrication are silicon or silicon
nitride and thin metallic films such as gold or aluminum.[99] In the deflection mode, the
temperature change will cause the bending of the cantilever metal/silicon bimorph structure due
to their different thermal expansion coefficients. Barnes et al. were the first to adapt an AFM
cantilever for femtojoule-level heat measurements.[100] As an example for biological applications,
Sato et al. measured the heat production of brown fat cells (BFCs) with the cells placed on a fine
movable needle (Figure 3.3a). When the needle approaches the cantilever, the produced heat
causes the deflection of the cantilever tip. By recording the cantilever tip displacement, the small
temperature difference caused by BFCs is measured. In comparison, for the resonant mode, a
temperature change will shift the vibration frequency of the cantilever beam. Inomata et al.
presented a cantilever calorimeter based on the resonsant principle.[102, 103] A microfluidic
channel is integrated with the set-up to assist sample delivery (Figure 3.3b). The sample is captured
near the cantilever with a filter structure and the generated heat is conducted to the sensor in
vacuum. The temperature change is measured by the change of vibration frequency.

Etayash et al. fabricated a bimaterial microcantilever (BMC) with an integrated microfluidic
channel (Figure 3.3c).[104] 100 cells per 100 uL could be detected in this study. The authors
developed 3 different modes of detection and both deflections and resonant frequencies were
measured simultaneously. This BMC was used to monitor the bacterial response to antimicrobials.
Alive and dead bacteria can be differentiated based on the resonance frequency shift, whereas
different metabolic activities were monitored in the deflection mode. In addition to this, using
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Figure 3.3 — Cantilever beam calorimeters (CBCs).(a) CBC based on deflection measurements.[104]
Top: Schematic representation of the measurement principle with a sample positioned on a fine
needle. Bottom: During approach and withdrawal of the cell sample, heat-induced deflections
of the cantilever are recorded. (b) CBC based on frequency measurements.[105] The heat flow
produced from the biological sample attached to one end of the cantilever causes a shift of the
resonance frequency. (c) Cantilever for fast AST. The bacterial viability is correlated to the cantilever
deflection and frequency shift. Bacterial identification can be performed by the selective absorption
of IR light.[104] (d) Set-up of the cantilever-based photothermal spectroscopy. The cantilever
deflection is strongly correlated to the reference spectroscopic absorption peaks.[105] Adapted
from the corresponding papers.

microchannels with a chemically or physically functionalized internal surface, such as AMP
(Leucocin A)-coated BMC, different strains could be detected. A third mode of detection is based
on IR-induced nanobending, for microbial identification, due to the selective absorption of certain
wavelengths. This principle was first introduced by the same group to identify Bacillus anthracis
and Bacillus cereus with a set-up show in Figure 3.3d.[105]

Measuring metabolic heat induced stress is also the core principle of another cantilever-based
device.[106] This technology enables rapid AST and is currently developed towards a commercial
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product by the EPFL spin-off Resistell.[107]

3.3 Thermistor-based calorimeters
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Figure 3.4 — Thermistor-based calorimeters. (a) Droplets with different compounds are mixed
by electrostatic actuation on an enthalpy array.[108] The temperature change is detected by the
thermistor unit beneath the droplet. (b) Thermistor-based calorimeter with microfluidic modules
for cell metabolism measurements.[109] The parylene measurement chamber is isolated from the
environment by vacuum and the V,05 thermistor is placed below the chamber. Adapted from the
corresponding papers.

Thermistors may be used to measure the absolute temperature in an adiabatic situation. Torres et al.
developed a thermistor-based nanocalorimeter working in a differential mode (Figure 3.4a).[108]
This so-called "enthalpy array" based on a suspended membrane is designed to study the molecular
interactions. The two thermistor sensing units were connected through a Wheatstone bridge. The
parylene layer provided the hydrophobicity for electrostatic sample handling to realize mixing and
merging. A chemical reaction and a temperature change occurs when two droplets of ~ 250 nL
are mixed on-chip. A temperature difference of 500 uK could be detected based on a reference
reaction producing 250 ncal of heat in 500 nL volume. As a proof-of-concept, the heat production
of protein-ligand binding interactions was measured. The device sensitivity was further increased
in an updated version, where vanadium oxide was used as the thermistor material instead of
silicon.[110, 111] In a similar way, Kim et al. developed a thermistor-based calorimeter to measure
the heat production of tumor cells.[109, 112] As shown in Figure 3.4b, the set-up is based on a
vacuum-insulated thin-film parylene chamber connected with multilayer PDMS microfluidic valves.
The vanadium pentoxide (V»0s) thin-film thermistor allowed a temperature resolution of ~ 15 uK.
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3.4 Commercial calorimeters

Here, we introduce two commercial calorimeters that are widely used in biological research.
Commercial products usually are equipped with a high-performance thermostat providing
long-term temperature stability. As shown in Figure 3.5a, the TAM IV system (TA Instrument) has a
heat power precision of + 100 nW and uses 1 mL sample ampoules. The device is inspired by the
thermopile-based Tian-Clavet calorimeter (see Figure 2.2c in the previous chapter). Increased
sensitivity can be achieved by substraction of a reference signal from the sample signal. Another
version, the TAM-48 system (TA Instrument) measures up to 48 samples in parallel. The
calScreener (Symcel AB) entered the market (Figure 3.5b). Initially, the company focused on heat
measurements of cells upon stimuli. Nowadays, they shifted to microbiological studies, especially
to AST based on heat flow measurements.[113] The samples need to be pipetted into the vials,
which are placed on top of the thermopile sensors array in the platform.

Besides these two products, two more systems, the C80 by Setaram (Caluire-et-Cuire, France)[114],
and the yRC by Thermal Hazard Technology (Bletchley, England)[115] are available on the market.
The working principle of these machines is similar to the TAM IV.

a b

sample access
tubes

-

heat sink containing
measurement
chamber

Figure 3.5 - Commercial calorimeters. (a) Photograph of TAM IV system (TA Instrument) and a
single measuring unit with two access tubes for introducing the 1 mL sample ampoule and the
reference ampoule (hidden on the backside), respectively.[96] (b) The calScreener system (Symcel)
with an array of sample vials and the holding plate.[116] Adapted from [96, 116].

3.5 Applications of direct calorimetry

As summarized in the following, direct calorimetry has several advantages and disadvantages that
determine their range of applications.
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Advantages

1. Label-free: Heat generated by in vitro (bio-)chemical reaction or in vivo by small organisms
is directly recorded by the calorimeter. Thus no labeling chemicals are required.

2. Non-invasive: Measurements are performed in a non-invasive way as usually nothing
hazardous is added to the system. Therefore, after each experiment, the samples can be
collected for further analysis.

3. Versatility: Calorimetry can be used for many applications. In particular, the method is not
limited by the shape or optical properties of the sample.

4. Accuracy: With an appropriate design, long term temperature stability and high resolution
can be achieved. The best commercial product can reach a temperature stability of + 100 uK
over 24 h and a LOD of 0.2 uW.[96]

Disadvantages

1. Non-specificity: Heat is a non-specific signal. The omnipresence of thermochemical
phenomena in nature may cause misinterpretation of the recorded thermal signal.

2. Temperature stabilization: Sophisticated thermostat designs are required to avoid excessive
thermal equilibration times, during which, in the worst case, the sample heat signal may be
lost. Environmental temperature variations may disturb the system.

3. Sample environment alteration: For biological application, heat accumulation may change
the temperature of the culture medium. Waste accumulation in a closed system has to be
considered as well. Specific types of calorimeter can meditate this issue.

4. Size: Commercial high-precision calorimeters are usually equipped with a bulky thermostat
and peripheral electronic controllers, thus cannot be designed as portable devices.

5. Cost: High equipment and operation cost, due to sophisticated components and uniquely
designed consumables, may be an issue.

Applications

Miniaturized calorimetry is the future trend to solve some of the disadvantages stated above.
Smaller size may enable portable platform formats. Sensor arrays can be readily implemented
in order to increase throughput. Cost per unit may be reduced through convenient large-scale
wafer-based fabrication of the sensor chips. Small sample size increases the range of possible
applications involving, for instance, rare biological cells or expensive samples such as certain
proteins. Regarding the non-specificity, it has been shown that recording bacterial heat flow profiles
may be a potential way for identification[117].

Applications of calorimetry are found in various fields in scientific research and industrial
applications. Examples in the field of biological research include heat measurement of single cells
[87] and multi-cellular organisms[118, 119]. Commercial systems have proven to be reliable tools
for microbiological[120] and antimicrobial susceptibility studies[113]. In this context, Table 3.2
shows an outline of heat power level produced by different cell types or small organisms. The
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enthalpy of chemical reactions can also be measured with calorimeters. As a thermal analysis tool,
calorimetry became a valuable and necessary tool for material characterization.[121] Quantitative
applications include the measurement of heat of fusion and the extent of crystallization of a
material. Specially, differential scanning calorimetry (DSC) is a useful tool for determining glass
transition temperatures and melting points of polymer materials.[122] In addition to this,
calorimetry is also widely used in environmental science[123] and food science[67].

Table 3.2 — Heat power for cells and living organisms.

Living cell or organism Heat power Refs
Escherichia coli 1 pW/bacterium [124]
Staphylococcus aureus 3 pW/bacterium [124]
3T3 mouse fibroblasts 17 pW/cell [125]
HeLa-53G 31 pW/cell [125, 126]
Rat white adipocytes 40 pW/cell [125, 127]
Human melanoma H1477 80 pW/cell [125, 128]
Hamster brown adipocytes 110 pW/cell [125, 129]
Keratinocytes 134 pW/cell [125, 130]
Rat hepatocytes 329 pW/cell [125, 131]
Human mycocardial cells 2nW/cell [124]
C. elegans nematodes 13 nW/worm [132]
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A nanocalorimetry platform for fast AST

Fast spreading of AMR is now considered to be a major global health threat. New technologies are
required, enabling rapid diagnostics of bacterial infection combined with fast AST for evaluating the
efficiency and dosage of antimicrobial compounds in vitro. This chapter presents an integrated chip-
based isothermal nanocalorimetry platform for direct microbial metabolic heat measurements
and evaluates its potential for fast AST. Direct detection of the bacteria-generated heat allows
monitoring of metabolic activity and antimicrobial action at subinhibitory concentrations in real-
time. The platform’s high heat sensitivity enables bacterial growth detection within only a few hours
of culture, whereas growth inhibition upon administration of antibiotics is revealed by a decrease
or the absence of the heat signal. Antimicrobial stress results in lag phase extension and metabolic
energy spilling. Optical density measurements provide a more holistic insight of the metabolic state
and the evolution of bacterial biomass. As a proof-of-concept, a metabolic heat-based AST study
on E. coli as model organism with three clinically relevant antibiotics is performed and the MIC
values could be determined.

This chapter is adapted from the following paper: Liu, Y., Lehnert, T. & Gijs, M. A. M. Fast
Antimicrobial Susceptibility Testing on Escherichia {c}oli by Metabolic Heat Nanocalorimetry. Lab
on a Chip 20, 3144-3157 (Aug. 26, 2020)

4.1 Introduction

Steadily increasing AMR of medically relevant microorganisms is an important threat to global
health[4, 133, 134]. Multi-drug resistance of common pathogens, such as Staphylococcus aureus,
Enterobacteriaceae and Pseudomonas aeruginosa, brings about severe therapeutic challenges,
associated with elevated morbidity and mortality rates.[135] An often cited AMR review report,
based on detailed scenario analyses of the impact of AMR spreading on healthcare and
macroeconomics, estimated to 10 million the number of deaths per year attributable to AMR in
2050, i.e. more than for most of the other major causes of disease-related death.[3] An European
cross-national database study established a correlation between AMR and outpatient antibiotic
use.[136] Moreover, clinical studies revealed a high percentage of unnecessary prescriptions of
antibiotics for therapeutic and prophylactic purposes. This fact has been recognized as one of the
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main causes of emerging AMR. In many cases prescribed drugs are broad-spectrum antimicrobial
agents, which further promotes AMR development and spreading.

Rapid diagnosis of bacterial infection combined with fast and accurate AST is one of the keys
to counteract AMR progression, in particular by optimizing and personalizing the therapeutic
management of infected patients.[137] AST in vitro techniques aim to predict the efficiency of
an antimicrobial compound for treating an infection. Ideally, an AST protocol should provide
the MIC for microbial growth, i.e. the lowest drug concentration that inhibits bacterial growth
after overnight incubation.[138] Standard AST methods in clinical microbiological diagnosis, in
particular the disk diffusion method and broth microdilution, are based on established, robust
and often manual protocols. A commercial diffusion-based gradient method (Etest®, bioMérieux)
may be used for MIC determination.[36] Current clinical protocols, however, suffer from important
limitations, in particular extended time to result or the requirement for relatively large amounts of
viable microorganisms. Automated AST systems based on turbidity measurements aim to reduce
time to result, typically to below 24 h.[139] Moreover, a range of new AST technologies is under
development to tackle the AMR problem,[139, 140] either in a 96-well plate or microfluidic format,
including molecular diagnostic tools to detect the presence of resistance genes[141] and fast AST
assays based on single-cell imaging, for instance.[40] Nevertheless, most of these technologies
still face major barriers with respect to general acceptance by the healthcare system and market
penetration.[137]

In this context, we explore microbial heat production as a direct indicator of metabolic activity and
viability of bacterial populations. Metabolic heat/heat flow curves provide real-time information
on microbial growth dynamics and can be used for detecting bacterial growth inhibition in the
presence of antimicrobials in vitro. The potential of isothermal microcalorimetry (IMC) for
microbial activity monitoring, metabolic studies and drug assays has already been demonstrated
by means of commercial devices. The latter use sealed mL-size sample ampoules and have very low
heat power detection limits, typically in the range of a few yW down to 0.2 yW.[142, 143] For
instance, different metabolic phases of E. coli bacterial growth have been identified by analyzing
heat flow profiles.[144] Highly sensitive and fast detection of bacterial contamination (= 1 - 10
CFU/mL) was also demonstrated by recording heat flow of artificially contaminated blood platelets
samples.[120] The potential of IMC for rapid differentiation between methicillin-resistant S. aureus
(MRSA) and methicillin-susceptible S. aureus (MSSA) was evaluated by von Ah et al. by using the
antibiotics cefoxitin and oxacillin.[145] Subsequently, Baldoni et al. reported a study using a
48-channel batch calorimeter for the detection of methicillin-resistance in S. aureus including
genetically distinct clinical isolates.[146] MRSA isolates were correctly identified after 5 h by testing
against cefoxitin, however, very high bacterial inocula (McFarland turbidity of 5) were used to
reduce time to result. Yang et al. analyzed the growth rate of E. coli and the time to maximum heat
power as a function of concentration for two different cephalosporins.[147] The two antibiotics
tested affected the heat power curves in a clearly different manner. A more extensive AST study was
performed by von Ah et al.,, analyzing heat flow curves for reference strains of E. coli and S. aureus
for 12 different antibiotics. The results have been grouped by mode of antimicrobial action,
revealing different thermal signatures for each compound family.[148]
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Different microfabricated and microfluidic integration formats have been proposed for
high-sensitivity nanocalorimeters. A miniaturized chip-based calorimeter, similar to the one
presented in the present work, has been developed earlier by Higuera-Guisset et al.. The authors
studied the effect of two different growth media and of the culture temperature on the metabolic
heat curves of E. coli.[149] Another group used a flow-through chamber chip module, enclosed by
two high-precision thermostats, for the study of biofilm inactivation by predatory bacteria and for
monitoring biofilm eradication with antibiotics.[89, 150, 151] Johannessen ef al. implemented a
sub-nL open-reservoir assay for heat measurements on a small number of isolated living cells.[81]
Torres et al. reported the microfabrication of 96-detector enthalpy arrays on polyimide membranes
and implemented rapid electrostatic merging/mixing of droplets.[108] The technology enabled
studying kinetic parameters of enzyme-catalyzed reactions.[111] Lee ef al. proposed a more
complex closed-chamber microfluidic approach with precise nL. sample manipulation capabilities
for measuring the heat of reaction of urea hydrolysis, for instance.[85] Inomata et al. developed a
picocalorimeter for detection of heat produced by a brown fat cell attached to a Si microstage
connected to a cantilevered Si sensor. Heat is sensed by the resulting shift in the resonant
frequency.[102] An ultrasensitive micro-DSC (differential scanning calorimeter) for liquid protein
sample characterization was demonstrated by Wang et al.. The device is based on vanadium oxide
thermistors and a microfluidic dual-chamber calorimeter design.[152] Kim et al. recently reported
a thin-film parylene microfluidic calorimeter with on-chip vacuum insulation. Measurement of
cellular metabolic power changes upon controlled stimuli was demonstrated.[109] A more recent
commercial microcalorimetry instrument (Symcel AB®) uses a well-plate format for tracking the
activity of living cells and biological processes.[39]

In this work, we present an isothermal nanocalorimetry platform designed for monitoring
microbial growth dynamics with high sensitivity, thus enabling fast AST based on metabolic heat
measurements. Our system is operated in a microincubator format and was optimized with respect
to high thermal stability, a prerequisite for fast detection of bacterial infection or establishing
accurate antibiograms. We evaluated microbial heat generation under different culture conditions.
More importantly, we performed a proof-of-concept study comprising metabolic heat AST assays
of E. coli exposed to three commonly used antimicrobial drugs (ciprofloxacin, ampicillin and
gentamicin). Specific features of the metabolic heat/heat flow curves showed clear variations as a
function of the antimicrobial concentration and MIC values could be determined for the tested
compounds. This offered a more detailed phenotypic fingerprint of the microbial metabolic
activity upon drug exposure, while optical density measurements over time of the bacterial cultures
provided additional insight in the development of bacterial biomass.

4.2 Platform design and characterization

The nanocalorimetry platform is constructed around a sensing unit comprising a microincubator
for bacterial culture and a thermopile sensor chip that detects heat flow corresponding to the
metabolic heat power generated by the microbial sample during incubation. A dual chip
arrangement allows increasing assay throughput or differential/control measurements. Several
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Figure 4.1 — The isothermal nanocalorimetry platform. (a) Exploded 3D view of the integrated
platform with two thermopile-based sensing units. The Al/Cu thermostat is based on a PID
controller, using several heating pads and a resistance temperature detector (RTD) sensor
(Pt1000). (b) Enlarged view of the twin heat sensing unit including a parallel arrangement of
two microincubators (2 x 150 pL). (c) Photograph of one thermopile sensor chip and pin grid array
(Xensor Integration, XEN-NCM9924). The hot junctions of the thermopile and a thin-film Al heating
element are located on the sensitive central part (3 mm x 3 mm) of the Si membrane. The cold
junctions are in thermal contact with the Si frame situated at the edge of the chip (10 mm x 10
mm).

important modifications have been implemented with respect to a previous version of the
system,[118] mainly aiming at improving specific requirements for allowing high-sensitivity
detection and accurate recording of metabolic heat profiles. These features include high thermal
stability and fluidic integration suitable for fast thermalization of the sample and drug solutions.
Figure 4.1a shows an exploded 3D view of the INCfAST platform. Sensor chip and microincubator
are inserted in the central part of the Al/Cu thermostat. A proportional-integral-derivative (PID)
temperature control system with several heating pads provides uniform temperature distribution
and stabilization at the sample location within + 250 pK at 37 °C (Figure 4.2, mK-range for the
previous version of the platform [118]). Consequently, a limit of detection (LOD) for heat power of
microbial suspensions as low as 750 nW was achieved (Figure 4.3). The core of the platform
comprises the dual chip system with microincubators, fluidic connections and electrical read-out
for independent parallel measurements (4.1b). Voltage signals generated by the thermal sensors are
recorded by a two-channel nanovoltmeter (34420A, Keysight, USA). Commercially available sensor
chips were used in this study (XEN NCM9924, Xensor Integration, Delft, The Netherlands) (Figure
4.1c, datasheet in Appendix A.4). The sensing mechanism is based on a thin-film thermopile
distributed around the center region of a Si membrane. The relatively thick membrane (45 pm
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according to the data sheet) provides sufficient robustness for liquid nanocalorimetry applications.
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Figure 4.2 — Temperature stabilization of the INCfAST platform. The plot indicates that the
temperature fluctuation is about + 250 uK around the set point of 37 °C for the duration of a
typical metabolic assay. The temperature was measured with the RTD sensor of the platform, which
is located close to the microincubator.
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Figure 4.3 — Control experiments without bacteria. In order to evaluate the efficiency of the
cleaning and sterilization protocol applied to the fluidic system of the platform, control curves
have been recorded with pure Mueller-Hinton broth (no bacteria, n = 3). Heat flow signals fluctuate
around zero-level (after baseline correction) for the time scale of typical assays, indicating that the
microincubator is well sterilized and that the recorded metabolic heat signals are not generated by
any contamination with other bacteria. An average filter was firstly applied to process these curves.
From these recordings we derive a maximum noise level of 200-250 nW, resulting in a conservative
LOD estimate of ~ 750 nW for metabolic heat measurements (corresponding to SNR = 3).

More details of the integrated system are shown in Figure 4.4. The microincubator that receives
the bacterial suspension is bonded onto the sensor surface. The liquid sample is in direct contact
with the Si sensor membrane (no polymer membrane on the bottom of the microincubator), thus
maximizing heat transfer to the sensing elements. The microincubator has one sample inlet and one
waste outlet. The corresponding reservoirs are located outside the thermostat at room temperature
for convenient operation. Nevertheless, thermalization of compound solutions and bacterial
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suspensions during injection is fast and not limiting the performance of the platform for the
present application involving relatively slow heat signal variations. Optionally, the reservoirs could
be placed inside the thermostat for reducing thermal stabilization time. Placing the whole setup
inside a foam/polystyrene housing (not shown) further reduced perturbations due to environmental
temperature variations.
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Figure 4.4 — Schematic cross-sectional view of a sensor unit with fluidic system (yellow). The
microincubator is positioned directly on the chip membrane and connected to external sample
and waste reservoirs, respectively. Bacterial suspensions are injected into the microincubator by
pressure control of the sample reservoir.

4.3 Experimental

4.3.1 Microincubator fabrication and sensor calibration

Polycarbonate microincubators (V=150 uL, & = 5.7 mm, height = 6 mm) fabricated by micromilling
were employed for the metabolic heat assays on the INCfAST platform. Polycarbonate offers good
mechanical stability and high chemical resistance with respect to the sterilization protocols applied
for the experiments.

Sensor calibration was performed by means of the Al thin-film resistive heater on the sensing area
of the chip membrane. A deionized (DI) water-filled microincubator was positioned on the sensor
during calibration in order to simulate actual assay conditions. Calibration of the thermopile voltage
output was performed by generating defined heat power signals via an external electrical power
source. We determined a power/voltage coefficient of 0.88 W/V for the present system configuration
(Figure 4.5). The reciprocal value of this coefficient is the power sensitivity, 1.14 V/W.

4.3.2 Preparation of microbial sample and antimicrobial solutions

Assays in this work were carried out using the E. coli ATCC 25922 strain (E. coli WDCM 00013
Vitroids™, Sigma-Aldrich). This organism is a typical AST control strain. We used a standard broth
micro dilution (BMD) protocol for bacterial culture and sample preparation. E. coli inoculum was
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Figure 4.5 — Calibration of the heat power/thermopile voltage conversion coefficient. The
conversion coefficient was obtained by means of an Al thin-film resistor deposited on the sensitive
part of the thermopile chip membrane (see Figure 4.1c and 4.4). A power/voltage conversion
coefficient of 0.88 W/V was determined by linear regression of the thermopile voltage output vs
the applied electrical power (n = 3). Calibration was carried out with a deionized (DI) water-filled
microincubator positioned on the sensor membrane.

first introduced into liquid Mueller-Hinton (MH) culture medium and incubated overnight at 37 °C.
Subsequently, 10 uL of this suspension was cultured on MH agar plates (Thermo Scientific, CM0337)
and diluted by streaking. Single colonies were picked to prepare a bacterial suspension with an
Optical density (OD) value of 0.2 measured at 600 nm (0.5 McFarland standard), i.e. a concentration
of ~ 1 x 108 CFU/mL. By dilution in pure culture medium we obtained the primary samples for the
heat flow assays with an initial bacterial concentration of 2.8 + 0.5 x 10° CFU/mL for all experiments
(confirmed by 3 serial quality control experiments). A purity, viability and concentration check
prior to each measurement series was carried out by inoculation on a non-selective agar plate (after
further 100-fold dilution) and colony counting after overnight culture. With our quality control
experiments) we determined a concentration of 3.7- 5.5 x 108 CFU/mL for 1.0 OD600 (Optical
density, measured at 600 nm wavelength), which is consistent with the value given by Stevenson et
al..[153] The bacterial suspension was stored in a small flacon and used within 15 min as inoculum
on the INCfAST platform. For some of the metabolic heat assays in this work different culture media
were compared, including Brain Heart Infusion (BHI) (Thermo Scientific, CM1135), Mueller-Hinton
(MH) (Thermo Scientific, CM0405), and Lysogeny broth (LB) (Sigma Aldrich, 1.3522). All culture
media and agar plates were prepared according to the recommended protocols and concentrations.
Microbial suspensions and antimicrobial solutions for OD600 measurements were prepared in the
same way as for the heat assays. We performed OD600 measurements on a plate reader (24-well
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plate, inoculum 2.8 + 0.5 x 10° CFU/mL, 37 °C). The microbial suspension in each well was sealed
with 500 ¢ L mineral oil (Sigma-Aldrich, M8410) to prevent evaporation.

Ciprofloxacin, ampicillin sodium salt, and gentamicin were purchased from Sigma-Aldrich.
Ampicillin sodium salt and gentamicin are soluble in DI water. 1 mol/L hydrogen chloride solution
was used for ciprofloxacin. Ciprofloxacin, ampicillin, and gentamicin stock solutions were
prepared with a concentration of 25.5 mg/mlL, 51.9 mg/mL and 36.0 mg/mL, respectively. Stock
solutions were stored at 4 °C and used within maximum 1 week to avoid a risk of declining activity.
Prior to the measurements stock solutions were thermalized at room temperature and gradually
diluted in DI water to prepare a series of concentrations according to the potency of each antibiotic
(10 times higher than the final target concentrations). Test solution aliquots were prepared by
further 10-fold dilution in MH. Target concentrations were chosen according to the range
suggested by EUCAST. The bacterial inoculum was added to the test solutions immediately before
sample injection into the microincubator.

4.3.3 Platform sterilization and heat flow measurement protocol

In order to avoid damage of the fragile sensor membrane during operation, different key
components, in particular the microincubator and the sensor, were generally reused in successive
measurements. After each experiment, a cleaning and sterilization protocol was applied to the
whole fluidic circuit of the nanocalorimetry platform, including tubing, the microincubator and the
sensor surface. First, the circuit was thoroughly rinsed with ethanol in order to remove and elute
most of the bacteria in the system, followed by soaking all exposed surfaces in RAPICIDETM
OPA/28 High-Level Disinfectant (Cantel Medical Corp.) for 20 min for sterilization and repeated
washing with sterilized DI water. Control experiments without bacterial inoculum confirmed the
efficiency of this protocol (no microbial heat signal was detected for < 15 h, Figure 4.3. The
platform and all auxiliary devices were kept under a biosafety cabinet to avoid contamination from
the environment during the experiment.

Metabolic heat generation of E. coli ATCC 25922 was studied under different culture conditions, and
upon exposure to antimicrobial compounds. First, the microincubator was installed in the platform
and connected to the reservoirs for the bacterial sample/drug suspension and waste, respectively
(Figure 4.4). The platform was then stabilized to the temperature set point (normally 37 °C) and
kept at that temperature for consecutive measurements. The sample solution was injected into the
microincubator by pressure control of the sample reservoir (Fluigent MFCS pressure pump). The
microincubator was then isolated by closing the valves in the inlet/outlet tubing and recording of
the heat flow curves was started. Different assay conditions were successively tested by changing the
external sample reservoir and refilling the microincubator after applying the cleaning/sterilization
protocol described above. The platform thermalization was not interrupted. From the initial part
of the experimental recordings, we found that thermal stabilization of the injected solution and
the sensor can be safely achieved within 30 min. On the heat flow curves P(¢) and heat curves Q(f)
shown in this paper, ¢ = 0 h defines the time point when signal recording was actually started, i.e.
30 min after solution injection. Heat flow curves were generally recorded through the whole culture
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cycle (sampling frequency 0.5 Hz) until no heat signal could be detected anymore (up to 20 h).

4.3.4 Statistical analysis and baseline correction

All nanocalorimetric experiments shown in the paper were performed 3 times with identical
conditions. Heat flow P(#) raw data was first filtered by an average filter to minimize the noise level.
Mean values are indicated by lines on the figures and the shaded regions correspond to the
standard error (SE), calculated using OriginLab® software. For baseline correction of the P(t)
curves, a spline fit was generated by the baseline correction function of the OriginLab® software
(Figure 4.6). OD measurements were performed 3 times as well.

30 -
Example raw data
25 4 Baseline spline fitting
>
= 20
©
C
D 151
(]
(]
& 10-
e
>
5
0 -
0 5 10 15
Time [h]

Figure 4.6 — Heat flow baseline correction. The figure shows a representative example for the
baseline correction applied in the present experiments. The black curve represents the raw data of
a heat flow measurement (voltage signal in pV). A baseline spline fit (red curve) was generated by
OriginLab® software based on 3 separated points in the initial flat region and 3 points in the region
after 11 h. The raw data is corrected by subtracting this baseline.

4.4 Results

4.4.1 Analysis of microbial metabolic heat profiles

Figure 4.7a (black curve) shows a representative metabolic heat flow curve (i.e. heat power P(¢) [W])
for E. coliin Mueller-Hinton broth (MH) recorded on the INCfAST platform (V = 150 uL, inoculum
size 2.8 + 0.5 x 10° CFU/mL, 37 °C). The P(¢) curve displays the time-dependent metabolic heat
flow generated by the bacterial population in the center region of the Si chip membrane towards
the Si bulk edge, thus depends on the actual number of viable cells and their metabolic activity.
In the initial segment the signal is below LOD, corresponding to an apparent lag phase or delay
time (fge1qy ~ 1.5 h) associated with low biomass and/or low metabolic activity. Subsequently,
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exponential growth generated a rapidly rising signal up to a transient maximum rate of heat
production P,y (at ~ 5 h, 21.3 + 2.5 uW) followed by a sharp decline. Assay curves have been
recorded up to 20 h, however only the most relevant time interval [0, 7 h] is shown in Figure 4.7a.
At longer incubation times (10 - 11 h) metabolic heat production ceased due to nutrient and/or
oxygen depletion in the microincubator. At this stage, most of the bacteria are still alive as revealed
by optical microscopy inspection or are possibly in a dormant state. The aggregate metabolic heat
curve (energy Q(t) [J]1) was obtained by integration of the heat flow curve over time (Figure 4.7a,
red curve). Accordingly, the Q(¢) curve features three phases, namely the initial lag phase, the
exponential growth region (for ¢ ~ [1.5 h; 5.5 h]) and a stationary phase (for ¢ = 7 h), in which the
total heat does not increase any more (Q;4x+ 15 mJ). For the metabolic assays discussed below,
the P(#) and Q(t) curves shown in Figure 4.7a were used as reference for normal culture conditions
on the INCfAST platform.
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Figure 4.7 — Metabolic heat measurements performed on the nanocalorimetry platform. (a)
Metabolic heat flow curve P(t) (black) for E. coli ATCC 25922 with typical incubation conditions on
the INCfAST platform (Mueller-Hinton broth (MH), 37 °C). The heat power signal was obtained
by read-out of the thermopile sensor voltage output after calibration. Integration of the heat flow
curve over time provides the corresponding metabolic heat curve Q(#) (red). The single bacteria
heat power (green curve) was estimated by normalization of Q(¢) by the biomass at a given time
point, as determined from optical density (OD600) measurements. (b) Plot of the metabolic heat
signal vs OD600 of a bacterial suspension up to the exponential growth phase (using data shown in
(a) and Figure 4.9a for ¢ = [0, 5 h]). The proportional relationship (coefficient 134 mJ/1.0 OD600)
indicates that the heat signal is directly related to the amount of bacteria in this regime. All curves
represent mean + SE (n = 3).

We performed optical density measurements (OD600, i.e. at 600 nm) under culture conditions
comparable to the BMD method on a plate reader. As shown in Figure 4.9 for culture in MH,
the exponential phases of the Q(¢) and the OD600 curves overlap well. A scaling or heat/OD600
conversion coefficient of 134 mJ/1.0 OD600 for MH was determined by linear regression of the
Q(t) vs OD600 plot shown in Figure 4.7b. This observation indicates that heat curves recorded
with our system can be safely correlated with bacterial growth or the actual biomass density in the
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microincubator, respectively. Mean slopes Q/t in the exponential region may be considered as
indicative for bacterial growth rates, whereas heat flow profiles P(#) are more sensitive to transient
phenomena of the growth behavior. Furthermore, P(f) can be normalized with respect to biomass
simply by dividing through the converted Q(#). The resulting curve (Figure 4.7a, green curve),
showing a continuous decline (~ 0 pW for ¢ > 7 h), provides a rough estimate of the time evolution of
the metabolic heat production per bacterium for the specific culture conditions. For the calculation
we applied a conversion equivalence of 1.0 0D600 corresponding to 5 x 108 CFU/mL.[153]

4.4.2 Metabolic activity of E. coli for different culture conditions

Assessment of the metabolic activity of E. coli in different culture media (Figure 4.8a and 4.8b), as
well as for several culture temperatures (Figure 4.8c and 4.8d), was performed as a first evaluation
of the INCfAST platform performance. Heat flow curves have been recorded in BHI, MH and
LB (Figure 4.8a). These media have different compositions and amounts of nutrients (Table 4.1),
affecting growth rate and metabolic activity of the bacteria. We found that rich media, in particular
BHI, promotes transient metabolic heat production reflected by the P, values of the heat flow
curves, yielding 31.3 + 1.2 yW in BHI (highest amount of carbon compounds), 21.3 + 2.5 yW in
MH (intermediate nutrient level) and 18.7 + 1.4 yW in LB (low amount of nutrients) (Figure 4.8a).
Consequently, culture in BHI also enhanced the total heat generated during incubation (Q 4 = 252
+ 10 m]J in Figure 4.8b), whereas Q(t) reached comparable levels for MH and LB in the stationary
phase (175 + 15 mJ and 157 + 32 m], respectively).

For all media, the OD600 curves, recorded separately on a plate reader, overlap well with the
corresponding heat curves in the exponential region (after y-axis scaling and time synchronization,
Figure 4.9a-c). OD600 measurements reveal that the increase of the bacterial biomass is fastest in
BHI compared to MH or LB. As already shown in Figure 4.7b for MH, heat/OD600 coefficients were
determined by linear regression in the exponential region for all media tested (Figure 4.9d). These
coefficients vary for the different culture media (BHI 84 mJ/1.0 OD600, MH 134 m]/1.0 OD600 and
LB 162 mJ/1.0 OD600), indicating that heat curves cannot be converted to growth curves based
on biomass in a universal manner for all conditions. Considering the P, values stated above,
maximum growth rates of 1.9 x 10° CFU/s for BHI, 8.1 x 10* CFU/s for MH and 6.0 x 10* CFU/s for
LB, respectively, can be derived for culture in the microincubator of the INCfAST platform (1.0
0D600 = 5.0 x 102 CFU/mL). Incubation of E. coli in BHI yields the fastest growth rate but the
lowest heat production rate per unit weight. This finding is in agreement with a previous statement
in literature, claiming that the heat production rate per unit weight is inversely proportional to
the growth rate in the exponential phase.[154] Interestingly, for all 3 media conditions in the
microincubator Q4 values are reached on the same time scale (at ¢ = 6 h, Figure 4.8b).

We also compared the effect of culture temperature in MH on the heat flow curves (Figure 4.8c)
and the heat curves (Figure 4.8d). As expected, bacterial populations show the highest transient
growth rate (heat production rate) under most favorable conditions (37 °C, P4y = 21.3 + 2.5 uW)
and lower values for higher (42 °C) or lower temperatures (in particular for 27 °C with Py, =
10.3 + 1.8 uW). The apparent lag phase #4¢14y (~1.5 h at 37 °C) is shortest for 42 °C (Z4e14y < 1 h)
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Figure 4.8 — Assessment of metabolic features for different growth conditions of E. coli ATCC 25922.
(a) Metabolic heat flow P(¢) for different culture media at 37 °C. Rich medium (Brain Heart Infusion
medium (BHI), black curve) enhances the maximum bacterial heat production rate compared to
media containing less nutrients (Mueller-Hinton broth (MH), red curve, or Lysogeny broth (LB),
blue curve). (b) Corresponding heat curves Q(t) obtained by time integration of the curves in (a).
The maximum total heat value increases with the amount of nutrients provided by the medium
(BHI > MH > LB). (c) Heat flow curves for different culture temperatures in MH. The maximum
peak value for heat flow decreases in the lower temperature range and secondary peaks are more
pronounced. The apparent lag phase elongates significantly at 27 °C (green curve). (d) Heat curves
obtained by integrating the curves in (c), indicating comparable stationary phase end levels Q,4x,
but reached at different time scales. All curves represent mean =+ SE (n = 3).

Table 4.1 — Nutrient content of different culture media.

Brain Heart Infusion medium (BHI)
12.5 g/L Brain infusion solids
5.0 g/L Beef heart infusion solids

Mueller-Hinton broth (MH) Lysogeny broth (LB)

10.0 g/L Proteose peptone
2.0 g/L Glucose
5.0 g/L Sodium chloride
2.5 g/L. Disodium phosphate

2.0 g/L Beef dehydrated infusion
17.5 g/L Casein hydrolysate
1.5 g/L Starch

5 g/L Yeast extract
10 g/L Tryptone
10 g/L NaCl

* according to data sheets available on www.oxoid.com and www.sigmaaldrich.com
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Figure 4.9 — Comparison of metabolic heat curves with optical density measurements in different
culture media (E. coli ATCC 25922). (a) MH, (b) BHI, and (c) LB at 37 °C, respectively. OD600 curves
have been recorded using a plate reader (PerkinElmer VICTOR 3®). Heat signal and OD600 curves
overlap well in the exponential growth regions (i.e. up to £ = 5 h - 6 h), after time synchronization
and scaling with the heat/OD600 coefficients derived from (d). Time synchronization is required as
initial delay times #4¢;4, depend on the exact culture conditions and thus are different for OD600
and heat curves. Time synchronization was carried out by manually adjusting the midpoint of
the exponential growth region, i.e. by shifting the heat curve in order to overlap with the OD600
curve. (d) Bacterial growth in different culture media affects the metabolic heat production. In
the exponential growth phase, a specific heat/OD600 coefficient could be determined for each
medium by linear regression of the heat signal vs OD600 data points (134 mJ/1.0 OD600 for MH, 84
m]/1.0 OD600 for BHI and 162 m]/1.0 OD600 for LB, respectively). This proportionality indicates
that the heat curves recorded with the INCfAST platform can be understood as growth curves after
calibration with respect to biomass. In contrast to heat curves, OD600 curves continue increasing
in a roughly linear way above the exponential growth phase in all cases (Figure 4.9, 4.10, 4.12),
however this region is not relevant for the present analysis. The continuous OD600 increase may
be attributed to ongoing oxygen replenishment due to shaking of the culture plates on the plate
reader, whereas oxygen is depleted in the microincubator. All curves represent mean =+ SE (n = 3).
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and becomes more important for decreasing temperatures (~ 3 h at 27 °C). Further alterations of
the heat flow curves, comprising a general broadening or flattening of the profiles and emerging
secondary transient peaks, is observed for culture at low temperatures (Figure 4.8c, 32 °C and 27
°C). P(t) broadening also results in lower mean slopes Q/t in the exponential phase (Figure 4.8d, in
particular at 27 °C). Heat signals reach comparable Q4 levels for all culture temperatures (160 -
190 mJ), but on longer time scales for decreasing temperature. Corresponding OD curves evolve
similarly (Figure 4.10).

2.0
1.5
o
S 1.0-
a
o
0.5 —s=—MH 42 °C
—e—MH 37 °C
——MH 32 °C
00 —+—MH 27 °C
0 5 10 15

Time [h]

Figure 4.10 — Bacterial growth curves based on optical density measurements for culture at different
temperatures in MH (E. coli ATCC 25922). Lag phase elongation for decreasing culture temperatures,
in particular for 27 °C, can be observed in accordance to the heat curves shown in Figure 4.8d.
The biomass after overnight culture approaches comparable levels for all conditions. OD600
measurements have been carried out on a plate reader (PerkinElmer VICTOR 3®). All curves
represent mean + SE (n = 3).

4.4.3 AST based on metabolic heat assays

The INCFAST platform was primarily designed for probing the efficacy of antimicrobial drugs and
possibly for monitoring specific modes of action by means of metabolic heat assays. The presence
or absence of a heat signal during a preset incubation period provides information on antimicrobial
susceptibility or resistance of a bacterial strain. We performed AST on E. coli ATCC 25922 by
analyzing the metabolic heat profiles for a selection of clinically relevant antibiotics and estimated
MIC values. Heat flow curves P(t) for ciprofloxacin, ampicillin and gentamicin are shown in Figure
4.11a, 4.11c and 4.11e and the corresponding heat curves Q(t) in Figure 4.11b, 4.11d and 4.11f,
respectively. P(#) and Q(¢) reference curves without antibiotic (0 mg/L, MH, 37 °C) are the same as
for the previous assays (Figure 4.7a and Figure 4.8). In the low drug concentration range and for all
3 antimicrobial agents tested, heat flow curves approximately maintain a shape similar to culture in
pure medium (Figure 4.11a, 4.11c and 4.11e, black and red curves, respectively), indicating normal
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exponential bacterial growth in the microincubator. A decrease of the maximum heat power P, 4«
values and the appearance of bump-like features may be noted. Stronger alterations occur with
increasing drug concentrations, especially for values approaching MICs. Heat signals disappear at
concentrations above MIC (Figure 4.11a, 4.11c and 4.11e, purple curves).

For ciprofloxacin, for instance, heat flow curves are relatively confined for drug concentrations <
0.004 mg/L, whereas at concentrations > 0.015 mg/L heat production is inhibited (Figure 4.11a). In
the intermediate concentration range, i.e. for 0.008 mg/L in this case, the heat flow curve flattens
significantly and secondary transient structures become more apparent. On the corresponding heat
curve the mean slope Q/t in the exponential growth region decreases (Figure 4.11b, green curve).
The total heat signal disappears at > 0.015 mg/L for the assay duration of 20 h. Moreover, a clear
prolongation of the apparent lag phase 74,4, from ~ 1.5 h at 0 mg/L to ~ 4 h at 0.008 mg/L occurs.
Based on this series of experiments, we assume that the MIC value for ciprofloxacin falls into the
concentration interval 0.008 mg/L < MIC < 0.015 mg/L. Clinical reference values established by the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) are summarized in Table 4.1
for the antibiotics studied in this work.[155] EUCAST provides a MIC range of 0.004 mg/L - 0.016
mg/L for ciprofloxacin, thus the INCfAST result overlaps well with the reference range.

We performed similar AST assays for ampicillin (Figure 4.11c and Figure 4.11d) and gentamicin
(Figure 4.11e and Figure 4.11f). Ampicillin heat flow curves showed prolonged lag phase and a
strongly modified profile at 2.4 mg/L (i.e. close to MIC). Secondary transient structures are not
visible in this case. The mean slope Q/ in the exponential growth region decreases strongly for this
concentration (Figure 4.11d, blue curve). Heat production was inhibited for higher concentrations
(= 4.7 mg/L) providing an INCfAST interval of 2.4 mg/L < MIC < 4.7 mg/L, which falls within the
EUCAST reference value range 2 mg/L - 8 mg/L (Table 4.2). Heat profiles for bacterial culture with
increasing concentrations of gentamicin evolved in a similar way as for ciprofloxacin. Interestingly,
close to MIC the secondary P(#) transient features are strongly pronounced but the mean slope Q/t
in the exponential growth region seems to be less affected (Figure 4.11e and 4.11f, green curve). In
case of gentamicin, however, the INCfAST interval 1.1 mg/L < MIC < 2.2 mg/L was just above the
EUCAST range (Table 4.2). As a control, we performed AST using the BMD method on a plate reader
(Figure 4.12). OD600 results for ciprofloxacin and ampicillin are consistent with heat measurements
in terms of MIC values. The OD600 interval 0.55 mg/L < MIC < 1.1 mg/L for gentamicin is lower
compared to the heat assay and overlaps well with the EUCAST range of 0.25 mg/L - 1 mg/L.

4.4.4 Energy spilling of E. coli due to antimicrobial stress

OD600 growth curves recorded with the BMD method on a plate reader show that the overall
biomass density decreases for increasing antimicrobial concentration in the observed assay
duration for the 3 compounds tested (Figure 4.12), whereas observing a systematic behavior of the
heat signals Q4 is less obvious (Figure 4.11b, 4.11d and 4.11f). This observation implies that the
metabolic heat production per biomass unit may be enhanced under antimicrobial stress. In order
to analyze the correlation of heat production and biomass in the presence of antimicrobials more
accurately, we measured OD600 values of samples directly collected from the microincubator at
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Figure 4.11 — Antimicrobial susceptibility testing with the nanocalorimetry platform. Heat flow
curves for E. coli ATCC 25922 (MH, 37 °C) recorded in the presence of different antibiotics and
concentrations: (a) ciprofloxacin, (c) ampicillin, and (e) gentamicin. In all cases, a strong impact on
the growth dynamics could be observed for antimicrobial concentrations approaching the MIC
values. The MIC value for a specific antibiotic falls into the concentration interval, where complete
suppression of the bacterial heat production occurs first. Corresponding heat curves are shown in
(b), (d) and (f), respectively. In accordance to the heat flow curves, a general tendency of lag phase
elongation is observed with increasing drug concentration. The absence of heat production above
MIC is clearly observed. All curves represent mean =+ SE (n = 3).

68



4.4. Results

Table 4.2 - MIC obtained with the nanocalorimetry platform compared to standard EUCAST* values
(E. coli ATCC 25922). Our metabolic heat experiments (INCfAST platform) allow defining intervals,
into which actual MIC values fall. For ciprofloxacin and ampicillin these intervals overlap well with
the MIC range established by EUCAST. For gentamicin, the resulting MIC interval is slightly higher,
possibly due to reduced activity after oxygen depletion in the microincubator. (*The European
Committee on Antimicrobial Susceptibility Testing)

Antibiotic INCFAST MIC interval (mg/L) EUCAST MIC range (mg/L)

Ciprofloxacin 0.008 < MIC £ 0.015 0.004 - 0.016
Ampicillin 24<MIC 4.7 2-8
Gentamicin 1.1<MICK2.2 0.25-1
a b c
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Figure 4.12 — Growth curves based on optical density measurements for bacterial cultures with
different antimicrobial conditions in MH (E. coli ATCC 25922). OD600 measurements have been
carried out on a plate reader (PerkinElmer VICTOR 3®) during bacterial growth in the presence of (a)
ciprofloxacin, (b) ampicillin and (c) gentamicin. OD600 measurements reveal a systematic lag phase
elongation with antimicrobial exposure comparable to the heat experiments. OD600 MIC intervals
for ciprofloxacin and ampicillin are consistent with those derived from the corresponding heat flow
measurements and overlap with the EUCAST range. The OD600-based interval for gentamicin 0.55
mg/L < MIC < 1.1 mg/ also overlaps well with the EUCAST range (Table 4.2), in contrast to the
heat measurement result (Figure 4.11f). In (a), (b) and (c), OD600 values of bacterial growth under
antimicrobial stress decrease gradually with increasing drug concentration. All curves represent
mean + SE (n = 3). “MH” in the graphs corresponds to pure medium without bacteria.

the end of each metabolic heat assay (at ¢ = 20 h). By this means, we may evaluate precisely the
Qmax to OD600 ratio of the final bacterial suspension, thus providing an average value resulting
from the incubation process on the INCfAST platform. Figure 4.13a summarizes the heat/OD600
coefficients for different antimicrobial exposures below MIC and compares these values to
bacterial growth without antibiotics (98 + 12 mJ/1.0 OD600 for MH, dashed line). The plot
indicates that for ciprofloxacin and gentamicin the bacterial heat production per biomass unit is
strongly promoted by antimicrobial stress, reaching a more than 9-fold enhancement close to MICs
(931 + 64 mJ/1.0 OD600 at 0.008 mg/L for ciprofloxacin and 970 + 243 mJ/1.0 OD600 at 1.1 mg/L
for gentamicin, respectively). The effect is much less pronounced for ampicillin. These values,
taken at the end of the assay, are indicative for comparing the impact of the different antibiotics,
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Figure 4.13 — Metabolic heat production vs optical density measurements of E. coli for different
conditions. The plots show heat/OD600 coefficients, i.e. the ratio of total heat Q4 to the
corresponding OD600 value. Both values were determined using the same sample at the endpoint
of each assay after incubation on the INCfAST platform (t = 20 h). (a) Coefficients for different
antimicrobial exposures with respect to the reference value obtained for bacteria inoculated in
the microincubator in pure MH (98 mJ/1.0 OD600, dashed line). The bar chart indicates that
bacterial heat production per biomass unit is promoted by antimicrobial stress (except for ampicillin
1.2 mg/L). (b) heat/OD600 coefficients for different culture media yielding the highest value for
the richest media (BHI) at the endpoint. (c) Bacterial culture at different temperatures did not
significantly change the heat/OD600 coefficients. All bars show mean + SE (n = 3).

but absolute heat/OD600 coefficients may be different if taken during the growth phase at an
earlier time point than in the stationary phase, as the biomass may still evolve.

A similar analysis based on assay endpoint detection of OD600 and Q4 has been done for different
culture media (Figure 4.13b). In this case, the heat/OD600 coefficients decreased from BHI, MH to
LB, corresponding to the order of the respective nutrient levels (98 + 12 mJ/1.0 OD600 for MH). This
was not the case with the coefficients derived previously by linear regression during the exponential
growth phase (Figure 4.7b and Figure 4.9d, 134 + 3 mJ/1.0 OD600 for MH). OD600 values have
been determined either with a sample retrieved from the closed microincubator (Figure 4.13b) or
cultured by BMD on a shaking plate reader (Figure 4.7b and Figure 4.9d). Both methods evaluate
the heat/OD600 coefficients in a methodically different way, with focus on averaging over the assay
duration or on the exponential growth region, respectively. As outlined above, the endpoint method
is better suited for evaluating energy spilling over the whole assay duration. For the average heat per
biomass at different culture temperatures in MH, no significant differences were observed (Figure
4.13c).
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4.5 Discussion

Current AST protocols in clinical microbiological laboratories generally require several incubation
cycles for preparing standardized inoculums of isolated microorganisms and/or for pathogen
identification. Reliable detection of growth inhibition typically again takes up to ~ 20 h, or even
longer depending on the bacterial species. As a consequence, AST results may be available to
clinicians only after several days.[36, 139] Hence, in order to improve antimicrobial prescription
and treatment practice, there is a clear need for implementing new technologies enabling fast and
fully automated AST protocols.[137, 139, 140]

IMC has high potential for biomedical applications in general and for microbial studies in
particular.[142-144] In this view, IMC may also be considered as one of the near-future alternatives
for AST in clinical settings.[140] For instance, among other specific advantages, calorimetric assays
can in principle be performed directly with opaque clinical samples, thus reducing significantly
time to result. The non-specificity of the heat signal, however, requires carefully designed protocols
in order to extract the information of interest and interpretation of calorimetric data in terms of
meaningful microbiological parameters.[143] Despite their performance, commercial IMC systems
have drawbacks related to the use of sealed mL-size ampoules, requiring relatively large inoculum
size and impeding fluidic manipulations during the assay. The chip-based nanocalorimetry
platform developed in this work aims to overcome such bottlenecks, mainly through
miniaturization and improved fluidic integration. The INCfAST platform was designed for direct
injection of bacterial suspensions or drug solutions into the isothermal microincubator. This
feature reduces delay times (only the small sample/drug volume needs to be thermalized), enables
automated operation and eventually enhances assay versatility. Minimizing thermal time
constants by reducing sample volumes and thermostat size, combined with high sensitivity, is a
prerequisite for implementing fast AST protocols.

In the present proof-of-concept study, AST assays were performed on purified samples with volumes
of only 150 L. In order to estimate the lower limit of time to detection, we consider the LOD of
750 nW of the platform, corresponding to ~ 10® CFU (assuming 1.1 pW per E. coli bacterium). For
an inoculum size of 4.2 x 10* CFU (2.8 x 10° CFU/mL) and taking a typical doubling time of 15 -
20 min for E. coli in laboratory conditions, the limit of quantification (i.e. 3 x LOD = 2.2 uW or
~ 2.2 x 10° CFU per microincubator) should be reached after ~ 2 h. In our study, heat flow was
indeed reliably detectable after a time lapse of ~ 2 h (corresponding to ~ 2 yW) under normal
culture conditions (MH, no antibiotics, 37 °C) (Figure 4.7a). An additional conservative time lapse
of 30 min for thermalization was allowed after the injection before starting data recording of each
experimental curves. This estimation is based on a fast-growing laboratory strain of E. coli as
bacterial model.

Based on the heat flow curves in Figure 4.11, AST on E. coli ATCC 25922 with ampicillin, ciprofloxacin
and gentamicin could be safely performed in approximately 5-6 hours using the INCfAST platform.
After this incubation duration, a significant difference between the heat flows of the lag phase
with antibiotic and the “no growth” of cultures at the MIC occurs in all 3 cases. Nevertheless we
have to consider that most clinical isolates, for instance Klebsiella pneumonia,[156] Acinetobacter
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baumannii,[157] and Pseudomonas aeruginosal[158] have doubling times in the range of 40 to 140
min, i.e. longer than the E. coli strain in the present study. Accordingly, the amount of microbials
required for reliable detection might only be reached on a longer time scale. On the other hand, the
heat power per bacterium also varies for different species. Higher heat power relieves partly the
adverse effect of slow growth in terms of time to result. Further investigations will be needed to
evaluate the performance of the present approach in real clinical settings and to determine actual
realistic time scales of the metabolic heat AST assays.

Compared to other AST techniques, the thermal profiles of metabolic heat assays reveal
significantly more information on the mode and kinetics of action of antimicrobial compounds. In
the frame of this study, we observed clear variations of growth-related patterns in the presence of
antibiotics. One important parameter is the time lapse to reach a detectable heat signal te;4y
(apparent lag phase). Extension of tdelay, IN particular for concentrations close to MICs, was
observed for the 3 compounds tested (Figure 4.11). This feature may be interpreted as a transient
bacteriostatic effect, especially in the case of ciprofloxacin and gentamicin, where the mean growth
rate Q/t in the delayed exponential phase is less affected than for ampicillin. On the other hand,
ciprofloxacin, ampicillin and gentamicin are bactericidal antibiotics and in principle two reasons
may be considered for longer apparent lag phases: (i) the drug compound kills most of the bacteria
population, but a small amount of surviving cells (persisters) can be detected only with delay,[159]
or (ii) elongation of the lag phase of the bacterial growth cycle attributed to enzymatic adaptations
or genetic regulations in response to changing micro-environmental biochemical conditions.[160,
161] Single-cell analysis would be necessary for discriminating between these two possibilities. It
has been shown previously that lag phase extension in the presence of antibiotics is an important
criterion that has to be taken into account, in addition to MIC or IC50 (concentration at 50 %
growth inhibition) values, in order to evaluate the efficacy of a drug.[162] For instance, bacterial
strains were found to increase the lag time as a strategy for developing compound tolerance in
response to antibiotic stress.[163] Such findings are important for the clinical evaluation of
antimicrobial treatments. As outlined above, the high sensitivity of the INCfAST platform allows
bacterial growth detection using a standard inoculum size in pure medium after only ~ 2.5 h for E.
coli. Detection of infection in clinical samples should in principle be possible on the same time
scale. Lag phase extension in the presence of antibiotics, however, counteracts this advantage.
Nevertheless, even if antimicrobial action delays the onset of metabolic heat production, heat
signals could still be detected as early as ~ 4 h just below MICs for the specific conditions of our
assays (Figure 4.11). However, actual time windows in clinical settings for differentiation between
growth/growth inhibition based on standard methods are set to 16-20 h. For implementing a new
AST approach this time frame has to be reconsidered in order to take full advantage of the new
technology, but also for defining an acceptable minimum assay time with respect to reliability of
the results from the clinician’s point of view.

Antimicrobial action not only delays the onset of heat production, but also has a significant impact
on the transient features of the heat flow curves. Progressively emerging secondary peaks and a
general broadening of the curves with increasing antimicrobial concentration is most evident in
Figure 4.11a and 4.11e for ciprofloxacin and gentamicin, in particular close to MICs (green curves).
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4.5. Discussion

Similar features were also observed in heat profiles without drug exposure and are generally
attributed to metabolic transitions. Metabolizing sequentially two different carbon sources results
in successive growth cycles with multiple exponential phases, possibly separated by a phase with
reduced growth rate or transient growth inhibition, giving rise to diauxic shifts.[164, 165] As
observed in Figure 4.8c, such effects may be enhanced at low culture temperatures, possibly due to
reduced cellular enzymatic activity. Transitions between respiration and a fermentation states
(Figure 4.7a, black curve) may also generate more or less pronounced features or peaks, depending
on the respective time scales.[166] It was noted previously that deconvolution of heat profiles yields
individual Gaussians that can be used to estimate the metabolic heat produced by different
mechanisms.[144]

Comprehensive understanding of the dynamic growth behavior at subinhibitory concentrations
revealed by specific metabolic heat flow profiles might enable anticipation of antimicrobial efficacy
and possibly extrapolation to MIC values, provided that quantification of growth parameters
through adequate growth models can be applied.[148, 167] Interestingly, it was demonstrated by von
Ah etal., based on an IMC study with 12 antibiotics on E. coliand S. aureus that it could be possible to
distinguish between different modes of antimicrobial action. In addition to alterations of transient
features, variations in #4,;,, and mean growth rates Q/t were observed. The 3 antibiotics tested in
our nanocalorimetric study have different modes of action. Ciprofloxacin targets topoisomerase
IT (DNA gyrase), which inhibits bacterial DNA synthesis, ampicillin inhibits cell wall synthesis
and gentamicin inhibits bacterial protein synthesis through binding to the A site of 16S ribosomal
RNA.[168] As discussed before, we observed a strong impact on the heat profiles for all compounds.
Nevertheless, no conclusions can be drawn from our results with respect to different mode of
actions. Heat flow curves for ciprofloxacin (Figure 4.11a) and gentamicin (Figure 4.11e) close to
MIC are very similar, for ampicillin (Figure 4.11c) the overall shape is different. A more systematic
study is necessary for further going interpretations. Investigation of bactericidal and bacteriostatic
modes of action would also be of interest.

Total heat curves Q(t) as integrals of heat flow curves allow a better evaluation of mean growth
rates Q/t in the exponential region. The aggregated heat value Q4 in the stationary phase is
determined by growth-limiting factors, such as oxygen/nutrient depletion and waste production
in the microincubator. Interestingly, comparing heat curves (Figure 4.11) and OD600 values of
samples after incubation in the microincubator revealed that the metabolic heat production may
be enhanced under antimicrobial stress (Figure 4.13), an observation that can be understood as
energy spilling. Inefficient use or spilling of adenosine triphosphate (ATP) as energy source is
known as a possible survival strategy for many bacterial species. In E. coli, energy spilling could be
mediated by a futile cycle of potassium or ammonium ions.[169] As far as can be deduced from
our nanocalorimetric assays (Figure 4.13a), ciprofloxacin and gentamicin induced strong energy
spillage close to MICs, whereas the effect was only weakly pronounced for ampicillin.
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4.6. Conclusion

Previously, an initial increase of the heat production rate upon antibiotic exposure was observed in
Pseudomonas putida biofilms and related to energy-dependent resistance mechanisms.[173] In
addition, there is evidence that antibiotics can perturb bacterial respiration and central metabolism.
A recent publication demonstrated that antibiotic-induced adenine limitation increases purine
biosynthesis and ATP demand, which might relate antimicrobial stress to enhanced bacterial heat
production.[174]

Calorimetry, and more specifically microcalorimetry, is an established method for investigating
the microbial metabolic activity. Table 4.3 provides a comparison of the current study and several
representative calorimeters for microbiological investigations. Based on this table, we consider
that our platform has a technical performance comparable with existing devices. The TA-48 from
TA instruments shows the best overall technical performance, providing a balance between the
required sample volume and the LOD. Cooney et al. attempted to study the heat and oxygen
consumption simultaneously, however the required sample volume was high and the device was
bulky.[171] Birou et al. improved the set-up and the performance.[172] Comparing to other systems,
we could further reduce the required sample volume. In the current mode of operation of the
INCfAST platform, the microincubator serves as both the bioreactor and the measurement chamber,
with the sample being isolated from the environment. In principle, our system can also be operated
in a different way, using the (external) sample reservoir (see Figure 4.4) as a bioreactor for bacterial
culture. In this case the following features could be implemented: (i) performing sequential heat
measurements by periodically injecting small sample volumes into the microincubator, and (ii)
metabolic heat measurements on highly aerobic bacteria (e.g. Mycobacterium tuberculosis) as
adequate growth conditions can be provided by oxygen replenishment and agitation of the medium
in the sample reservoir. This mode of operation also enables the possibility to work with samples
of low bacterial concentration, for instance samples from patient with suspected blood infection.
An added value of the INCfAST platform is that oxygen consumption measurements as an indirect
calorimetric method can be performed using the same fluidic configuration with only minor
modifications of the platform (described in Chapter 5). In view of the AST application, all cited
methods attempted to reduce the read-out time, however, the actual assay duration depends on the
investigated bacterial species, applied antimicrobials and, at least for the time being, AST results
must be evaluated and compared with respect to the time scale of the standard protocol defined by
CLSI (~ 20 h).

4.6 Conclusion

There is a general consensus among healthcare actors involved in infectious diseases management
and microbiologists that the implementation of new technologies aiming to reduce the time to
result of current clinical AST protocols is a key issue in combatting the increasingly important global
health problem related to AMR of clinically important bacterial strains. In this regard, we developed
a miniaturized isothermal nanocalorimetry platform (INCfAST) providing a direct method for
measuring bacterial metabolic heat of E. coli. Considering bacterial heat production as a new
phenotype opens the way to a more comprehensive understanding of fundamental metabolic
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processes, especially upon drug exposure. High heat detection sensitivity and signal stability
enabled detection of bacterial growth in the microincubator under normal conditions after only
~ 2-3 hours. Eventually infection in clinical samples could be monitored on a similar time scale.
The integrated fluidic design facilitates sample handling and the implementation of automated
assay protocols. The versatility of the method was first demonstrated by analyzing metabolic
heat profiles for various culture conditions over extended durations. More importantly, we could
demonstrate that our nanocalorimetry platform has high potential for evaluating the efficacy and
activity of antimicrobial compounds, in particular with respect to the implementation of fast AST
protocols. Based on our experimental heat flow curves, AST could be performed in 5-6 hours
using a fast-growing laboratory strain of E. coli as bacterial model. Heat flow profiles provided
a detailed real-time insight of the dynamics of antimicrobial effects for all 3 antibiotics tested
(ciprofloxacin, ampicillin and gentamicin). We observed notable lag phase extensions close to
MICs and alterations of transient features in the heat flow curves. MIC values obtained with the
INCIAST platform are consistent with accepted clinical values for E. coli in the case of ciprofloxacin
and ampicillin. Gentamicin showed a slightly higher value range, most likely due to its oxygen-
dependent activity. In contrast to the standard BMD method, the calorimetric approach does not
rely on optical parameters, in principal raw patient samples could therefore be used, omitting
culture steps for sample purification. Discrimination between growth/growth inhibition in the
presence of antibiotics was possible on a time scale of only a few hours. In this view, we anticipate
that with the present nanocalorimetry approach, AST assays can be performed on a faster time
scale and with enhanced information content than current conventional clinical methods.
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5] Microbial oxygen consumption

Aerobic respiration is a fundamental aspect of bacterial metabolic activity. For facultative
anaerobic bacteria like E. coli, oxygen uptake can be considered as a viability indicator from the
metabolic perspective. Here, we propose a photoluminescence-based oxygen sensing system for
analyzing microbial oxygen consumption rates (OCR). By adapting the INCfAST platform, oxygen
consumption and metabolic heat production could be measured in a quasi-synchronized way. We
measured OCR as a function of different parameters, in particular for microbial exposure to
different antibiotics and performed AST by quantification of consumed oxygen.

Part of the experimental results shown in this chapter have been presented in the following paper:
Liu, Y., Lehnert, T. & Gijs, M. A. M. Fast Antimicrobial Susceptibility Testing on Escherichia {c}oli by
Metabolic Heat Nanocalorimetry. Lab on a Chip 20, 3144-3157 (Aug. 26, 2020)

5.1 Introduction

Oxygen is associated to aerobic metabolic activity. As the main carbohydrate, glucose is converted
to pyruvate by the process of glycolysis in the cytoplasm. In eukaryotes and in the presence of
oxygen, mitochondria couple the oxidation of pyruvate to the production of a high amount of
adenosine triphosphate (ATP) by the electron transport chain (ETC) when oxygen is present.[175]
Under aerobic respiration, using oxygen as the electron acceptor, pyruvate is metabolized and ATP
is formed with energy loss in terms of heat. Without the presence of oxygen, pyruvate undergoes a
fermentation process in which energy can be produced, however some toxic compounds such as
lactic acid, ethanol, or mixed acids can be generated as well, depending on the bacterial
species.[175] Measuring the oxygen consumption and the dissolved oxygen is important to better
evaluate the bacterial metabolic activity. Various technologies have been developed,[176] in
particular, nanomaterial-based sensors for quantifying concentrations of dissolved the oxygen
concentration in a microfluidic system.[177] In the previous chapter, we evaluated the metabolic
activity from the perspective of heat production. We modified the isothermal nanocalorimetry
platform to implement an oxygen measurement system enabling oxygen consumption
measurements for identical culture conditions in parallel. Similar to the heat production, bacterial
growth under different cultural conditions leads to different OCR footprints. We investigated the
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oxygen consumption in different cultural media and at different temperatures. In particular, using
oxygen consumption as an indicator, we performed a proof-of-concept AST study with the
platform. This AST method is useful to determine the antimicrobial susceptibility of facultative
anaerobic bacteria. By combining heat and oxygen measurements, we were able to identify the
transition from aerobic to anaerobic or fermentation metabolism. In addition, this method
provides a way to evaluate the energy efficiency of the metabolic process by quantifying heat
production with respect to oxygen consumption.

5.2 Current approaches for measuring oxygen consumption rate (OCR)

There are various methods to determine oxygen concentrations in different kind of systems,
including Winkler titration, electrochemical, pressure-based and optical methods.[178]

5.2.1 Titration method

For Winkler titration, oxygen in the solution is fixed by forming an acid compound, which can be
neutralized by titration with a color change.[179, 180] Based on the color change, the amount of
titration reagent is determined and the oxygen concentration can be calculated. Winkler titration is
precise thus well-suited for calibration, however, it cannot monitor the dissolved oxygen
continuously, as is required for a biological study.

5.2.2 Electrochemical methods

For miniaturized applications, small-scale Clark-type electrodes were developed to measure the
dissolved oxygen concentration based on an electrochemical approach.[181] Clark-type cells usually
comprise a platinum electrode covered with an oxygen-permeable membrane, where oxygen is
reduced, if a voltage of about 0.7 V is applied. However, the intrinsic consumption of oxygen
at the cathode may diminish the accuracy of the results and the lifespan may be limited due to
contamination of the electrodes. In addition, integration in fluidic devices is limited by the physical
electrical connections to the sensing electrodes for the current read-out.

5.2.3 Spectroscopic method

The emission of short-live radioisotopes of elements such as oxygen, nitrogen, and carbon can
be used for the oxygen sensing in a three-dimensional, non-invasive, and full-body imaging way.
This radioisotope technique is, however, far beyond routine applications and expensive.[176]
Magnetic resonance methods measure oxygen based on the relaxation time of '9F in perfluorinated
hydrocarbons (PFHCs) or 1H in hexamethyldisiloxane (HMDSO). PFHCs and HMDSO work as
contrast agents. This relaxation time is affected by the partial pressure of Oy, i.e. the oxygen
concentration.[176] Oxygen sensing can also be based on electron paramagnetic resonance (EPR)
since O3 has a triplet electronic ground state and is paramagnetic. The paramagnetic state of O,
cannot be rendered in a biological samples due to the broad spectral lines. The normal way is to
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measure indirectly by adding exogenous paramagnetic substances such as nitroxides, which can be
metabolized quickly to diamagnetic hydroxylaminnes. The rate of this process depends on the local
O, concentration.[176] Spectroscopic methods are expensive, difficult to calibrate, and usually hard
to work with biological samples.

5.2.4 Commercial respirometry

Oxygen sensing in living organisms, also called respirometry, is commonly used for metabolic
studies. The state-of-the-art in commercial respirometries is the Seahorse Extracellular Flux
Analyzer (Seahorse XE Agilent, USA) as shown in Figure 5.1a.[182]

This device is able to measure cellular oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) in a 96-well plate format (Seahorse XF96). ECAR measures the
concentration of H (pH change) in the solution. The fermentation of pyruvate produces lactic
acid, which lowers pH value of the solution. The production of CO, produced in the tricarboxylic
acid cycle (TCA cycle) will further diminish the pH. The device is able to maintain an optimal
culture temperature, for instance, 37 °C. Synchronized O, and H* measurements provide a more
holistic view of the metabolic activity. The sensing cartridges are equipped with O, and H*
dependent luminophores (see next section) to correlate the O, and H* concentrations with the
light signal. During the OCR and ECAR measurement, an array of optical fibers in inserted to the
well plate as shown in Figure 5.1b. The insertion of fibers confines the sample volume in the well to
about 2 ul. and seals the chamber to prevent oxygen diffusion between the culture media and the
surrounding air (Figure 5.1b, closed position). Then OCR and ECAR can be determined according
to a real-time continuous measurement of the concentration of O, and H* change for a 5 min.
Each individual well is equiped with injection ports allowing sequential introduction of up to four
drugs into the well comprising the sample. The optical fiber can be moved up and down to achieve
good mixing for the dispensed reagents with the culture media (Figure 5.1b, open position).

5.2.5 Luminescence-based oxygen sensing

Optical sensoring technologies are more suitable for microfluidic systems, compared to
electrochemical methods. The technology is scalable, non-invasive and requires no external
physical connections between the sensing unit and the detector. A sensing unit made of
nanoparticles does not get degraded by the sample and does not consume oxygen
intrinsically.[178]

The emission of light by a substance upon absorption of light at a specific wavelength is called
photoluminescence. Photoluminescene can be categorized into fluorescence and phosphorescence.
Fluorescence indicates a light-emitting transition of excited electrons from the lowest excited
state to the ground state in a fast process. In contrary, excited electrons in phosphorescence
first endure a fast intersystem crossing from a singlet excited state to an energetically favorable
triplet excited state, and then re-emit light in a slow way before returning to the relaxed ground
singlet state. Luminescence-based oxygen sensors usually take advantage of either fluorescent or
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Figure 5.1 — State-of-the-art system for respirometry. (a) Seahourse XF respirometer from Agilent.
(b) Schematic of the measuring unit of the commercial Seahourse XFb96. The optical fiber can be
used to seal the cell chamber (left) or for mixing of injected compounds with the sample by moving
up and down (right). Image adapted and reproduced from [182]

phosphorescent dyes for which the luminescent response is correlated to the surrounding oxygen
concentrations. The presence of oxygen usually quenches the luminescence by absorbing the
energy when excited electron relax to the ground state.[183]

Mathematically, the Stern-Volmer equation models the quenching behavior.[184]

T Ip
—=—+ky; 19-C 5.1

where Co, is the concentration of dissolved oxygen, k, is the quenching rate constant, 7 and 7
are the excited state lifetimes in the presence and absence of oxygen, I and Ij are the excited state
luminescence intensities in the presence and absence of the oxygen. Based on this model, oxygen
concentration can be determined by detecting the luminescence intensity or excited state lifetime.

The measurement of photoluminescene intensity after excitation of the sensing dye is easy to
implement. However, it is significantly influenced by photobleaching after repeated excitation.
Therefore, a correlation between the luminescence lifetime and oxygen concentration is a more
robust and reliable sensing method. In the luminescence lifetime-based sensing, a modulated light
source is used to excite the sensing dye. Re-emitted luminescence time is measured in the time
domain or in the frequency domain (Figure 5.2).

In the time domain, the excitation pulse is a square wave that induces exponential decay. Two
acquisition windows at time #; and t, with duration At and amplitude I; and I, are used to
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Figure 5.2 — Sensing principles of photoluminescence oxygen measurements. (a) Schematic
representation of a measurement set-up for the life-time based sensing of dissolved oxygen,
including an excitation source, filters, a photosensitive indicator, and the photodetector. (b)
Photoluminescence lifetime detection in the time-domain. The time constant of the exponential
decay is calculated based on the signal intensity of two subsequent acquisition windows. (c)
Photoluminescence life-time detection in the frequency domain. The lifetime is calculated based
on the phase shift of the excitation pulse and the emission pulse.

characterize the decay.
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In the frequency domain, the measurement is performed by analyzing the phase shift between the
modulated excitation light pulse and the intensity emitted by luminophore. The phase shift ® can
be obtained with the following equation

T=w/tan® (5.3)

where o is the angular frequency of the modulated excitation pulse.[185]
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5.3 Experimental

5.3.1 OCR measurement set-up

One goal of our study was to combine nanocalorimetry with oxygen consumption measurements.
The INCfAST platform was therefore modified to enable real-time oxygen consumption/OCR
measurements of microbial suspensions under culture conditions that are equivalent to the heat
assays. For that purpose, the thermopile sensor was replaced by a glass substrate holding a sputter-
deposited thin-film optical oxygen sensor spot. The microincubator was fixed directly over the
sensor and optical access was provided from the bottom of the thermostat. A schematic of the
modified system is shown in Figure 5.3a. The same thermal control and fluidic systems were used
for both platforms, ensuring identical assay conditions. Parallel heat and oxygen measurements
could be performed by injecting simultaneously identical bacterial samples into each platform.
The integrated sensor detects oxygen-dependent luminescence in the near-infrared (REDFLASH
Technology, PyroScience GmbH), based on phase shift measurement in the frequency domain
(Figure 5.3b). The photodetector is positioned beneath the glass slide for excitation light emission
and recording of fluorescent signals generated by bacteria populations sedimented on the bottom
of the microreservoir (Figure 5.3c).

The microincubator made of transparent polycarbonate (PC) was stick to the glass. PC has a gas
permeability of 70-130 cm?- mm/ (m2~day-bar) at 20 °C.[186] In contrast, as a typical gas permeable

3. mm/ (m2~day'bar) [187]. The microincubator

material, PDMS has a permeability of ~ 5x 10* cm
itself can therefore be considered as gas non-permeable, thus the oxygen concentration directly
reflects the actual oxygen consumption of the bacterial population. The sample incubator was
isolated from the sample and waste reservoirs by valves in the fluidic pathway . The microincubator

is put into a thermostat to maintain the incubation temperature.

The sensor is calibrated by filling the microincubator with two types of liquids having saturated
or depleted dissolved oxygen, respectively. DI water is used to calibrate the saturation point at
a certain temperature. Whereas, 0.1 mol/L sodium sulfite (Na,SO3) solution is used to calibrate
zero point. After each measurement, the chamber is first cleaned with ethanol (3 times) to remove
most of the residual bacterial suspension. Then the chamber is soaked with OPA Rapicide 28 for
20 min at 37 °C to achieve sterilization. After that the system is eluted with sterilized DI water to
remove the residual detergent. Sterilization is verified by injecting pure MH broth into the system
for overnight incubation to verify that the oxygen concentration is maintained at the initial level,
indicating that no bacteria exist in the microincubator after this cleaning protocol. As a remark,
initially, we have applied 15% hydrogen peroxide H,O; to sterilize the system, however, we found
that H,O, will strongly perturbate the measurement as they can be decomposed into O, and HO.

5.3.2 Materials and methods

The bacterial strain used in the current study is E. coli ATCC 25922, the same as the one we used for
the heat flow measurements. The microbial suspensions and antimicrobial solutions are prepared
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Figure 5.3 — (a) OCR measurement set-up based on a modified INCfAST platform. Schematic
cross-sectional view of the oxygen consumption measurement unit with a microincubator reservoir
integrated in a set-up similar to the nanocalorimetry platform. The microbial sample is injected to
the microincubator by pressurized air. The valves are closed during the measurement to prevent the
oxygen diffusion from the environment. (b) Schematic representation of the REDFLASH technology
and the sensor spot (image reproduced from Pyroscience).[188] (c) The thin-film optical sensor
spot (green, g ~ 1 mm), which shows oxygen-dependent luminescence in the near-infrared range,
is deposited on the glass slide holding the sample reservoir. The oxygen concentration is measured
after sedimentation of the bacterial population.

in the same way as described in Section 4.3.2 of the previous chapter.

5.4 Results

5.4.1 Oxygen consumption

For aerobic bacteria such as E. coli, oxygen consumption is an important indicator of metabolic
activity and viability. In order to further analyze the metabolic phenotype, we measured the oxygen
concentration during bacterial growth in the thermalized microincubator. In the case study
discussed in Figure 5.4, the oxygen signal started declining sharply at the onset of exponential
growth (i.e. at ~ 1.5 h) and reached a non-detectable level after 4 h (Figure 5.4, blue curve).
Interestingly, the oxygen consumption curve indicates that depletion of oxygen occurs earlier than
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Figure 5.4 — Metabolic heat and oxygen consumption measurements. Heat flow curve P(t) (black),
the corresponding heat curve Q(¢) (red), and the single bacteria heat power curve (green) for E.
coli ATCC 25922 with typical incubation conditions on the INCfAST platform (Mueller-Hinton
broth (MH), 37 °C). Synchronized parallel on-chip oxygen consumption measurements revealed
complete oxygen depletion in the microincubator after 4 h (blue curve), indicating the transition
from an aerobic to an anaerobic metabolic state. All curves represent mean + SE (n = 3).

the time point were heat flow is maximum Py, 4y (at ~ 5 h, black curve in Figure 5.4), suggesting
that the bacteria population continues growing normally for at least 1 h in an anaerobic metabolic
state. As a facultative anaerobic bacterium, E. coli thus appears not to be immediately sensitive to
oxygen depletion. Indicative heat power/bacterium mid-range values are 1.1 pW (at ¢ = 2.5 h) for
the aerobic metabolic state and 0.32 pW (at ¢ = 5 h) for the anaerobic state, respectively (Figure 5.4,
green curve). Transitions between different metabolic states may in principle result in more
complex heat flow curves (see section 4.5). In the present case, a small crinkle-like feature can be
identified at ~ 3.7 h (Figure 5.4, black curve), possibly corresponding to the transition from aerobic
to anaerobic conditions. Nevertheless, no significant impact on the overall shape of the heat flow
curve is observed, suggesting a fast shift between the two metabolic states.

5.4.2 Modelization of the oxygen consumption

In a nutrient-rich medium, the growth of bacteria like E. coli obeys the exponential model with a
certain doubling time 3, as shown in the following equation

N(£) = N(tg)2" v (5.4)

where N(f) is the number of bacteria at a certain time ¢ with doubling time ?4;, and N(f) is the
initial number of bacteria.

Based on the exponential growth, we established a model for oxygen consumption in the following
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where Cop, () is the variation of the dissolve oxygen concentration over time with an initial value
Co,(tp). X is the OCR per bacterium, which we assume to be constant under favorable culture
conditions. Cy,.(fp) is the initial bacteria concentration (inoculum size) in a sample incubator of
volume V. The initial oxygen concentration Cp, (fy) is usually the maximum oxygen concentration.
XCpac(tg) corresponds to the OCR of the inoculum size at #.

Oxygen concentration [mg/L]
w

24
14 —=— Experimental
—— Fitting
O 4
0 1 2 3 4 5

Time [h]

Figure 5.5 — Modelization of the oxygen consumption based on Eqn. 5.6. The black curve is a Cg, (1)
curve obtained from growth experiment of E. coli with inoculum size of 3 x 10° CFU/mL in MH at
37 °C. The red curve is fitted according to the model Eqn. 5.6.

For the modelization of the oxygen consumption, e.g. the Cp, () curve shown in Figure 5.5,we take
into account three parameters X, f45, and Co, (fo). Co, () usually depends only on the temperature
and on the type of the culture media. However, X and t;;, are highly related to the bacterial
metabolic activity. Figure 5.5 is an example of the non-linear fitting with the established model.
We performed the fitting from the beginning of an experiment at ¢y until the time point before full
oxygen depletion. Cp, (fp) can be derived from the initial plateau region of the oxygen concentration
curve. t;, determines the characteristic decay time of the exponential curve.

Accordingly, the OCR for a bacterial culture can be expressed as the time derivative of the oxygen
consumption curve. The oxygen consumption curve is obtained by subtracting the current oxygen
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concentration from the maximum concentration, i.e., Co, (fy) — Co, ().

dCo, (1)

rrank (In2)? XCpqe(to)2" "4 (5.7)

OCR=-
Figure 5.6 shows an experimental oxygen consumption curve that was obtained from the black
curve in Figure 5.5. The corresponding OCR curve derived from the model (Eqn. 5.7) is also shown
in Figure 5.6 (red line). Both curves increase exponentially.
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Figure 5.6 — An example of an OCR curve. OCR (red curve) is obtained as the time derivative of
oxygen consumption (black curve).

5.4.3 Aerobic metabolism assessment

Bacterial oxygen consumption depends on the nutrient level and temperature, as shown in Figure
5.7a and 5.7b. As summarized in Table 4.1 in the previous chapter, BHI broth has a higher nutrient
level than MH and LB. In BHI, the oxygen concentration in the culture medium decreases faster, i.e.
OCR is higher than in the other two culture media. This corresponds to the observed variations of
the E. coli metabolic heat flow (Figure 4.8a) and generated heat / growth rate (Figure 4.8b/4.9b).
BHI enhanced the maximum bacterial heat production rate compared to media containing less
nutrients. Likewise the maximum total heat value increased with the amount of nutrients provided
by the medium (BHI > MH > LB, Figure 4.8b). Culture temperature influences the enzymatic
efficiency of cellular metabolic reactions. Highest OCR was therefore found at 42 °C, and gradually
decreasing values as the culture temperature is lowered (Figure 5.7b). The temperature effect
on oxygen consumption, showing a clear delay of oxygen depletion at most unfavorable growth
conditions (27 °C, Figure 5.7b), is in line with the heat curves as well (Figure 4.8c). Heat flow and heat
curves for different culture temperatures in MH showed a corresponding variation (Figure 4.8c and
4.8d, respectively), with a significant elongation of the apparent lag phase at 27 °C and stationary
phase end levels Q4. that were comparable for all temperatures but reached on different time
scales.
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Figure 5.7 — Oxygen consumption measurements for different conditions. (a) Bacterial oxygen
consumption in different culture media. Oxygen depletion occurs first in the richest medium (BHI),
whereas OCR in MH and LB is very similar. (b) Oxygen consumption of the bacterial populations

at different temperatures. Oxygen depletion is fastest at 42 °C and more delayed for decreasing
temperatures. Error bars represent mean =+ SE (n=3).

Corresponding modelization results for the growth in different culture media and temperature are
shown in Table 5.1. We observe that our model works well to predict the doubling time ¢,4;, with
small errors. Based on the results, we can conclude that, when bacteria cultured at unfavorable
temperatures (27 °C), the doubling time is strongly prolonged (48 + 4.7 min) with respect to more
suitable conditions (~ 20 min). The highest XCy, () values have been found for BHI and LB
at 37 °C. However, in all cases, for XCj,.(fp), the error is quite big. We suppose that the main
reason resides in the bacterial sample preparation step, as the initial concentration Cp, (%)) can
only be guaranteed in a certain range. The current system only supports one test of the bacteria
concentration in the beginning of the experiment. An improved platform supporting successive

evaluation of the bacteria concentration may help to determine OCR/bacterium more accurately
and to reduce systematic errors.

Table 5.1 — Estimation of the microbial doubling time ¢;;, and OCR/inoculum size XCp,(fy) for
different culture media and temperatures based on the modelization (mean values + SD, n=3).

Condition  Doubling time #4;, [min]  XCpac(f) [mg-L~!-min~!]

MH at 37 °C 20+ 1.2 55x107% +4.7x 1074
BHI at 37 °C 26+ 6 1.2x1072+1.2x1072
LB at37°C 21+3 3.7x1073 +4.7x1073
MH at 27 °C 48 +5 1.3x103+9.7x107*
MH at 32 °C 30+ 1.2 1.2x1073 +2.8x107*
MH at 42 °C 17 +2 1.9x103+1.2x1073
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5.4.4 AST based on OCR measurements

Oxygen consumption as a viability indicator can be applied as an interesting method to evaluate
metabolic activity and MIC for non-anaerobic bacteria. We have recorded bacterial oxygen
consumption curves for the different pharmacological conditions considered in the frame of this
work (Figure 5.8). Corresponding AST assays based on metabolic heat flow have been discussed in
Chapter 4 (Figure 4.11). MIC reference values are indicated in Table 4.2. For concentrations below
MIC, oxygen is gradually consumed and the time to full oxygen depletion in the microincubator
increases clearly for concentrations approaching MIC (Figure 5.8). All 3 antibiotics tested are
bactericidal, thus the oxygen concentration in the microincubator should remain constant above
MIC, as observed for ciprofloxacin (0.015 mg/L, purple curve in Figure 5.8a) and for ampicillin (4.7
mg/L and 9.5 mg/L, Figure 5.8b, green and purple curves, respectively). In the specific case of
gentamicin, oxygen consumption at subinhibitory concentrations evolves in principle as for
ciprofloxacin and ampicillin, even if delays are more pronounced close to the expected MIC (e.g.
green curve in Figure 5.8¢c, 1.1 mg/L). Surprisingly, oxygen depletion is also observed at a
concentration of 2.2 mg/L, i.e. above the MIC value range derived from the heat assay. The oxygen
concentration in the microincubator decreased sharply only after a prolonged incubation period of
~ 13 h (purple curve in Figure 5.8c), determined by heat flow measurements. This fact suggests that
a small population of bacteria was able to survive in the microincubator. The antimicrobial action
of gentamicin is based on an oxygen-dependent process.[189] It is therefore possible that diffusion
of oxygen to bacteria clusters attached on the surface of the oxygen sensing spot is limited thus
inhibiting temporarily the action of gentamicin.
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Figure 5.8 — Oxygen consumption for AST experiments with (a) ciprofloxacin (b) ampicillin and (c)
gentamicin. Growth and non-growth conditions can be differentiated by oxygen consumption. All
three antimicrobials are bactericidal, and the MIC results are coherent with the established MIC
range for ciprofloxacin and ampicillin. In gentamicin, oxygen consumption was still observed after
a prolonged incubation time above the MIC value determined by heat flow.

Table 5.2 shows the modelization results for oxygen consumption in the presence of different
antibiotics with a series of concentrations. A clear prolonged doubling time is observed when the
antimicrobial concentration is increasing. However, whether the bacteria upon antimicrobial stress
are still dividing in the normal way, i.e. by dividing and cell doubling, needs further investigation.
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As will be shown in the next chapter, from a microscopic view, antibiotics such as ampicillin may
generate a significant filamentation effect, i.e. an elongation of the cell body without division, thus
bacteria may accumulate biomass without increasing their number. In addition, in this case the
bacterial size distribution is larger than for normal growth conditions, where the divided bacteria
usually have identical biomass.

Table 5.2 — Estimation of doubling time ;5 and OCR/inoculum size XCp,.(fy) for AST experiments
based on modelization (mean values + SD, n=3).

Condition Doubling tiime ¢4}, [min]  XCpuc(f) [mg-L~!-min~!]
Ampicillin 1.2 mg/L 23+3 55x107* +4.7x107%
Ampicillin 2.4 mg/L 100 + 50 8.4x103+7.6x1073

Ciprofloxacin 0.002 mg/L 22 +2 1.8x107° £5.0x 1074
Ciprofloxacin 0.004 mg/L 24+ 1 20x107%+£1.0x1073
Ciprofloxacin 0.008 mg/L 79+ 13 8.0x1073+32x1073
Gentamicin 0.28 mg/L 25+3 20x107°+7.8x1074
Gentamicin 0.55 mg/L 30+9 9.5x107* +8.1x107*
Gentamicin 1.1 mg/L 28+5 89x10%+1.1x107°
Gentamicin 2.2 mg/L 80 + 30 46x107°+73x107°

5.4.5 Oxygen consumption vs heat production

With our platforms, we were able to study microbial heat production and oxygen consumption
under comparable conditions, thus to evaluate and correlate metabolic heat as a function of oxygen
consumption. The heat production per oxygen consumption has been reported in some previous
works.[171] High correlation of direct heat calorimetry and indirect calorimetry based on oxygen
consumption has been demonstrated.[172] Figure 5.9 and Figure 5.10 show plots of the heat vs
oxygen consumption for the range of experimental conditions described before. For the different
culture media, MH and LB generate comparable curves, whereas BHI has a considerably lower
heat per oxygen consumption values. The nutrient composition in MH and LB is quite similar
and suitable for the growth of most non-fastidious bacteria, whereas BHI as a richer media can
support the growth of fastidious bacteria. The high oxygen expenditure in BHI of E. coli as a non-
fastidious bacteria may be attributed to the high protein content in this medium. In comparison,
the heat/oxygen consumption for bacteria growing in MH but under different temperatures shows
no clear difference. Heat production rates (Figure 4.8b) and oxygen consumption rates (Figure 5.8)
both vary with culture temperature as well as the bacterial growth (Figure 4.10).

Furthermore, we investigated the relation between heat production and oxygen consumption in
the presence of antimicrobials. From a growth perspective, bacteria may produce more heat for
the synthesis of the same amount of biomass (i.e. same OD600 as stated in the previous chapter,
section 4.4.4). We called this phenomenon "energy spilling" that revealed that antibiotics do
alter the bacterial metabolic activity. However, considering the heat per oxygen consumption
curves, no systematic effect is observed. For ciprofloxacin and ampicillin (Figure 5.10a and 5.10b,
respectively), increasing antimicrobial concentration may lead to a lower heat production per
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Figure 5.9 - Oxygen consumption vs heat production for different culture media and temperatures.
For all curves, both for x-axis and y-axis, error bars represent mean + SE, n=3.

consumed unit amount of oxygen (lower slope of the curves). However, this effect was not observed
for gentamicin. Correlating these two types of measurements results in a big error range, therefore,
further improvement of the measurement set-ups might be required for more detailed analysis.

5.5 Discussion

An important aspect of the study of cellular oxygen consumption is that it helps in understanding
mitochondrial dysfunction. Mitochondrial dysfunction in eukaryote cells is highly related to
metabolic disorders, e.g. obesity, diabetes mellitus, but also to cardiovascular disease and
neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease
and amyotrophic lateral sclerosis.[190, 191] There is evidence that mitochondria in eukaryotes have
bacterial origin,[192] thus considering bacteria themselves as a kind of mitochondria, measuring
dissolved oxygen concentrations in culture media to evaluate microbial metabolic activity, appears
as an important method with possible conclusions on mitochondrial functioning. Oxygen
consumption only depends on the bacterial concentration, thus facilitating system miniaturization,
unlike heat measurements, which depend on the absolute bacterial quantity to reach to the LOD.
Moreover, luminescence-based methods, taking advantage of a wide range of bio-compatible
nanomaterials, are a versatile option for optical oxygen sensing in small systems and for assay
parallelization.[178] Integration of small photosensitive spots in microsystems, including
microfluidic devices, is relatively simple with the photodetector being placed outside of the system.

Combining oxygen consumption measurements with metabolic heat recordings of bacteria under
antimicrobial stress provides a more holistic phenotypic characterization of metabolic activity.
Time to full oxygen depletion in the microincubator increases clearly close to MIC (Figure 5.8). In
our assays, oxygen depletion appeared on a shorter time scale than significant features of the
corresponding heat flow profiles (Figure 4.11), e.g. earlier than the maximum of heat production
Pruax. Oxygen consumption may therefore be explored as another potential parameter for fast AST
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on aerobic bacteria. Nevertheless, oxygen depletion in the microincubator has to be considered
carefully when evaluating the results. For instance, the MIC interval for gentamicin determined
with the oxygen sensing platform was above EUCAST reference values (Table 4.2). The
oxygen-dependent antimicrobial action of gentamicin may be at the origin of this
observation.[189] Progressive oxygen depletion in the microincubator during the assay possibly
reduced the antimicrobial efficacy of gentamicin, resulting in somewhat enhanced MIC values with
respect to conventional protocols. Accordingly, for OD measurements (Figure 4.12c), where
shaking of the plate reader ensures oxygen replenishment of the culture solution, no deviation
from the standard MIC range was observed. On the other hand, the enclosed microincubator
system might be suitable for performing fast AST on anaerobic bacteria, which can be challenging
with the conventional agar-based culture methods.

Most thermoplastic materials, such as PMMA, COC and PC are gas non-permeable. We used
PC for the microbial microincubator, the bacterial culture was therefore isolated from oxygen
diffusion from the surrounding environment in our case. This feature enabled stable oxygen
consumption measurements. In our E. coli study, oxygen is not vital for the growth of these
facultative anaerobic bacteria. For cell cultures, strictly aerobic bacterial cultures or culture of other
small model organisms, however, the material choice can be quite important. PDMS is still the most
widely used material for cell culture thanks to its high gas permeability. Other materials may provide
interesting alternatives. For instance, Krenger et al. applied OSTE+ for an oxygen consumption
study of C. elegens [193]. As OSTE+ itself may consume the oxygen[194], an oxygen consumption
baseline removal had to be performed. Ochs et al. have investigated polymethylpentene (PMP), a
themoplastic material with relatively high oxygen permeability, as an option for cell culture.[195]

5.6 Conclusion

Oxygen consumption measurements provide valuable additional information for a more holistic
evaluation of the microbial metabolic state. We implemented an on-chip bacterial oxygen
consumption measurement system based on a modified isothermal nanocalorimeter platform.
The oxygen consumption can be modeled based on the doubling growth of bacteria. We concluded
that under unfavorable cultural conditions, microbial doubling times prolong significantly. In a
proof-of-concept study we demonstrated that OCR measurements can be used for fast AST of
facultative anaerobic bacteria, which represent most of clinically relevant bacteria in blood stream
infections. Correlating heat and oxygen consumption provides a method to further evaluate
potential metabolic pathways under different cultural conditions. Heat production per oxygen
consumption varies in culture media with different nutrient compounds, whereas maintains the
same level for different culture temperatures in the same medium. Furthermore, we suggest that
bacteria possess a higher heat per oxygen consumption for growth in the presence of low
antimicrobial concentrations with respect to high concentrations, especially for ampicillin and
ciprofloxacin.

98



References

References

98.

171.

172.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Liu, Y., Lehnert, T. & Gijs, M. A. M. Fast Antimicrobial Susceptibility Testing on Escherichia
{c}oliby Metabolic Heat Nanocalorimetry. Lab on a Chip 20, 3144-3157 (Aug. 26, 2020) (cit. on
pp. 43, 53, 74, 83, 127).

Cooney, C. L., Wang, D. I. C. & Mateles, R. I. Measurement of Heat Evolution and Correlation
with Oxygen Consumption during Microbial Growth. Biotechnology and Bioengineering 11,
269-281 (1969) (cit. on pp. 74, 75, 95).

Birou, B., Marison, I. W. & Stockar, U. V. Calorimetric Investigation of Aerobic Fermentations.
Biotechnology and Bioengineering 30, 650-660 (Oct. 5, 1987) (cit. on pp. 74, 75, 95).

Carroll, K., Butel, J. & Morse, S. Jawetz Melnick & Adelbergs Medical Microbiology 27 E 27th
edition. 864 pp. (McGraw-Hill Education / Medical, New York, Oct. 20, 2015) (cit. on p. 83).

Wolfbeis, O. S. Luminescent Sensing and Imaging of Oxygen: Fierce Competition to the Clark
Electrode. BioEssays 37, 921-928 (Aug. 2015) (cit. on pp. 83-85).

Grist, S. M., Chrostowski, L. & Cheung, K. C. Optical Oxygen Sensors for Applications in
Microfluidic Cell Culture. Sensors 10, 9286-9316 (Oct. 15, 2010) (cit. on p. 83).

Wang, X.-d. & Wolfbeis, O. S. Optical Methods for Sensing and Imaging Oxygen: Materials,
Spectroscopies and Applications. Chemical Society Reviews 43, 3666-3761 (Apr. 22, 2014)
(cit. on pp. 84, 85, 96).

Winkler, L. W. Die Bestimmung Des Im Wasser Geldsten Sauerstoffes. Berichte der deutschen
chemischen Gesellschaft 21, 2843-2854 (1888) (cit. on p. 84).

Dissolved Oxygen by the Winkler Method Environmental Sampling. https://serc.carleton.
edu/microbelife/research_methods/environ_sampling/oxygen.html (2020) (cit. on p. 84).

Wu, C.-C., Yasukawa, T., Shiku, H. & Matsue, T. Fabrication of Miniature Clark Oxygen Sensor
Integrated with Microstructure. Sensors and Actuators B: Chemical 110, 342-349 (Oct. 14,
2005) (cit. on p. 84).

SelectScience. Seahorse XFe Analyzers from Agilent Cell Analysis | SelectScience https:/ /www.
selectscience.net/products/seahorse-xfe-analyzers/?prodID=196716 (2020) (cit. on pp. 85,
86).

Lefebvre, J., Maruyama, S. & Finnie, P. in Carbon Nanotubes: Advanced Topics in the Synthesis,
Structure, Properties and Applications (eds Jorio, A., Dresselhaus, G. & Dresselhaus, M. S.)
287-319 (Springer, Berlin, Heidelberg, 2008). doi:10.1007/978-3-540-72865-8_9 (cit. on
p. 86).

DeGraff, B. A. & Demas, J. N. in Reviews in Fluorescence 2005 (eds Geddes, C. D. & Lakowicz,
J. R.) 125-151 (Springer US, Boston, MA, 2005). doi:10.1007/0-387-23690-2_6 (cit. on p. 86).

Liebsch, G., Klimant, I., Frank, B., Holst, G. & Wolfbeis, O. S. Luminescence Lifetime Imaging
of Oxygen, pH, and Carbon Dioxide Distribution Using Optical Sensors: Applied Spectroscopy.
doi:10.1366/0003702001949726 (Aug. 31, 2016) (cit. on p. 87).

99


https://serc.carleton.edu/microbelife/research_methods/environ_sampling/oxygen.html
https://serc.carleton.edu/microbelife/research_methods/environ_sampling/oxygen.html
https://www.selectscience.net/products/seahorse-xfe-analyzers/?prodID=196716
https://www.selectscience.net/products/seahorse-xfe-analyzers/?prodID=196716
http://dx.doi.org/10.1007/978-3-540-72865-8_9
http://dx.doi.org/10.1007/0-387-23690-2_6
http://dx.doi.org/10.1366/0003702001949726

Chapter 5. Microbial oxygen consumption

186.
187.

188.
189.

190.

191.

192.

193.

194.

195.

100

in. Wikipedia (Nov. 6, 2020) (cit. on p. 88).

Merkel, T. C., Bondar, V. 1., Nagai, K., Freeman, B. D. & Pinnau, I. Gas Sorption, Diffusion, and
Permeation in Poly(Dimethylsiloxane). Journal of Polymer Science Part B: Polymer Physics 38,
415-434 (2000) (cit. on p. 88).

Optical Oxygen Sensors User Manual (cit. on p. 89).

Walker, P. D. & Shah, S. V. Gentamicin Enhanced Production of Hydrogen Peroxide by Renal
Cortical Mitochondria. American Journal of Physiology-Cell Physiology 253, C495-C499
(Oct. 1, 1987) (cit. on pp. 94, 98).

Fernyhough, P, Roy Chowdhury, S. K. & Schmidt, R. E. Mitochondrial Stress and the
Pathogenesis of Diabetic Neuropathy. Expert review of endocrinology & metabolism 5, 39-49
(Jan. 1, 2010) (cit. on p. 96).

Ferreira, I. L., Resende, R., Ferreiro, E., Rego, A. C. & Pereira, C. E Multiple Defects in Energy
Metabolism in Alzheimer’s Disease. Current Drug Targets 11, 1193-1206 (Oct. 2010) (cit. on
p- 96).

Pallen, M. J. Time to Recognise That Mitochondria Are Bacteria? Trends in Microbiology 19,
58-64 (Feb. 2011) (cit. on p. 96).

Krenger, R., Cornaglia, M., Lehnert, T. & M. Gijs, M. A. Microfluidic System for Caenorhabditis
Elegans Culture and Oxygen Consumption Rate Measurements. Lab on a Chip 20, 126-135
(2020) (cit. on p. 98).

Sticker, D. et al. Oxygen Management at the Microscale: A Functional Biochip Material with
Long-Lasting and Tunable Oxygen Scavenging Properties for Cell Culture Applications. ACS
Applied Materials & Interfaces 11, 9730-9739 (Mar. 13, 2019) (cit. on p. 98).

Ochs, C.]., Kasuya, J., Pavesi, A. & Kamm, R. D. Oxygen Levels in Thermoplastic Microfluidic
Devices during Cell Culture. Lab on a Chip 14, 459-462 (Dec. 23, 2013) (cit. on p. 98).



Bacterial motility analysis

Phenotypic diversity in bacterial flagellar motility leads to non-uniform collective swimming
patterns, appearing as traveling bands with transient enhanced local cell densities. Traveling bands
emerge as the bacterial chemotactic response to self-generated nutrient gradients during growth in
resource-limited microenvironments. In this chapter, we studied E. coli collective migration for
different parameters, in particular inoculum size and for incubation with three different antibiotics
(ampicillin, ciprofloxacin, and gentamicin). We developed on-chip microfluidic assays, based on a
poly(methyl methacrylate) (PMMA)-glass hybrid chip with an intermediate optical adhesive layer
featuring the microfluidic channel structure. The accurately defined channel height provided a
shallow Hele-Shaw cell geometry, enabling high-content imaging of the migration dynamics of
single bacterial layers confined in a quasi-2D space. Bacterial motility and on-chip traveling band
analysis was performed on individual bacterial trajectories by means of custom-developed
algorithms. Moreover, E. coli filamentation in the presence of antibiotics was assessed and the
impact on motility was evaluated. Quantification of swimming speed, tumble bias and effective
diffusion properties allowed to describe the phenotypic heterogeneity resulting in variations of the
transient cell density distributions and swimming performance. We found that incubation of
identical E. coli genotypes with different inoculum sizes eventually generated different swimming
phenotypes. Interestingly, incubation with antimicrobials promoted bacterial chemotaxis in
specific cases, despite the growth inhibition. Moreover, we propose that the observation of
traveling bands can be explored as an innovative alternative to current approaches for fast
antimicrobial susceptibility testing.

6.1 Introduction

Bacteria can sense a vast range of environmental signals. Decades of studies on the mechanisms
underlying self-propelled oriented bacterial swimming towards preferred niches for colonization,
commonly known as chemotaxis, have elucidated pathways of chemosensory signal transduction
and response regulation that affects bacterial active motion.[61, 63, 196] Most interestingly, motility
and chemotaxis play an important role as virulence factors, as these are essential features for
pathogens to colonize hosts and to evade their defense mechanisms.[197] For example, chemotaxis
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is shown to guide the human gastric pathogen Helicobacter pylori to the mucus lining of the
stomach[198] and Vibrio anguillarium to the surface of fish.[199] Therefore, from a healthcare
perspective, a further more holistic understanding of bacterial motility, in particular of specific
collective and coordinated dynamic patterns of migrating bacterial populations, may open the
way to explore new disease-preventive or therapeutic paradigms based on unconventional targets.
This perspective is of particular importance with respect to the great challenge of fast spreading
antimicrobial resistance (AMR) that the public health system is facing for the time being.[200] In
this context, fast antimicrobial susceptibility testing (AST), which is essential to provide correct
antimicrobial administration, is a key requirement to counteract AMR propagation.[137]

Microfluidic high-throughput platforms incorporating chips with (sub)micrometer features,
enabling precise handling and observation of single-cell organisms or small microbial populations,
helped to reveal fundamental aspects of microbial life, cell-cell interactions and population
dynamics.[19, 22, 201] On-chip control of microenvironmental conditions was used to study
microbial taxis with respect to a range of physical parameters, including temperature, magnetic
field or light sensitivity.[23] Microfluidic chip assays enable accurate imaging and tracking of
bacterial populations with single-cell resolution.[202] The “mother machine”, composed of an array
of parallel dead-end microchannels, is a prominent example for monitoring single bacterial growth
and rod-shape bacterial division on-chip.[203] Using a similar chip design and by averaging the
growth rate response to different antibiotics, Baltekin ef al. declared an AST read-out time of only
30 min.[40] Motility and chemotaxis studies benefit strongly from a versatile microfluidic toolbox,
providing controlled and complex on-chip chemical gradient patterns.[204] As a recent example,
Lambert et al. engineered a chip featuring an array of 110 uL wells loaded with out-diffusing
chemicals to assess the chemotactic behavior of marine microorganism communities.[205, 206]

E. coli is a well characterized model organism for motility studies that uses a run- and tumble-
motion strategy by randomly changing the direction of successive straight swimming sections. It
performs chemotaxis for exploring optimal environmental conditions by adjusting the duration of
straight runs or the frequency of tumbling.[61] The flagellar motor switches from counter-clockwise
to clockwise rotation to realize this typical motion pattern, which is controlled by a coordinated
protein network. In E. coli, the sensitivity of ligand-binding chemoreceptors is mediated by the
enzymes CheR and CheB. Chemoreceptor activity is communicated to the flagellar motor via
phosphorylation and dephosphorylation of the response regulator CheY regulated by the histidine
kinase CheA or the phosphatase CheZ. Phosphorylated CheY (CheY-P) binds to the switch protein
FliM on the flagellar motor to trigger clockwise rotation. Local depletion of nutrients and oxygen
in the culture media during bacteria colony growth is a driving force of bacterial chemotaxis
in seek for energy resources in the microenvironment. Chemotaxis-induced collective E. coli
migration patterns, appearing in the form of traveling bands, were first observed by Adler in
different geometrical setting, such as agar plates or capillary tubes.[207] This phenomenon can
be described as collective migration of a dense sub-population of motile E. coli, when placed at
one end of a capillary tube filled with nutrients. The consumption of attracting nutrients in the
culture media drives the bacterial chemotaxis and forms collective traveling band. This has been
described mathematically by the Keller-Segel model.[208] However, this model does not describe
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the effect of individual variations in swimming behavior that exist in a bacterial population, which
was reported firstly by Spudich & Koshland.[209] For the time being the existence of microbial cell-
to-cell heterogeneity that does not have genotypic differences is well-known and underlying sources
have been extensively studied.[210, 211] Recently, Salek et al. used a microfluidic T-maze to expose
individual cells to a sequence of chemosensory decisions revealing a phenotypic heterogeneity of
bacterial chemotaxis.[212] Phenotypic diversity in chemotactic sensitivity may serve as functional
bet-hedging strategy to adapt to local environmental variations. Variability in the expression of
motility-related genes is thought to be responsible for maintaining chemotactic performances. For
instance, it was found that the degree of phenotypic diversity of a population can be controlled by
adjusting the global expression level of CheR and CheB.[213] Fu et al. revealed that bacteria are able
to migrate as a group by sorting themselves and adapting to the chemical gradient steepness in a
traveling band despite the continuum of phenotypic diversity.[214] They have applied a non-genetic
diversity indicator named “tumble bias” (the fraction that tumbling time takes in the duration of a
whole swimming segment) to evaluate the individuality in bacterial motility.[215]

In this work, we present a study of microbial collective behavior using E. coli as the model organism,
by investigating the impact of the inoculum size and of antimicrobial action on specific features
of bacterial traveling bands. We intend to provide new insight in understanding the effect of
these important assay conditions on the phenotypic diversity of the swimming behavior. The
bacterial suspension was confined in a Hele-Shaw microfluidic channel to achieve high-precision
imaging of a quasi 2-dimensional single bacterial layer. The height of the channel was accurately
defined by a patterned optical adhesive (OA) layer. A custom image processing protocol was
developed for tracking and quantifying swimming parameters, in particular speed and tumble bias,
of coherently migrating bacterial populations at single-cell resolution. We revealed that isogenic
bacteria populations growing from different inoculum sizes eventually generated diverse swimming
phenotypes. This study was then extended to bacteria populations exposed to different antibiotics
and concentrations. Interestingly, we observed that sub-minimum inhibitory concentrations (MIC)
promoted the swimming ability in some cases despite considerable antimicrobial growth inhibition.
An in situ morphological analysis provided complementary information on E. coli filamentation,
a co-existing effect in the presence of antimicrobials. Finally, we propose that the appearance or
absence of traveling bands as a function of antimicrobial concentration may be explored as an
interesting alternative for current fast AST approaches.

6.2 Experimental

6.2.1 Material and chemicals

NOA 68 optical adhesive (OA) was purchased from Norland Products (Cranbury, NJ). Sylgard
184 PDMS was acquired from Dow Corning GmbH (Wiesbaden, Germany). 4 inch 550 ym thick
Si wafers and AZ1512 HS (MicroChemicals) photoresist were provided by the EPFL Center of
MicroNanoTechnology (Lausanne, Switzerland). E. coli ATCC 25922 strain (E. coli WDCM 00013
Vitroids™), ciprofloxacin (17850, CAS Number 85721-33-1), ampicillin sodium salt (A0166, CAS
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Number 69-52-3), gentamicin (G1264, CAS Number 1405-41-0), sterilized mineral oil (M5310, CAS
Number 8042-47-5), and trimethylchlorosilane (TMCS, CAS Number 75-77-4) were purchased from
Sigma-Aldrich (Buchs, Switzerland).

6.2.2 Sample preparation

Assays in this work were carried out using the E. coli ATCC 25922 strain. This organism is a motile
and typical AST control strain. We retrieve bacteria from -20 °C and perform overnight bacterial
culture in liquid Mueller Hinton media (MH) without shaking. Culture without shaking might
potentially enhance the bacterial motility.[216] Under this condition, the OD600 (optical density
measured at 600 nm) of the bacterial suspension will reach ~ 1.0 after overnight culture. We dilute
the solution to prepare a bacterial suspension with an OD600 value of 0.2 (i.e. 0.5 McFarland
standard). Hereafter, a two-step dilution respectively 200-fold and 10-fold in pure culture medium
was used to prepare the bacterial suspension for the antibiotic-related experiments. As quality
control experiments, a purity, viability and concentration check prior to each measurement series
was carried out by inoculation on a non-selective Mueller-Hinton agar plate (after a further
100-fold dilution) and colony counting after overnight culture. Based on 3 serial quality control
experiments, the bacterial concentration range for quality control was determined to be 3.1 £
0.4 x 103CFU/mL.  Correspondingly, the bacterial suspension used for antibiotic-related
experiments has a concentration of 3.1 + 0.4 x 10° CFU/mL, which is in the recommend range for
standard AST.[28] We also determined that 1.0 OD600 corresponds to 2.7 - 3.5 x 108 CFU/mL in our
study, which is coherent with a recent systematic OD and bacterial number study.[153] For the
inoculum-size related experiments, we prepared concentrations of 3 x 108, 3 x 10°, 3 x 10%, and 3
x 103 CFU/mL, respectively, by gradual dilution of the bacterial suspension with OD600 of 0.2. All
bacterial suspensions were stored in a small flacon and used within 15 min.

Antimicrobial solutions used in this study were prepared according to the recommended protocols.
Ampicillin sodium salt and gentamicin are soluble in DI water. 1 mol/L hydrogen chloride solution
was used for ciprofloxacin. Ciprofloxacin, ampicillin, and gentamicin stock solutions were prepared
with a concentration of 25 mg/mlL, 50 mg/mL and 36 mg/mL, respectively. Stock solutions were
stored at 4 °C and used within 1 week to avoid a risk of declining activity. Prior to the measurements,
stock solutions were thermalized at room temperature and gradually diluted in DI water to prepare
a series of concentrations according to the potency of each antibiotic (10 times higher than the final
target concentrations). Test solution aliquots were prepared by further 10-fold dilution in MH with
bacterial inoculation. Target concentrations were chosen according to the MIC range suggested by
EUCAST.[155]

6.2.3 Coverslip surface cleaning

A glass coverslip forms the bottom part of the OA chip and channels (Figure 6.1a). The coverslip
was cleaned prior to the chip assembly by a protocol of successive soaking steps, comprising (i)
acetone, (ii) ethanol, (iii) isopropanol and finally (iv) DI water, resulting in a hydrophilic surface
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with a contact angle of 12.0 + 0.3 degrees (measured by Kriiss DSA-30E). Each of these steps was
carried out in an ultrasonic bath for 10 min at 45 °C. In addition, the glass slide is rinsed with DI
water in between each step to remove the residual liquid.

6.2.4 Microfluidic chip fabrication

The microfluidic chip was fabricated using an OA-based protocol that was adapted from previously
published papers.[217-220] Unlike these approaches, our chip consists of a glass-OA-PMMA
composite structure. We have chosen NOA68, instead of NOA81 as used in the other papers, as the
former provides better adhesive properties for plastics.[221] For OA microfluidic chip fabrication, a
PDMS mold or stamp was required for patterning the liquid OA (Figure 6.1a). The PDMS stamp in
turn was fabricated using a Si mold, that was patterned by standard photolithography (AZ1512 HS
resist, thickness 1.6 um) and by deep reactive ion etching (DRIE). The depth of the Si grooves,
corresponding to the final channel height of the OA chip, was adjusted by the duration of the dry
etching. The etch rate (~ 4 um/min) was determined prior to each Si mold fabrication, to ensure a
precise control on the final channel depth. Photoresist was removed by oxygen plasma and TMCS
Si surface treatment was applied prior to pouring PDMS (base-to-curing agent ratio 10:1) on the
wafer mold. PDMS was degassed and cured at 80 °C for 2 h and subsequently the layer was peeled
off from the wafer and cut to form the final stamps for OA layer.

The fabrication steps of the OA microfluidic chip are outlined in Figure 6.1a. First, liquid access
holes to the channels are machined in a PMMA slide (25 mm x 75 mm) by laser cutting. The four
edges of the PMMA slide were fixed by tapes to facilitate removal of OA residues on the borders after
the stamp patterning. A layer of liquid OA (thickness =~ 1 mm) was poured manually on the PMMA
slide. Big bubbles could be wiped off using a scalpel. The holes were sealed from the bottom by
tape to confine the adhesive. At this stage, featuring the predefined channel structures was aligned
and pressed into the liquid OA layer. The OA patterns were solidified by partial curing during UV
exposure through the PMMA side (dose: 480 m]/ cm?) and PDMS mold side (dose: 240 mJ/cm?),
respectively. Subsequently the PDMS stamp could be removed and reused for the next chip after
simple cleaning with ethanol. Tapes on the edge of the PMMA slide were removed together with
overflowing OA and OA-filled holes of the PMMA slide were reopened by punching. A coverslip was
brought in contact with the partially cured OA and pressed slighted to seal the chip. Finally, the
OA was fully cured by UV light (dose:1.2 J/cm?). Adhesion was strong enough to perform liquid
manipulations without leakage. Sealing the OA channels with a thin glass coverslip provides a clear
advantage for high-resolution imaging using microscope objectives with short working distance.
The final microfluidic chip, featuring 30 independent channels (2 rows of 15 channels) is shown
in Figure 6.1b, allowing either performing assays under different conditions simultaneously or
improving statistical analysis of equal assays.
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Figure 6.1 — Chip fabrication and design for quasi-2D confinement of bacterial populations. (a)
Fabrication process of the shallow microfluidic channels (height: 4 um) defined by imprinting a
PDMS stamp into a thin OA layer. A glass coverslip seals the microfluidic channel before complete
OA curing. (b) Image of the final chip (75 mm x 25 mm, top view) showing the fluidic access holes in
the PMMA slide to 30 individual parallel OA channels, arranged in two rows. (c) Schematic diagram
illustrating the imaging configuration and PID temperature control for on-chip incubation. (d)
Bacteria spread out from the inlet into the OA channel after certain time of on-chip incubation (no
flow applied). A bacterial traveling band, i.e. a transient increase of the bacterial density, may be
observed in the field of view.

6.2.5 Working principle

The on-chip array of individual microfluidic channels allows either performing assays under
different conditions simultaneously or improving statistical analysis of identical assays. Each
channel had a width of 800 ym and a length of 3 mm. We determined an optimal channel height by
testing a range of different OA layer thicknesses (2 ym to 12 ym). Bacteria could not be focused on
a quasi-2D level when the height exceeded 8 um. On the other hand, bacterial suspensions
remained largely confined in the inlet hole if the channel height was too small, eventually resulting
in channel clogging (for < 4 um in our case). A height of 4 ym was found to be most suitable for the
present application (Figure 6.2). The observation region is located in the middle of each channel.
An automated x/y-motor stage was used to scan the array of observation windows for imaging

106



6.2. Experimental

successively all on-chip assays. For bacterial motion tracking discussed in this work, we used an
inverted phase contrast microscope with a 40x objective (Zeiss LD ACHROPLAN 40x/0.60 Korr
Ph2, working distance 1.8 mm).

Figure 6.2 — Optimization of the channel height. (a) Height = 12 um, (b) height = 8 um, (c) height =
4 um. The red circles indicate bacteria that are out of focus. All bacteria confined in a 4 ym high
channel can be well focused, thus this geometrical parameter was chosen for our microfluidic chip.
A chip with a lower OA channel height can be fabricated, however, clogging at the inlet is likely to
appear.

Samples were loaded by pipetting 2 uL of bacterial suspension (inoculum) into the inlet of each
channel, which then filled autonomously by capillary flow. Eventually, channels and inlets are
uniformly filled with bacterial suspension of the same concentration. To prevent evaporation, the
inlets and outlets were sealed with sterilized mineral oil (4 uL). The chip was mounted on an Al plate
(1.5 mm thick) with a heating pad attached underneath, providing a suitable thermal environment
and control for on-chip incubation (Figure 6.1c). The heating pad had two parallel rectangular
openings (3 mm x 60 mm, for each row of channels) for optical access to the imaging region from
below. Assays were carried out at 37 °C. Temperature regulation was based on a PID closed loop
using a Lakeshore 336 temperature controller. The chip temperature was probed with a resistance
thermometer (RTD) sensor. According to heat transfer simulations (3D model shown in Figure
6.3a), a stable temperature distribution can already be achieved after a few minutes with a variation
ofless than + 0.5 K over the whole chip area, despite the openings in the heating pad (Figure 6.3b
and Figure 6.3c). The measured temperature at the RTD sensor location stabilized to 37.0 £ 0.1 °C
after 3 min (Figure 6.3d). In reality, the temperature perturbation and air convection in the ambient
space that is not fully rendered in the simulation, may influence the temperature stability. Thus,
the actual temperature over the Al plate surface was 37 + 1 °C (measured separately with a movable
RTD sensor). Imaging protocols were started 15 min after sample loading to ensure fully stabilized
fluidic and thermal conditions.
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Figure 6.3 — Heat transfer simulation by COMSOL Multiphysics®. (a) 3D model of the microfluidic
chip (from top to bottom: PMMA, OA, and coverslip), Al plate and underlying heating pad. (b)
Simulated temperature stabilization at different positions of the microfluidic chip: PID temperature
sensor location, the channels in the first, seventh, and fifteenth row, and the PMMA top surface,
indicated on (a) respectively. (c) Temperature distribution (simulation) of the microfluidic chips
after heating for 10 min. The rectangular openings of the heating pads under each channel row
result in a slight temperature inhomogeneity with a variation of + 0.5 K. (d) Temperature measured
by the RTD (Pt1000) sensor on the Al pad. The temperature stabilization at the sensor spot in the
range of + 0.1K around the set point 37.0 °C (insert in Figure 6.3d). The first video acquisition
for bacterial recording was done after 15 min to ensure temperature equilibration over the whole
microfluidic chip.

6.2.6 Video recording and image processing

Videos of the bacterial on-chip populations were taken by means of a sSCMOS camera (PCO. Panda
4.2). Using a high frame rate and resolution (40 fps, 2048 px x 2048 px), bacterial swimming traces
could be precisely captured in an area corresponding to an on-chip field of view (FOV) of 340 um x
340 ym. A video sequence was recorded once per hour (10 s corresponding to 400 frames) on each
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of the observation windows of the chip array during the whole assay duration (typically 15 h). As
shown schematically in Figure 6.1d, traveling bands corresponding to a transient increase of the
microbial density could be observed in the observation region, located at the mid-position of each
channel after on-chip incubation of several hours.

Automated image and data processing were performed after collecting the experimental raw data.
Image processing was implemented with Image] software. As shown in Figure 6.4a, the main
steps of the protocol are background removal, filtering, image binarization by thresholding, and
bacteria boundary detection, respectively. A typical sequence of corresponding microscopy images
(Figure 6.4b-e, zoomed in for details) illustrates the different processing steps. In the raw phase
contrast image, bacteria are darker than the background or defects. The first step was to perform
illumination background subtraction (obtained by taking an image without chip in the optical
path of the microscope). Subsequently, an unsharp filter was applied to the image (radius = 10
pixels, intensity = 0.9) to enhance the contrast between bacteria and background (Figure 6.4b). This
image is binarized by means of a threshold method (“IsoData”, embedded in Image]) as shown
in Figure 6.4c. Then the center position and the boundaries of each individual bacterium were
determined and highlighted by red lines (Figure 6.4d, using the function “Analyzing the particle”
in ImageJ). Furthermore, the skeleton of each bacterium could be analyzed by converting the 2-D
white geometry in Figure 6.4c into the skeletonized 1-D line as shown in Figure 6.4e. Occasionally
bacteria may stick together forming pairs or small clusters. In principle, they could be separated
during image processing (using the “Watershed” tool in Image J). However, in the current study we
did not apply this algorithm, as it was not accurate enough to discriminate between cell clusters
and cell elongation (filamentation) due to antimicrobial stress (see further).

Datasets of bacterial coordinates were extracted from the processed image stacks. Subsequent
data processing was performed by means of MATLAB programs. We used an established tracking
algorithm to record the swimming path of individual bacteria in small on-chip populations and to
perform trajectory analysis.[222] An example of a high-resolution image is shown in Figure 6.4f,
where trajectories of bacteria have been identified with different colors. This image corresponds
to a stack of 40 frames, i.e. an observation time of 1 s (zoomed in to a frame of 90 ym x 90 ym
in this case). In a time lapse of 1 s, bacteria trajectories mainly correspond to straight or slightly
bending segments of motion, only a few microbes are tumbling frequently on this time scale.
Entire trajectories observed in the full FOV (400 frames, recorded over 10 s) indeed show random
sequences of straight runs and tumbling events as shown in the Figure 6.5. Eventually, we were
able to characterize different properties of individual bacteria and of their collective behavior,
including the cell body elongation under antimicrobial stress (filamentation), transient bacterial
density profiles (traveling bands), and swimming parameters, in particular speed and tumble bias
distributions.

6.2.7 Statistical analysis

All experiments shown in the work were carried out for 3 parallel assays on the chip. Statistical
analysis of the obtained results such as speed, skeleton size, effective diffusion coefficient and
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Figure 6.4 — Automated image stack processing and data analysis. (a) Schematic diagram of
the workflow for assessing properties of individual bacteria and bacteria populations in the OA
chip. Morphological and motility-related information can be extracted for different experimental
conditions and time points based on video analysis. (b) Raw phase contrast image of individual
E. colibacteria in a quasi-2D population layer confined in the OA channel (40 x phase contrast
objective, FOV ~ 340 um x 340 um, the Image] software unsharp filter was applied). (c) Binarized
images processed by thresholding the image shown in (b). (d) Red contours indicate each identified
bacterium. (e) Image showing the skeleton of each bacterium by replacing the 2D bacterial shape
in (b) by a 1D line. (f) Bacterial swimming trajectories obtained by attributing an index to each
individual bacterium on a consecutive image stack (40 frames, i.e. an observation time of 1 s ).

tumble bias was performed using MATLAB R2018b® and Python (packages: pandas and SciPy).

6.3 Results

6.3.1 Morphological analysis

At a first stage of our study, we analyzed bacteria morphology on-chip, i.e. in the same FOV
of the chip, where also traveling bands have been visualized. The analysis considers only the
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Figure 6.5 — Screenshot of an example of a video sequence after image processing showing bacterial
swimming with trajectories in a quasi-2D 4-pum high microfluidic channel (Conditions: bacterial
inoculum concentration 5 x 10° CFU/mL observation at 6 h, 40 f/s for 10s with a FOV of 340 um x
340 um).

motile fraction of the microbial population of interest in this context, excluding the non-migrating
population that remained in the channel inlet. Figure 6.6a-c shows the distribution of the skeleton
length of E. coli as a function of on-chip incubation time in MH with three different antibiotics
(ampicillin, ciprofloxacin and gentamicin). For normal bacterial growth conditions (MH without
antimicrobials) the average cell body length is 1.43 + 0.04 ym after 6 h and 1.36 + 0.06 um after 12
h, (blue bars in Figure 6.6a). As a reference for assays involving antibiotics in the present work, we
determined the following MIC value ranges from E. coli OD600 growth curves: (i) 2.5 < MIC < 5.0
mg/L for ampicillin, (ii) 0.008 < MIC < 0.015 mg/L for ciprofloxacin, and (iii) 1.1 < MIC < 2.2 mg/L
for gentamicin (Figure 6.7a-c).
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Exposure to antimicrobials in the sub-MIC range may have a significant effect on the bacterial
morphological development, referred to as filamentation. Strongest elongation of the E. coli
skeleton with respect to normal growth was observed for ampicillin. Figure 6.6a shows the bacterial
size increase and evolution with incubation time for two different ampicillin concentrations (1.2
mg/L orange bars and 2.5 mg/L green bars, respectively; the latter concentration is close to MIC).
In both cases elongation of about a factor of 3 to 4 with respect to normal growth was observed.
The average size first increased and then decreased due to partial lysis in the later growth phase.
This variation over time (6 to 12 h) was more pronounced for the highest concentration in this
case (i.e. for 2.5 mg/L ampicillin). The variability of bacterial growth, expressed as standard error
of the skeleton length (95% confidence interval thus + 2xSE), is much smaller under normal
growth conditions than for the two ampicillin cases, indicating that antimicrobial stress frequently
generates non-uniform bacterial divisions. Ciprofloxacin generated a somewhat less pronounced
filamentation effect compared to ampicillin (Figure 6.6b). The maximum average skeleton length
does not exceed 3.6 + 0.6 um (0.015 mg/L at 6 h), in comparison to 7.0 + 1.2 um for ampicillin
(2.5 mg/L at 8h). However in the case of ciprofloxacin, the average bacterial elongation increased
gradually for incubation with higher antimicrobial doses and over the whole assay duration (6 to
12 h). The size uniformity declines strongest at 0.015 mg/L, i.e. close to MIC (Figure 6.6b, purple
bars). A slight decrease of bacteria length with incubation time was also observed. In contrast to
the previous findings, bacteria growth in gentamicin does not show a clear filamentation effect
(Figure 6.6c). Although we observe that the bacterial average size in 1.1 mg/L gentamicin (red
bars) is slightly higher than for the other concentrations, elongation is far less pronounced than
for ampicillin or ciprofloxacin. Correspondingly, bacterial divisions are more uniform (small SE in
Figure 6.6c) even for a gentamicin concentration just below MIC.

A more detailed analysis of the filamentation effect in ampicillin is presented in Figure 6.6d, showing
the bacterial skeleton length distribution and median values for different ampicillin concentrations
after 8-hour on-chip incubation. Figure 6.6e and 6.6f show images of E. coli with highlighted
skeletons, incubated in MH and an example of a strongly elongated cell in the presence of ampicillin,
respectively.

6.3.2 Bacteria traveling bands

Coherent migration of bacteria through the microchannel appearing as traveling bands with locally
increased population density were observed in the FOV of the chip after a few hours of on-chip
incubation (passive migration by diffusion is not relevant in the present case). At the beginning of
each experiment the bacterial density in the microchannel is very low, thus nearly any bacteria can
be observed in the FOV. Considering a typical inoculum size of 3 x 10° CFU/mL used in our assays
and the low volume of ~ 0.36 nL of the channel portion observed, less than 1 bacterium is expected
to be found in the FOV. After on-chip incubation for a few hours, the number of bacteria in the inlet
reservoir increases exponentially, resulting in a local depletion of nutrients and other chemical
attractants. This self-generated chemical gradient activates chemotaxis and sub-population(s)
of more motile bacteria possibly start migrating into the microchannel in a coherent collective
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Figure 6.6 — E. coli morphological analysis. Mean bacterial skeleton length as a function of
incubation time for E. coli exposed to ampicillin (a), ciprofloxacin (b) and gentamicin (c),
respectively (in MH at 37 °C, error bars represent +2xSE). The bacterial skeleton considerably
elongates in the presence of ampicillin. The filamentation effect is less pronounced in the presence
of ciprofloxacin and nearly invisible with gentamicin. (d) Boxplot of the bacterial skeleton length
distribution for bacterium after on-chip incubation for 8 hours with ampicillin at different doses.
In the presence of ampicillin, bacterial skeletons show a significantly wider length distribution than
with normal growth conditions. (e) Image of E. coli cells (indicated by red contours) after on-chip
incubation for 8 hours without antimicrobials. (f) Image and contour of a single elongated E. coli
bacteria after on-chip incubation with 2.5 mg/L ampicillin for 8 hours.

manner. The resulting traveling band(s) may be recorded at the FOV location of the chip as transient
peaks in the microbial population density. In the shallow geometry of our microfluidic channel,
traveling bands formed in a 2D bacterial layer were observed and analyzed.

We first studied the effect of the E. coli inoculum size on the traveling band peak intensity and
the peak delay under normal culture conditions in pure MH (Figure 6.8a, inoculum range from
3 x 103 CFU/mL to 3 x 10® CFU/mL). The transient cell density peak has the highest amplitude and
shows longest delay (10 h) for the smallest inoculum size (3 x 103 CFU/mL, blue curve in Figure
6.8a). In Figure 6.8a (as well as in Figure 6.8d-f) cell density is defined as the fraction of the total
bacterial body area to the area of the FOV, reflecting more accurately the actual biomass. Due to
possible filamentation in the presence of antibiotics, the corresponding bacterial number densities
(Figure 6.9) may be smaller and not proportional to the integrated cell body area obtained by
image analysis, especially in the case of ampicillin (see below, Figure 6.8d and 6.9b). In Figure 6.8a,
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Figure 6.7 — E. coli growth and growth rate curves based on OD600 measurements as measured
in a well plate. (a-c) Growth curves for E. coli exposed to different antibiotics: ampicillin (a),
ciprofloxacin (b), gentamicin (c). The error bars (or bands) stand for +2xSE. (d-f) Corresponding
growth rate curves (time derivatives of a-c): ampicillin (d), ciprofloxacin (e), gentamicin (f).
Exposure to antimicrobials with concentrations approaching MIC results in strongly prolonged lag
phases, i.e. for 2.5 mg/L ampicillin, 0.008 mg/L ciprofloxacin, 0.55 mg/L and 1.1 mg/L gentamicin,
indicating progressive inhibition of bacterial growth. No growth can be seen above MIC. We
determined the following MIC value ranges from curves a-c: (i) 2.5 < MIC < 5 mg/L for ampicillin,
(ii) 0.008 < MIC < 0.015 mg/L for ciprofloxacin, and (iii) 1.1 < MIC < 2.2 mg/L for gentamicin.

delays and peak amplitudes decreased for increasing inoculum size. As nutrient depletion in the
inlet generated by exponentially growing bacterial populations is at the origin of the collective
chemotactic behavior, the traveling band delay should in principle be related to the bacterial growth.
More bacteria mean faster depletion in the inlet, leading to earlier bacterial migration out of the
inlet in the form of traveling band. OD600 growth curves measured in a well plate show different
lag phases, indicating basically a right-hand shift for decreasing inoculum size, whereas the overall
curve shape is conserved (Figure 6.8b). Correspondingly, the maximum growth rate appears to be
shifted on the time scale according to lag phase extension (Figure 6.8c, curves are time derivatives
of Figure 6.8b). However, the lag phase difference cannot explain the pronounced cell density peak
amplitude variation observed in Figure 6.8a. Actually, according to the OD600 curves, cell densities
are expected to be very similar at the time when the peak for the corresponding inoculum size is
observed in the FOV (i.e. = 1.0 OD600 in Figure 6.8b).

Traveling bands generated by bacteria populations incubated with antibiotics are the focus of the
second part of our study (Figure 6.8d-f). In the presence of antibiotics, features of traveling bands
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Figure 6.8 — Time dependent bacterial density profiles (traveling bands). A transient increase of the
E. coli density is generally observed in the FOV of the microchannel after a few hours of on-chip
incubation, corresponding to a collective bacterial migration pattern referred to as traveling band.
(a) Cell density in the FOV as a function of time for bacterial suspensions originating from different
inoculum sizes. Cell density peaks appear in the FOV on different time scales. Strongest delay and
cell density increase were observed for the lowest inoculum size. (b) Standard OD600 growth curves
obtained on a plate reader. The growth curves indicate that lag phases (below the LOD of the plate
reader in this case) prolonged with decreasing inoculum size, corresponding to the peak delays
observed in (a). (c) Growth rate curves (time derivatives of Figure 6.8b) show a corresponding shift
of the maximum growth rate. (d-f) Traveling bands for E. coli subjected to different antimicrobial
conditions, i.e. ampicillin (d), ciprofloxacin (e), and gentamicin (f). For concentrations below MIC,
traveling bands were observed in all cases. For concentrations approaching MIC, bacteria can still
be observed in the FOV for ampicillin (green curve, 2.5 mg/L) and ciprofloxacin (purple curve, 0.015
mg/L), but no transient traveling bands occurred. For gentamicin at the concentration tested which
was closest to MIC (red curve, 1.1 mg/L), a clear traveling band with the highest peak amplitude
occurred. No bacteria were detected in the channel at the next higher concentration tested (2.2
mg/L > MIC). The presence or absence of traveling bands is related to growth/motility inhibition
and may be explored as an indicator for E. coli MIC values. Inoculum concentrations are labeled as
3en corresponding to 3x10” CFU/mL. The error bars (or bands) stand for +2xSE.

depend on both, on growth inhibition due to the antimicrobials and on possible alterations of the
bacterial mobility. At sub-MIC values (according to MIC reference values in Figure 6.7), traveling
bands could be observed in the FOV for the three antibiotics tested (ampicillin, ciprofloxacin and
gentamicin), whereas no bacteria could be detected above MIC (for ¢ < 19 h, tested for ampicillin 5.0
mg/L, ciprofloxacin 0.030 mg/L, and gentamicin 2.2 mg/L, results not shown). In the concentration
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Figure 6.9 — Bacterial number density in the FOV as a function of time for different experimental
conditions: inoculum size (a), ampicillin concentration (b), ciprofloxacin concentration (c), and
gentamicin concentration (d). Bacterial number curves have the same overall shape as the cell
density curves based on the integrated cell area measurements (Figure 6.8), but due to filamentation
stimulated by antibiotics, bacterial number curves do not reflect the true biomass. The error bars
(or bands) stand for +2xSE.

range close to MIC, in particular for 2.5 mg/L ampicillin and 0.015 mg/L ciprofloxacin, enhanced
growth inhibition monitored by prolonged lag phases and filamentation effects dominated (Figure
6.7a,b and Figure 6.6a,b, respectively). No dense traveling bands occurred in these cases, however a
smoother bacteria population density variation could still be observed, mainly because occasionally
migrated bacteria still keep growing in the channel (green curve in Figure 6.8d and purple curve in
Figure 6.8e, respectively).

For these two antibiotics, we can therefore determine a lower limit for the E. coli MIC value range by
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identifying the concentration where clear traveling bands do not appear anymore. These values are
coherent with the MIC ranges obtained by OD600 growth curves (Figure 6.7a and b). The situation is
somewhat different in the case of gentamicin, where traveling bands appeared for all concentrations
shown, including the ones that featured strongest lag phase extensions, i.e. from ~ 2 h in pure MH
to ~7hat0.55mg/Land ~ 13 h at 1.1 mg/L (Figure 6.7c or Figure 6.7f, green and red curves), with
nearly normal growth resuming after this lapse of time. The transient peak amplitude was even
highest for the concentration that was closest to MIC (i.e. for 1.1 mg/L, red curve in Figure 6.8f). No
growth occurred at the next higher concentration tested (2.2 mg/L). Interestingly, no pronounced
or systematic variation of the delay of the traveling band peaks at sub-MIC concentrations could be
observed. Extension of the lag phases for increasing antimicrobial concentrations, as monitored by
the OD600 bacterial growth curves (Figure 6.7) does not seem to have a corresponding effect on the
transient cell density curves. The peak value for 1.2 mg/L ampicillin appears at ~ 4 h (orange curve
in Figure 6.8d, no bacteria visible in the channel at t < 3 h), which is earlier than for normal growth
conditions (blue curve in Figure 6.8d), even though the growth rate peaks appeared at the same
time (Figure 6.7d), indicating that growth in the microchannel is not dominating the traveling band
dynamics.

For ciprofloxacin, all traveling band peaks appeared nearly at the same time, although the growth
rate curves showed a clear time shift for 0.008 mg/L (Figure 6.8e and red curve in Figure 6.7€).
This discrepancy is even more pronounced for gentamicin. As mentioned above, OD600 growth
curves for 0.55 and 1.1 mg/L indicated that growth under these conditions were not fully inhibited
but occurred with a strong delay. However, there was no corresponding time shift in the traveling
bands for this concentration range (Figure 6.8f). Unlike to the assays testing different inoculum
sizes (Figure 6.8a), where the traveling peak positions shifted according to lag phase extension
(Figure 6.8b), such tendency was not observed for incubation with antimicrobials. As will be
discussed in the following, exposure to antimicrobials might enhance the chemotactic swimming
ability. Moreover, E. coli did not show significant filamentation for gentamicin in the sub-MIC
concentration range (Figure 6.6¢), in contrast to ampicillin and ciprofloxacin, which certainly has a
significant impact on the different dynamic migration patterns generated by the three antibiotics.

6.3.3 Motility analysis for different inoculum sizes

We performed a bacterial motility analysis of migrating E. coli populations in order to unravel
underlying features of coordinated chemotactic behavior and dynamic properties of traveling
bands under different conditions. The analysis is performed from several perspectives, namely
the swimming speed and the tumble bias (TB) distribution, and the resulting effective microbial
diffusion properties. The motility analysis is based on individual swimming trajectories of the
bacteria sub-population appearing in the FOV at a given point in time, in particular at the peak of
the transient cell density. A MATLAB particle tracking algorithm[222] was applied to identify specific
bacteria and to calculate the set of individual trajectories (see also Figure 6.5). Only trajectories
longer than 1 s have been used to improve the reliability of the calculation. Once individual
bacterial trajectories are identified, the swimming speed vy can be calculated as the trajectory
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distance divided by the duration. The mean speed v,,¢4; can be obtained based the vy of all
trajectories that appeared in the videoclip.

As shown in Figure 6.10a, the v,,.4, peak delay and peak amplitude both increased for decreasing
inoculum size. This trend is very similar to the transient behavior of the cell density in the FOV
(Figure 6.8a). As a validation of the motility analysis based on individual trajectories (Figure 6.10a),
we considered the pixel changes in two consecutive binarized image frames (Figure 6.10b). More
pixel changes (normalized with respect to the amount of bacteria in the FOV) indicate a higher
overall bacterial motility. This classical pixel analysis of an image is relatively simple but does not
reveal individual bacterial trajectory properties. The overall shape of the curves obtained with both
methods corresponds well.

The effective diffusion properties of an E. coli population in the FOV may be assessed by considering
the mean square displacement (M SD) as a function of a time interval A¢.

N
MSD(A?) = % y ((x(t,- + A0 - x(6) + (y(t; + AD) - y(ti))z) 6.1)
i=1

where ¢; represents the time lapse for each frame i of the image sequence, and At is the full time
interval after N frames. In the case of merely passive diffusion due to random Brownian motion,
MSD would be proportional to the interval time A¢. However, bacteria are active swimmers, the
MSD(At) relation therefore deviates from the linear relationship. This is emphasized in Figure
6.10c, where a strong parabolic-like increase is observed for At values approaching 1.0 s for all
inoculum sizes investigated. M SD data analysis, as well as data in Figure 6.10d-f, corresponds to
the time point when the peak in the v,,.4, of the corresponding traveling band appeared in the
FOV (as observed in Figure 6.10a). Obviously, the M SD of bacteria originating from lower initial
inoculum size (e.g. 3 x 103 CFU/mL, blue curve in Figure 6.10c) increased much stronger than for
those cultured with higher inoculum size (e.g. 3 x 10 CFU/mL, red curve). Figure 6.10d shows the
vp distribution of individual bacteria. In all cases two more or less apparent Gaussian distribution
profiles could be distinguished, which implies the existence of two distinct bacteria groups traveling
with lower and higher speeds, respectively. For inoculum sizes in the range from 3 x 10 CFU/mL
to 3 x 10° CFU/mL, the high-speed group is dominating with its peak position shifting to lower
values, whereas the density of the low-speed sub-population tends to increase slightly. For the
highest inoculum size (3 x 10 CFU/mL), the low-speed group is clearly more pronounced than the
high-speed group. This evolution of the vy distribution profiles results in decreasing median speed
values for increasing inoculum size as shown in Figure 6.10d, or a lower v, peak value for bigger
inoculum size as shown in Figure 6.10a, respectively.

An effective diffusion coefficient can be obtained based on the way proposed by Dufour et al..[213]
Itis defined as Do = (U(Z) 1)/ d, where vy is the speed of a bacterium, d is the number of dimensions
(d = 2 for the quasi-2D bacteria confinement in the microchannel), 7 is the time scale of the cell
directional persistence. The latter is a function of the cell tumble bias, mean tumble angle, and
rotational diffusion. Figure 6.10e shows the D, distribution for all analyzed bacteria trajectories
(dots, the density of each value is plotted on the y-scale) and corresponding median values. The
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Figure 6.10 — Bacterial motility analysis for different inoculum size. (a) Mean swimming speed Vjeqn in the FOV as
a function of time, derived from individual bacterial trajectories. v;;eqn peak delays and peak values increased as the
inoculum concentration decreases, thus showing the same trend as the cell density curves in Figure 6.8a. (b) Fraction
of pixels changed between two consecutive frames averaged over the recorded image stacks of a bacterial population
traveling through the FOV. A higher number of pixels changed indicates higher overall bacterial motility. (c) MSD as a
function of a time interval At for evaluating the effective bacterial diffusion properties at the time point of the highest
Umean for the corresponding inoculum size (see Figure 6.10a). Active swimming results in a strong deviation from
alinear MSD(A¥) relation expected for Brownian motion. This effect is most pronounced for the case of the lowest
inoculum size (3 x 103 CFU/mL). (d) Speed vg distribution of all bacteria in the FOV for the time point when the vyeqn
peak occurred. Two subsequent or overlapping Gaussian distributions, depending on inoculum size, can be observed.
This implies the existence of two distinct bacterial sub-populations with lower and higher swimming speeds ranges,
respectively. (e) Distribution of the effective diffusion coefficient D, . D,y decreases for increasing inoculum size.
The y-scale indicates the density of individual D,y ¢ values (arbitrary scale). (f) TB distribution showing two peaks as
well. The high-TB population density rises, whereas the low-TB population decreases for lower inoculum size. Higher
TB implies lower effective diffusion and mean swimming speed. Distinct TB ranges directly reflect different bacterial
phenotypes. (g) TB distribution for 3 x 103 CFU/mL inoculum size observed in the FOV at different time points. High-TB
sub-populations appear at later stage. Inoculum concentrations are labeled as 3en corresponding to 3 x10™ CFU/mL.
The error bars (or bands) stand for +2xSE.
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diffusion coefficient of a non-motile bacterium subjected to Brownian motion may be estimated to
0.45 pmz /s.[223] The D, ff median values derived here are higher than for passive diffusion for all
inoculum sizes, with a clear trend to increasing D,y for bacteria cultured from lower inoculum
sizes.

By assigning tumble events and straight runs to each bacteria trajectory, respectively, the TB
distributions for different inoculum sizes have been obtained (Figure 6.10f). A tumble event in the
E. coli motility pattern corresponds to a sudden change of swimming direction and TB is defined as
the probability that a cell is tumbling.[215] TB distributions are represented as probability density
functions obtained by kernel density estimation. Analysis based on the corresponding 10 s video
clips show a wide distribution of TB values over the whole range from 0 to 1.0. The TB distribution
in general shows two sub-populations, i.e. alow-TB group centered at ~ 0.25 and a high-TB group
centered at ~ 0.80. The relative cell densities of low-TB and high-TB groups vary with inoculum size.
For smaller inoculum size, i.e. 3 x 103 CFU/mL and 3 x 10* CFU/mL (blue and orange curves in
Figure 6.10f, respectively), low-TB values dominate. As the inoculum size increases, TB values shift
to the higher range, with a more balanced distribution for 3 x 10° CFU/mL (green curve in Figure
6.10f) and a clearly dominating high-TB population for 3 x 10 CFU/mL (red curve in Figure 6.10f).
Figure 6.10g displays the TB distribution for an inoculum size of 3 x 103 CFU/mL at successive time
points, i.e. for bacteria progressively migrating through the FOV. As the FOV position is fixed, the
graphs in Figure 6.10g may also be interpreted as the variation of the spatial distribution of TB
sub-populations in the microchannel, i.e. over the entire traveling band. Before the arrival of the
traveling band peak, high-TB values preponderate (at ¢ = 6 h, blue curve in Figure 6.10g). At the
traveling band peak time point, low-TB value populations are dominating (at ¢ = 8 h, orange curve).
Bacteria arriving after the transient peak again feature mainly high-TB values (at t = 14 h or 16
h, purple and brown curves, respectively). These results reveal that an initially uniform bacterial
culture self-organizes itself along the traveling band into sub-populations with different TB. TB is
inversely proportional to veqn and D,y (Figure 6.11a and 6.11b). For instance, low inoculum size
with a higher density of low-TB cells thus results in a higher v;,.4. As bacterial inoculums have
been prepared from the same overnight culture, we may assume that all bacteria have the same
genotype. The peak amplitude variation therefore imply that an isogeneic population generates
sub-populations with different chemotactic behaviors.

6.3.4 Motility analysis for different antimicrobials

We have applied the protocols described for motility analysis under normal culture in pure MH
to bacteria populations incubated with different antimicrobials. Results for E. coli exposed to
ampicillin, ciprofloxacin and gentamicin at different concentrations are summarized in Figure 6.12
(inoculum size 3 x 10° CFU/mL). The three tested antimicrobials affected the v,,,04,, distribution in
different ways. Over the assay duration (up to ~ 12 h), v,,¢45, Was significantly lower than for normal
growth conditions when subjected to 1.2 mg/L and 2.5 mg/L ampicillin (Figure 6.12a, blue and
orange curves, respectively). Interestingly, for ciprofloxacin (Figure 6.12b) and gentamicin (Figure
6.12c), at sub-MIC values vy,.45, are roughly maintained at a comparable level for all conditions.
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Figure 6.11 — (a) Mean swimming speed V¢4, Vs tumble bias, each dot represents the data of one
trajectory. (b) Effective diffusion coefficient D¢ ¢ vs TB. vg and D, are inversely proportional to
tumble bias.

A closer look to the graphs, however, revealed that v,¢4, With ciprofloxacin at 0.004 mg/L was
enhanced with respect to normal conditions (Figure 6.12b, green and blue curves, respectively).

Even more surprisingly, in gentamicin an overall increase of the v,,.,, peak was observed for all
sub-MIC values tested (Figure 6.12c, curves for 0.28, 0.55 and 1.1 mg/L with respect to the blue
curve). For concentration values approaching MIC (see Figure 6.7), Vyeqn is strongly reduced in the
case of ampicillin (Figure 6.12a, 2.5 mg/L, green curve) and ciprofloxacin (Figure 6.12b, 0.015 mg/L,
purple curve). As outlined before, close to MIC, in addition to relatively strong growth inhibition
(Figure 6.7a and 6.7b), filamentation occurred for ampicillin and ciprofloxacin (Figure 6.6a and
6.6b, respectively). For gentamicin tested at 1.1 mg/L such an effect was not observed (Figure 6.12c,
red curve), i.e. that no significant elongation was observed for gentamicin (Figure 6.6c). However, E.
coli growth was strongly delayed but not completed inhibited at 1.1 mg/L gentamicin (Figure 6.7c,
red curve), which apparently did not have an impact on the speed distribution. The evaluation of
motility for the three antibiotics tested based on changed pixel analysis is shown in Figure 6.12d-f.

The impact of antimicrobial exposure on the effective diffusion properties of E. coli was first
addressed by analyzing M SD (as explained for Figure 6.10c for culture in pure MH). In the case
of ampicillin, MSD (as well as the swimming speed, Figure 6.12a) dropped strongly for both
concentrations tested (1.2 mg/L and 2.5 mg/L, Figure 6.12g, orange and green curves, respectively).
Interestingly, in the presence of ciprofloxacin (Figure 6.12h) and gentamicin (Figure 6.12i), the
effective diffusion length may be enhanced in some cases with respect to normal culture conditions.
Even if for most concentrations M SD remained close to the normal MSD(A¢) curve (blue curves
in Figure 6.12h and 6.12i), for 0.004 mg/L ciprofloxacin (Figure 6.12h, green curve) and for 1.1
mg/L gentamicin (Figure 6.12i, red curve) effective diffusion is enhanced. In ciprofloxacin, as for
ampicillin, MSD is strongly reduced for concentrations approaching MIC (0.015 mg/L, Figure 6.12h,
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purple curve).

Overall these antimicrobial motility assays revealed a similar impact on vy;eq, and MSD. As an
example, we discuss the D, ¢ ¢ and the TB distributions for ciprofloxacin for different parameters
(Figure 6.13a-c). E. coliin ciprofloxacin at 0.004 mg/L (Figure 6.13a, green graph) shows a higher
D, than at other concentrations, including normal culture conditions (Figure 6.13a, blue graph).
In order to further analyze this observation, the corresponding TB distributions are shown in
Figure 6.13b. The TB distribution indicates a balance between low-TB and high-TB cells for 0.004
mg/L ciprofloxacin (Figure 6.13a, green curve), whereas for other concentrations the high-TB
sub-population was dominating. Eventually, according to the previous findings, this particular fact
may generate higher effective diffusion and mean speeds. Figure 6.13c shows the time evolution of
the TB distribution for 0.004 mg/L ciprofloxacin. Comparable to Figure 6.10g for normal conditions,
bacterial self-sorting in the traveling band reveals high-TB cell ratios before and after the peak speed
in the FOV, and a more balanced distribution at the time when the peak appeared (Figure 6.13c,
t = 6 h, orange curve). Figure 6.13d and Figure 6.13g show D, ¢ reduction for 1.2 mg/L ampicillin
and D,y enhancement for 0.28 mg/L and 1.1 mg/L gentamicin, respectively. The corresponding
TB distributions indicate a clear impact in the case of ampicillin (Figure 6.13e) and a much less
pronounced effect in the case of gentamicin (Figure 6.13h). Figure 6.13f and Figure 6.13i show the
time evolution of the TB distribution for 1.2 mg/L ampicillin and 1.1 mg/L gentamicin, respectively.

6.4 Discussion

Improvement of 3D particle tracking based on specific functionalities of modern
microscopes[224-226] or advanced algorithms[227] has extended the possibility to study bacterial
or small-molecule dynamics in more complex environments. Nevertheless, these methods are still
limited to a low number of moving objects. On the other hand, sub-micron on-chip structures or
constrictions enable detailed bacteria imaging with single-cell resolution.[228] However, the
observation of swimming behavior and important mechanisms, such as quorum sensing for
instance, are impeded in this case. By confining bacteria populations in the quasi-2D space of a 4
pm high microchannel, we were able to perform high-precision tracking for motility analysis and
to visualize morphological details based on conventional microscopy, even for relatively high
bacterial concentrations. In particular, we observed correlated migration properties that depend
on the degree of phenotypic diversity occurring under different on-chip culture conditions.

In the studies presented in this chapter, we have chosen a composite microchip design that
features an OA channel as core element. The chip provides an overall rigid and accurately defined
microfluidic structure that is easier to fabricate than a full glass or polymer chip that might require
more complicate etching or embossing techniques.[229] Fluidic access holes and threads for
connectors could be readily machined in the PMMA top plate, whereas the bottom coverslip of the
chip enables high-resolution imaging of bacteria on an optical microscope. Using OA as functional
intermediate layer, into which microchannels can be directly imprinted, provides a good
alternative to other assembling methods (e.g. glass-to-glass bonding), as it serves simultaneously
as adhesion layer for leakage-free sealing of the chip. OA-based chips also have several advantages
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Figure 6.12 — Motility and TB analysis for bacterial growth with different antimicrobials. (a-c)
Mean swimming speed v;.qn as a function of time for bacteria incubated with ampicillin (a),
ciprofloxacin (b), and gentamicin (c). Whereas sub-MIC antimicrobials do inhibit the bacterial
growth and generate strongly elongated lag phases (Figure 6.7), the swimming ability of bacteria,
was significantly only impeded for ampicillin, but not for ciprofloxacin and gentamicin. For 0.004
mg/L ciprofloxacin, a clear increase of the mean speed peak value compared to normal growth
conditions was observed. (d-f) Corresponding changed pixel analysis for bacteria in the different
antimicrobials. (g-i) MSD as a function of At for the time points at the highest v;,¢4, in the FOV,
for ampicillin (g), ciprofloxacin (h), and gentamicin (i), respectively. In the case of ampicillin, MSD
dropped strongly for both concentrations tested. For 0.004 mg/L ciprofloxacin (Figure 6.12b, green
curve) and for 1.1 mg/L gentamicin (Figure 6.12c, red curve) effective diffusion is enhanced. In
ciprofloxacin, as for ampicillin, MSD is strongly reduced for concentrations approaching MIC. The
error bars (or bands) stand for +2x SE.
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Figure 6.13 - Effective diffusion coefficient D, ¢ r and TB distributions for incubation with antibiotics.
(@) Dy for different ciprofloxacin concentrations. The highest D,y median value was found for
bacteria incubated with 0.004 mg/L ciprofloxacin. (b) Bacterial TB distribution for ciprofloxacin.
Two TB sub-populations (low-TB and high-TB) could be identified on all graphs. The distribution
does not strongly depend on the concentration, except for 0.004 mg/L where the high-TB peak is
reduced, yielding a more balanced distribution. (c) TB distribution as a function of time for bacteria
in 0.004 mg/L ciprofloxacin. The rising high-TB cell fraction contributes to a decreasing v,,eqn
as shown by the green curve in Figure 6.12b. (d) Effective diffusion coefficient D, ff and (e) TB
distribution of time points with peak mean speed for bacteria in 0 mg/L and 1.2 mg/L ampicillin.
(f) TB distribution as a function of migration time for bacteria in 1.2 mg/L ampicillin. (g) D, rf and
(h) TB distribution of the time points of peak mean speed for bacteria in 0, 0.28, 0.55 and 1.1 mg/L
gentamicin. (i) TB distribution as a function of migration time for bacteria in 1.1 mg/L gentamicin.
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over common PDMS (polydimethylsiloxane) microfluidic chips.[230, 231] The elastic properties of
PDMS, which are widely exploited in the design of on-chip valves and pumps,[13] may be a
challenge for the present application, in particular for controlling residual flow in the
microchannel. In our experiments using the rigid OA-based structure, we observed that residual
flow instantaneously stopped once capillary filling was finished. An advantage of PDMS is that
micro- and nanostructures can be accurately replicated from molds created by optical lithography
in SU-8 or on Si wafers. We used this feature to define precisely the um-size height of the OA
channel by imprinting with a PDMS stamp. An additional advantage of OA-based chips is the low
level of autofluorescence (about 4 times lower than PDMS), a feature that is important for assays
involving fluorescently labeled organisms and molecules.[220] PDMS is gas permeable, which is a
useful property in certain biological assays. However, oxygen permeability may bring about
problems for certain on-chip chemical synthesis applications, which would make OA chips a more
suitable choice.[232]

Our antimicrobial assays were based on compounds with different functional mechanisms, namely
ampicillin, ciprofloxacin and gentamicin, respectively.[168] Ampicillin is a typical B-lactam
antimicrobial, inhibiting the cell wall synthesis. Ciprofloxacin targets the topoisomerase II (DNA
gyrase), thus inhibits the duplication of DNA. Gentamicin impedes the protein synthesis through
binding to the A site of 16S ribosomal RNA. In a first stage, we performed a morphology study on E.
coli. Bacteria usually do not undergo morphological changes unless strictly confined in a specific
geometrical shape[233] or under impact of drug treatment. In particular, E. coli tends to elongate
upon fB-lactam antimicrobial exposure and culture, an effect known as filamentation, followed by
cell lysis.[234] Genotoxic antibiotics, such as ciprofloxacin, inducing the SOS response which refers
to a DNA repair network, also change the E. coli rod shape into multi chromosome-containing
filaments.[235] In our study, we observed different degrees and forms of filamentation in E. coli
reflecting different effects of antimicrobial stress in the cytoplasm or on the cell wall (Figure 6.6).

Subsequently, we analyzed bacterial traveling bands and individual swimming trajectories. A
bacterial traveling band may be described using the classical Keller-Segel (K-S) equations[208] and
an extended model based on the following equations.[236]

% =V-(u(s)VDh) =V - (x(s)bVs) + g(b,s) — h(b,s) (6.2)
9s _ DehemVZs—f(b,s) (6.3)
ot

where, b(x, t) is the bacterial cell density at a position x and time ¢, s(x, t) is the chemical attractant
concentration, u(s) is the bacterial diffusion coefficient due to Brownian motion, x(s) is the
chemotactic coefficient related to active swimming, g(b, s) and h(b, s) are functions describing cell
growth and death, respectively, f (b, s) is a function describing attractant degradation, and D je, is
the diffusion coefficient of the chemoattractant. Bacterial swimming is thus described by two
components, i.e. passive and chemotactic diffusion, respectively. However, the swimming
heterogeneities existing in a bacterial population are not reflected directly by these two equations.
Fu et al. established a relation between the y(s) and tumble bias, saying that y(s) increases as the
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TB decreases.[214, 215, 237] In this way, the phenotypic diversity of swimming motility is
represented by TB and can be implemented in the K-S model.

Developing and maintaining phenotypic diversity can be a bet-hedging strategy in a bacterial
population to ensure survival in challenging environments.[238] For instance, cells may grow at
different rates or react to antimicrobial exposure in different manners, conducting to the formation
of cells persisting under antimicrobial stress.[6] Non-genetic heterogeneity may also impact
coordinated collective behavior of bacteria populations, with a higher degree of diversity usually
implying less coordination. In our work, we observed a clear impact of inoculum size on bacterial
collective migration appearing as traveling bands. Smaller inoculum size generated an enhanced
coordination of migration properties resulting in traveling bands with high cell density (e.g. Figure
6.8a blue curve, inoculum size 3 x 103 CFU/mL). Expression of phenotypic diversity was found in
the variation of the relative densities of high TB and low TB for different inoculum sizes (Figure
6.10f) , which are correlated to the corresponding speed distributions (Figure 6.10d). For instance,
straight swimming segments (runs) dominate when TB is low, resulting in an enhanced density of
bacteria with higher swimming speeds (e.g. blue curves in Figure 6.10d and 6.10f, inoculum size
3 x 103 CFU/mL). Likewise, higher median or mean bacterial swimming speed is observed for
low-TB populations (Figure 6.10d and Figure 6.11a, respectively). Referring to Eqn. 6.2, low TB
corresponds to a high chemotactic coefficient y(s) and thus increases effective diffusion expressed
by D,y in this work (Figure 6.10e and Figure 6.11b). Looking at the spatial distribution in a
traveling band (deduced from observing at successive time points in the FOV), we noticed that the
high-TB cells appear at higher concentration at a later stage, thus they migrate preferentially in the
tail of the band due to the bacterial self-organization (Figure 6.13c,f,i).

Phenotypic diversity, reflected by the TB distributions in the present case, originates from variations
of cellular gene expression and protein content.[239] The protein content inherited by daughter cells
strongly depends on the protein content of the mother cells. For instance, it has been demonstrated
that exponential-phase Bacillus subtilis cultures have a mixture of motile and non-motile cell
types, depending on whether the transcription factor for motility is taking effect or not.[240] This
heterogeneity manifested by the bifurcation into distinct sub-populations is usually referred to
bistability. Bistability was also demonstrated in E. coli persister cells.[6] Bacterial population exhibit
unimodal variation in the gene expression, due to environmental noise like random fluctuations in
the rates of synthesis and degradation of the cognate gene product, which is at the origin of the
bistability. In our study, we demonstrated the existence of low-TB and high-TB sub-populations,
which can also be considered as a bistability phenomana. It seems that bacteria are able to sense
the initial inoculum sizes as one of the noise sources in gene expressions and adopted a strategy to
promote the low-TB cell population in the case of small inoculum size for instance (Figure 6.10f).
Eventually, different inoculum sizes induced different swimming phenotypes. The underlying
mechanisms on the molecular regulation level need further investigations.

Pathogen virulence is often linked to the bacterial motility.[197] Flagellar motility was shown to be
important in the process of effective infection.[241, 242] Our in vitro study provides new insights on
the motility change upon the treatment with antibiotics. The traveling bands demonstrated different
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features in normal growth conditions and for growth with antimicrobials, which depend on the type
of compound as well. Strong inhibition or bactericidal effect dominates when bacteria are subjected
to the antimicrobials close to MIC, i.e. 2.5mg/L for ampicillin, 0.015 mg/L for ciprofloxacin and 2.2
mg/L for gentamicin, respectively (Figure 6.7). No dense transient bacterial migration peaks could
be observed for these concentrations (Figure 6.8d-f). In the case of 1.2 mg/L ampicillin, although
the lag phase was nearly the same with and without antimicrobials (Figure 6.8), the traveling band
peak appeared at ¢ < 4 h (Figure 6.8d, orange curve) before the ¢ ~ 7 h of the normal case (Figure
6.8d, blue curve). For ciprofloxacin and gentamicin, the peak of the travelling band and the v,
appeared nearly at the same time for all concentrations below MIC (Figure 6.12b and 6.12c), despite
the confirmed growth inhibition effect of these compounds (Figure 6.7e and 6.7f). This observation
indicates that there is no clear correlation between growth related properties and motility features.

In principle, the presence of a chemical repellent can induce the phosphorylation of CheY thus
the clockwise activity of the flagellar motor, i.e. tumble, which will drive bacteria swimming away
from the chemical repellent. [243, 244] However, not all chemicals that might be harmful to the
bacteria can be considered as a repellent, which is the case for penicillin and streptomycin, for
instance.[245] There is no clear evidence that ciprofloxacin and gentamicin act as chemorepellent
for E. coli neither. For the ampicillin case, filamentation is the dominant effect, which strongly
influences the traveling band formation. However, for ciprofloxacin and gentamicin, we hypothesize
that their concentrations have limited effects on y(x) itself, which is confirmed by the similar TB
distribution curves (Figure 6.13b and 6.13h). Unlike the study on different inoculum size without
drug treatment, the traveling band peak delay is not influenced by the lag phase difference. In a
previous study, we proposed that, in the latter cases, the main effect that the antimicrobials bring
about is promoting bacterial metabolic activity and inducing enhanced energy spilling.[98] Higher
energy consumption rates during bacterial growth also increases nutrient consumption dissolved
in the culture medium. Consequently, the self-generated chemical gradient, represented by f(b, s)
in Eqn. 6.2, may develop stronger and be formed on a shorter time scale. Here, the effect of g(b, s)
and h(b, s) describing the growth and death become less important. Our study suggests that the
motility and collective behavior correlated to bacterial virulence might potentially be promoted
by the presence of sub-MIC antimicrobials. This finding further confirms the importance of
correct antimicrobial prescription with appropriate doses in a therapeutic process. A more holistic
quantitative study, combining bacterial chemotaxis and metabolic effects under antimicrobial
stress, could reveal more interesting details in this respect.

Interestingly, the presence of traveling bands provides another method to perform fast AST for
motile bacteria. The mean speed peak or cell density peak usually appears after 4 to 7 hours (Figure
6.6 and 6.12). Even if this read-out time is longer than the method based on the single bacterial
growth imaging, for instance,[40] MIC values can be safely determined on a much shorter time
scale than with the gold standard broth micro dilution method (typically 16 hours to read-out).[28]
In the present proof-of-concept study, we performed AST starting from purified microbial colonies.
AST starting from positive on-chip blood cultures might be feasible by implementing microfluidic
toolboxes for sample preparation and purification.[246] Moreover, high-content information assays
based on different motility parameters may eventually open the path to optimized and personalized
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antimicrobial prescriptions.

6.5 Conclusion

Our microfluidic OA-based chip design provided specific advantages over other materials, enabling
the fabrication of accurately defined Hele-Shaw type microfluidic channels for high-content
imaging of individual bacterial trajectories in cell monolayers. By quantifying traveling band
parameters in a quasi-2D plane, we revealed that isogeneic E. coli incubated from different
inoculum sizes eventually developed different swimming phenotypes. Smaller inoculum sizes
generated a higher degree of coordinated community behavior with high cell density and
swimming speed. We propose that inoculum size may play the role of a noise source that
influences the gene expression, resulting in different manifestations of bistability. In our study, we
focused on the TB distribution as a direct phenotypic indicator and demonstrated the existence of
sub-groups with low-TB and high-TB values in the migrating bacterial populations. The relative
density of low-TB and high-TB sub-populations in the traveling band may explain the observed
variations in cell density and swimming speed distributions. In particular, low-TB bacteria usually
possess higher mean speeds and thus higher chemotactic ability associated with a higher effective
diffusion coefficient. The impact of antimicrobial stress on the E. coli traveling bands depended
strongly on the type of antibiotics and the concentration, especially in the case of ampicillin. For
ciprofloxacin and gentamicin, traveling bands were less affected, or even revealed an enhancement
of the chemotactic properties in specific cases. In the latter cases, traveling band peak delays were
nearly independent of the antibiotic concentration, in contrast to corresponding lag phase
extensions of the growth curves. We suggest that these compounds enhance the bacterial
metabolic activity and as a consequence the formation of the self-generated nutrient gradient,
which is at the origin of a bacterial traveling band. This observation implies a possible
compensation of opposing effects due to bacterial growth inhibition, nutrient depletion (metabolic
activity) and chemotactic swimming, which is also reflected in the Keller-Segel model. Replacing
the rich MH culture media by better controlled chemical environments, combined with theoretical
simulations, could further unravel this question.
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rd Conclusion and outlook

Combating antimicrobial resistance is an urgent global task.[2, 247] Serious bacterial infections have
been increasingly reported in recent years, possibly with fatal consequences when AMR is involved.
The whole society, including clinicians, researchers, companies, policy makers and eventually the
public need to coordinate actions to counteract efficiently the fast-spreading AMR. Antibiotics
as "magical weapons" are losing their efficiency against an ever increasing number of resistant
microbial pathogens, and the stagnation of the discovery of new antimicrobial compounds makes
the situation even worse.[248] Regarding the antibiotics currently available, optimum prescription
is one of the keys to retard the AMR development. After identifying a patient sample positive to
bacterial infection (e.g. blood, urine, etc.), fast AST provides valuable information on resistance
and MIC of the specific bacterial strain, enabling the correct prescription of antibiotics. In this
thesis, we conducted a research study on bacterial metabolism and AST with different microfluidic
platforms, in order to explore fundamental concepts and innovative methods for fast AST.

Here, we first provide a short summary and some concluding remarks on the present thesis work.
More extensive conclusions have been given in the respective chapters. In the outlook, we then
focus on a larger extend on future perspectives in the different fields addressed in this context.

7.1 Conclusion

7.1.1 Project summary

We introduced the heat transfer theory and general classifications of calorimeters. Historically,
this is a research field with rich results, of which the fundamental principles and designs are still
inspiring the development of modern calorimeters. New thermoelectric material combinations
further bring about new opportunities in constructing calorimeters with improved performance. In
particular, we emphasized theoretical aspects of thermopile-based heat flux sensors, a technology
that is largely exploited in modern nanocalorimeters, as thin-film thermocouples can be readily
implemented on a sensor membrane.

The origin of bacterial heat production is the loss of energy in the central metabolic process.
Heat production is influenced, for instance, by the nutrient level in the culture medium and by
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chemical compounds, in particular by antibiotics. In order to monitor and to analyze microbial
metabolic heat production, we developed a highly sensitive isothermal nanocalorimetric platform
(INCfAST). The heat flow curves obtained from small bacterial cultures (150 pL) reflect growth
rates and provide a measurement for lag phases. Considering metabolic heat flow as a viability
indicator, we performed AST on E. coli within several hours. This proof-of-concept study was
conducted with three antibiotics (ciprofloxacin, ampicillin, and gentamicin), featuring different
action mechanisms. The observed heat profiles can not only be considered as fingerprints for the
activity and efficacy of the compounds at different concentrations, but they can also be used to
determine correctly the MIC value ranges (i.e. corresponding to established standards). We also
found that the heat production per biomass is promoted, implying that the energy efficiency is
degrading in the presence of antibiotics. This metabolic perturbation can be interpreted of the
metabolic process energy spillage in the presence of antibiotics.

Measuring microbial oxygen consumption is an indirect calorimetric method. Oxygen
consumption occurs in the process of aerobic metabolic activity. In the frame of this work, we
modified the isothermal nanocalorimeter platform in order to implement an on-chip bacterial
oxygen consumption measurement system. The assays are based on photoluminescence oxygen
measurements in the microincubator under various conditions. Oxygen consumption was
promoted in a rich culture medium and delayed for decreasing culture temperatures. A clear
dependence of the oxygen consumption with the applied antibiotic concentration was observed.
Specifically, we found that bacteria possess a higher heat per oxygen consumption for growth in the
presence of low antimicrobial concentrations with respect to higher concentrations, especially for
ampicillin and ciprofloxacin. Furthermore, we established a model to describe the oxygen
consumption based on bacteria doubling in the exponential growth phase and we concluded that
under unfavorable cultural conditions, microbial doubling times prolong significantly. We also
confirmed that indirect calorimetry is a promising new approach for fast AST and correlated
oxygen consumption with metabolic heat measurements.

We further evaluated bacterial behavior under antimicrobial stress from a single-cell perspective, in
particular by analyzing the swimming trajectories of individual bacteria. For that purpose, we
fabricated a shallow microfluidic chip, based on a UV-curable optical adhesive microchannel with
a well-defined height of only 4 ym. By this means, bacterial suspensions could be confined in a
quasi-2D plane to facilitate high-precision imaging. We were interested in collective bacterial
migration patterns due to self-generated chemical gradients, so-called "traveling bands".
Interestingly, different inoculum sizes of genetically identical bacterial cultures lead to different
swimming behaviors. Small inoculum size results in a smaller phenotypic diversity, revealed by the
corresponding tumble bias distribution, and by the higher cell density and swimming velocity in
the migration peak of the band. Even if growth inhibition in the presence of antibiotics was
confirmed by the optical density measurements, this feature did not inhibit the presence of the
collective migration pattern. Furthermore, we took advantage of the same microfluidic system to
study the morphology of E. coli cultured with antibiotics. Ampicillin, taking effect on the cell wall,
demonstrated a pronounced filamentation effect, i.e. an elongation of the cell body without
division. Although, ciprofloxacin influences the synthesis of intracellular DNA, elongation was also
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observed to a minor extent. Gentamicin did not generate filamentation in our study.

Overall in this thesis, considering the challenging situation of AMR spreading, we intended to
provide some new insights on antimicrobial activity from metabolic and motility perspectives. We
developed new approaches and technologies with proven potential for fast AST. Further
investigation of the platforms in clinical laboratories and with clinically relevant bacterial strains
allows assessing the applicability in real health-care settings.

7.1.2 Technology readiness

For the development of in vitro diagnostic devices four characteristics need to be considered: (i) the
robustness, (ii) the reliability, (iii) the cost per test, and (iv) the read-out time. Overall, we were able
to prove robust functionalities in performing AST on E. coli using the INCfAST platform. The results
are shown to be coherent with the conventional gold standard method. Therefore, we assume that
our INCFAST prototype has accomplished the technology readiness level (TRL) 3, comprising the
implementation of the critical functions and the proof-of-concept study. The current prototype is at
TRL 4, i.e, laboratory testing of prototype component and processes. As we have analyzed in Table
3.1 and Table 4.3, INCfAST has the same level of technical performance and read-out time as the
other commercial products and calorimetry research devices. Nevertheless, although the INCfAST
platform provides some advantages in terms of sample manipulation, several challenges have to be
faced to further promote a possible market introduction of the current system. First, throughput
needs to be improved by implementing automated modules in the product prototype. By this means,
it will also be possible to reduce the cost per test, as will be discussed in the following section.
The read-out time of 5-7 h is faster than for the conventional methods, however, the INCfAST
platform cannot achieve the best performance of innovative methods based on single bacterial
study, declaring values as fast as 30 min.[40] Further improvement of the device sensitivity would
be necessary in order to improve the test speed. However, depending on the specific application,
the high information content of the nanocalorimetric heat profiles can counterbalance the lack of
assay speed.

7.2 Outlook

7.2.1 High-throughput calorimeters with increased sensitivity

The INCfAST nanocalorimetric platform developed in the current thesis is a prototype for proof-of-
concept studies. Some aspects still have room for improvement.

(i) The dual-chip system only allows for two parallel measurements, which cannot fit the
requirement of current clinical settings. Higher throughput, i.e. more samples tested in parallel,
not only reduces significantly the turn-around time, but also reduces dramatically the cost per
assay, thus the financial burden for the public health-care system. It appears to be beneficial to
implement a platform with more measurement units in the future. Meanwhile, the fluidic handling
system need to be optimized accordingly. Manual operations by the user should be replaced by

137



Chapter 7. Conclusion and outlook

fully automated protocols, where only the collected clinical sample is introduced and quantitative
MIC values appear as read-out at the end of the test.

(ii) In our platform the on-chip sample microincubator was not closed at the bottom, i.e. the
biological sample was in direct contact with the sensor surface. This technique was used to
maximize the thermal contact between the sample and the sensor, in order to enhance the sensitivity
of the calorimeter. Even if we have proven that our sterilization procedure was efficient, it would be
better to avoid this step and to develop disposable sample microincubators.

(iii) The Seebeck coefficient is of great importance for the sensor performance. The thin-film based
thermopile sensor used in this work has a Seebeck coefficient of 300 uV/K, which is still lower
than the best p-n type thermopile sensor with a coefficient as high as 1800 pV/K.[75] The high-
density integration of thermocouples for a thin-film thermopile sensor compensates the drawback
of relatively low Seebeck coefficients to a certain extent. In contrast, the pillar structure of the
p-n type thermopile sensor may pose difficulties with respect to the integration in dense arrays.
Therefore, the investigation on packing high-density p-n junctions is of importance in order to
develop high performance heat flux senors. In addition, some other thermopile architectures may
also be considered.[65]

(iv) Interestingly, it has been shown that heat flow patterns can potentially be used for the
identification of bacterial species.[117] In order to further verify this possibility, a database of heat
flow profiles of different species should be established. Building such a database would strongly
benefit from high-throughput platforms. In the current study, we only used nutrient-rich culture
media. As the microbial gene profiles in nutrient-limited are quite different, heat flow profiles in
such culture media may further help to distinguish and establish heat flow fingerprints for different
bacterial species. A platform providing both AST results and bacterial identification would clearly
address the clinical needs.

7.2.2 Why not performing AST with blood samples?

As shown in the clinical workflow for a blood stream infection (Figure 1.3), a sample purification
step is needed ahead of performing AST. One may ask the question why AST is not performed
directly on the blood sample. For conventional clinical settings, identification of the infectious
strain is a prerequisite for the drug prescription. On the other hand, AST without preliminary
species identification provides a mean for antimicrobial prescription without knowing the infecting
pathogens. This methodology is quite controversial, as the physician actually still relies on species
identification to establish a diagnosis. The best and most efficient protocol to be applied in clinical
setting may deserve more investigation. Again, as mentioned above, an AST platform enabling
bacterial identification based on metabolic heat profiles would be the ideal solution. Another
promising route can be single-bacterial study by isolating pathogens from the blood sample directly.
This routine avoids the time-consuming purification step, and possibly also reduces the time
needed for the blood culture step.

The heat measurement using the present calorimetric platform depends on the number of bacteria
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in the microincubator near the sensing unit, which was typically in the range of 10°-10” CFU/mL in
the present study. Considering that in the case of blood infections the concentration of bacteria
in the blood stream can be as low as 1 - 10 CFU/mL, it will be challenging to identify bacterial
presence in the microincubator directly from blood samples. Therefore, a pre-concentration or
pre-culture step is still required. An additional method might be to use the off-chip reservoir of the
INCFAST platform for blood culture (~ 10 mL). In this case a fluidic protocol may be easily applied
in order to transfer the sample periodically from the reservoir into the microincubator and visa
versa, for successive culture and signal acquisition steps, respectively (Figure 4.4).

7.2.3 The metabolic perspective

In the current work, we only studied bacteria in nutrient-rich media, as by convention used to
perform antimicrobial investigation. The microbial gene expression set is well documented for
these conditions, and also for the nutrient-limited condition, the gene expression set is charted.
However, in the in vivo infection model, the target gene expression set is much larger than for in
vitro assays in rich or poor media. More advanced metabolic investigations of in vivo infection with
organ-on-a-chip system is therefore another promising direction that might reveal new therapeutic
features.[248]

7.2.4 Microbial co-culture

Co-culture is an important topic to study the cell micro-environment and cell-cell communication.
Various micro-/nanotechnologies for cell co-culture have been developed.[249, 250] Microbial
co-culture, which is somehow different from the concept of cell co-culture, is of great interest in the
discovery of antimicrobials and the evaluation of their efficiency. For instance, one type of
microbial strain may stimulate the secretion of chemicals of another microbial strain.[251] In the
frame of this thesis, the metabolic activity is studied based on the culture of a single bacterial strain.
Nevertheless, it is feasible to culture two types of bacteria simultaneously with the developed
set-ups. We forecast that the obtained heat or oxygen consumption profiles would monitor an
overlap of the metabolic activity of the two microbial strains. We propose the possibility of using
machine learning to decompose and assist interpreting metabolic profiles recorded from
co-cultures, provided a sufficient amount of data can be acquired in combination with other
chemical screening technologies. On a single bacterial level, it is also possible to study co-cultured
bacteria directly with optical and/or fluorescence microscopy, in particular in view of more
advanced motility studies based on the work presented in this thesis. The motility chip design can
easily be adapted to meet the requirements of the co-cultured species.

7.2.5 Bacterial motility

The mechanism of the bacterial flagella motor has been well established, while the role of motility
on the pathogenic virulence is still a research field of great interest.[197, 252] Although in this thesis
we concluded that different bacterial inoculum sizes may lead to different phenotypic diversity, the
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origin of this diversity still needs further investigation. Our proposed assumption that the initial
diversity in the inoculum is amplified has to be confirmed by direct assessment of the bacterial
features.

7.2.6 Development of new antimicrobials

A continuous discovery of new classes of antibiotics is one of the key solution to counteract AMR.
However, the limited profits of antimicrobial discovery with respect to other drug developments
may not justify the investment by the private pharmaceutical companies.[253] Microfluidic-assisted
technology may improve the efficiency of a drug discovery process, thus possibly decrease the
cost of the antimicrobial drug discovery pipeline. More specifically, the following routes may be
explored for the discovery of new antibiotics.

(i) The first approach can be realized by chemical synthesis. Modification of the chemical scaffolds
of the existing antibiotics is a traditional method to evade the resistance. Although this has proven
to be a great success from the 1960s until the early 1990s, it is harder and harder to apply this
methodology to confront the AMR[2]. Despite the existing robotic liquid handling systems for high-
throughput screening of biochemical compounds, synthesis based on microfluidics and integration
with drug screening systems still deserves more attention.

(ii) The study of inter-species interaction of bacteria with high-throughput time lapse imaging
may give clues for the discovery of natural antibiotics. For example, since 2008, more than 1000
compounds were isolated from marine microorganisms. Will some antibiotics be found in these
compounds? Evaluating the antimicrobial properties of these compounds may rely on micro-
investigation of the response of bacterial strains.

(iii) Revealing mechanisms of antimicrobial resistance may provide new impulses for antimicrobial
discovery. From a more holistic point of view, revamping the way of combining mechanistic
studies and drug screening can be a promising perspective. Moreover, a combinatorial approach
can maximize the use of current antibiotics and even rehabilitate some obsolete drugs. This
combinatorial methodology may also benefit from a problem-oriented microfluidic approach.

Here, we provided a discussion from a researcher’s point of view, which is limited to fundamental
or engineering aspects. However, the problem of AMR has to be addressed from a much broader
societal perspective. For example, a global resistance reporting and monitoring system would be
beneficial for the coordination of institutional action plans and also of global research activities.
Furthermore, it is of particular importance to foster public education about the problems related to
antibiotics misusing, e.g. by over-prescription or self-medication. Stronger regulations of antibiotic
consumption in agriculture, animal husbandry, dairy industry is necessary as well. We believe that
only if urgent and global actions are taken, the current trend of quickly rising AMR can be reversed.
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i\ Additional technical notes

A.1 Environmental effect on the baseline drift

We investigated the environmental effect on the heat sensor signal in the INCfAST platform. Ideally,
in the case that the room temperature would be constant, heat loss from the thermostat to the
surrounding environment is constant as well. Therefore, the heat power to maintain the thermostat
temperature is constant as well. However in reality, for instance for an overnight measurement,
the room temperature of the experimental space cannot be accurately maintained. As shown in
Figure A.1a, the thermostat is maintained at 37 °C at the probing point with a variation of + 200
1K, however, this does not imply a constant temperature distribution all over the thermostat and
the surrounding thermal shielding (foam). The room temperature (red curve in Figure A.1b) has a
peak-to-peak fluctuation of 1 K. As a consequence, the temperature at the inner side of the foam
box (used to isolate the thermostat from the environment) has a corresponding peak-top-peak
fluctuation of 0.5 K (blue curve in Figure A.1b). The foam temperature is higher than the room
temperature because the thermostat is maintained at 37 °C in this case.

The heat transfer from the thermostat to the thermal shielding foam changes upon to the
fluctuation of room temperature, thus changing the boundary condition. The external heater
power (green curve in Figure A.1c) to maintain the thermostat temperature varies inversely to the
foam temperature (blue curve in Figure A.1c). The heater power is reflected likewise in the sensor
voltage signals (purple and brown curve in Figure A.1d), i.e. the sensor signals vary in the same way
as the heater power (green curve in Figure A.1d). Only DI water is filled in the microincubator, so
there is no self-generated heat from the sample.

By controlling the ventilation of the laboratory, we can meditate the impact of air convection on
the temperature perturbation in the experimental space. More sophisticated solutions have been
presented in some of the recent papers.[87, 119] As shown in Figure A.2, two calorimeter studies
achieved a good baseline thanks to multi-layer thermostat structures. In this configuration, the
heater that is closest to the sensing unit could be maintained at a much more stable power level.
The resulting high signal-to-noise level enabled stable long-term single-cell or single C. elegens
measurements. Eventually, in our INCfAST platform we used two foam layers to minimize the
effect of environmental fluctuations (Figure A.3a). Fast heat regulation could be achieved with
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Figure A.1 — Environmental effect on heat flow. (a) Thermostat temperature at the probing point.
(b) Room temperature and foam temperature. (b) Foam temperature and the heater power for the
thermostat regulation. (c) Heater power and the corresponding sensors signal as a function of time.
Sensor 1 and Sensor 2 are positioned symmetrically in the dual-chip nanocalorimeter platform as
shown in Figure 4.1b.

three heaters at different locations of the thermostat (Figure A.3b). However, how to guarantee a
homogeneous temperature distribution using the three heaters simultaneously still need further
investigation.

A.2 PID controller

For temperature stabilization, a closed-loop proportional-integral-derivative (PID) controller was
used to calculate the heater power output based on the measured temperature.

As shown in the Figure A.4, we define the error signal e(#) as the difference between the reference
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Figure A.2 — Examples for calorimeters with multi-layer thermostats. (a) Multi-layer thermostat to
minimize the temperature variation and baseline fluctuation for single-cell heat power study.[87]
(b) Schematic representation of the set-up in (a). (c) System with three thermal shields to prevent
perturbations due to the fluctuations of the ambient temperature.[119]

signal r(¢) and the measured value m(t).
e(t) =r(2) —m(1) (A.1)

PID loop consists of three terms based on the error signal: the proportional (P), the integrative ()
and the derivative (D) term, which regulate a final output o(?), i.e. the heater power to maintain the
thermostat temperature.

The proportional term imposes a correction proportional to the error signal. When the error signal
is high, the proportional term takes action, however, only by proportional mode, however, this
generates an o(t) response that oscillates in a sinusoidal way.

o(t) = kpe(t) (A.2)

where kp is the proportional gain.

To improve the control algorithm, the integral term is introduced as:
o(t) = klf e(r)dr (A.3)

where k; is the integral gain. The output with respect to this term relies on the time integral of the
error signal. In the case of an error offset, the integral output can further minimize the error signal.
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Figure A.3 — Schematic representation and pictures of the INCfAST system and the measurement
set-up. (a) Two foam layers to isolate the thermostat from the environment. (b) Picture of the
thermostat unit with top, middle and bottom heating plates. (c) Picture of the whole system, from
left to the right: computer for the controlling softwares, MFCS air pump, electrical components
(including ohmmeter, power supply, source meter, nano-voltmeter), foam box for thermal shielding,
thermostat and the measurement system (inside the foam), and sample reservoirs inside the rack.

r(t) ke
e(t) » k[ dt o(t)
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7y k,d/dt

Figure A.4 — Schematic representation of the PID program. Three terms contribute to the output
signal o(t): the proportional term (kp), the integrative term (kj) and the derivative term (kp), which
are obtained based on the error signal e(f) at a specific time point.

The derivative term accounts for an output variation that is proportional to temporal changes of
the error signal

de(t)
dt

o(t)=kp (A.4)
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A.3. ADC resolution

This term is important when the setting point changes, as it allows the controller to follow smoothly
sudden changes. This term will play an important role for developing a scanning temperature
device. For fixed temperature setting as for our system, this term is not important thus not used.

In summary, the output signal o(#) may be expressed in the following way:

de(?)
dt

o(t) = kpe(t) + Ic;f e(r)dr + kp (A.5)

In our study, the PID controlling program is provided by an integrated function in LabVIEW.

A.3 ADC resolution

We have achieved a temperature stabilization of + 200 uK. The best performance reported in
the state-of-the-art literature is higher (+ 80 puK[87] and + 40 uK[84]). For the construction of
PID-controlled heater in the current study, we used Agilent 34401A for temperature acquisition (6.5
digits) and Agilent E3645A power supply (resolution 0.01 V). The temperature resolution of Agilent
34401A is 130 uK considering a minimum measured resistance value 0.5 mQ. For a RTD PT1000
temperature sensor the conversion between the 4-wire resistance and the temperature is given by
T = (Rawire —1000)/2.85. The limited resolution of power supply is not able to render the precision
of the output value given by the PID program. For future study, a system enabling higher resolution
for temperature and heater power will need to be implemented for further improvement of the
temperature stability, thus the reduction of noise level and baseline drift.

A.4 Sensor datasheet

The thermopile sensor used in the current study was purchased from Xensor Integration (EJ
Delfgauw, Netherlands). The technical specifications of the XEN-NCM9924 sensor can be found in
the datasheet in Figure A.5. Compared to the previous study[118], we use a sensor with a thicker
membrane (45 pm instead of 22 ym) in order to have a higher mechanical performance required
for on-chip washing protocols. However it should be noted that the 22 ym has a better power
sensitivity due to a lower thermal conductance in the lateral direction of the membrane. The sensor
is packaged with a 68-pin grid array (PGA), e.g. for thermopile voltage outputs and for connecting
the on-chip heater for sensor calibration (Figure A.6). We have designed the printed circuit board
(PCB) to accommodate the sensor chip.
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Table 2.1 Specifications (ambient temperature 22 °C)

XEN-LCM XEN-LCM XEN-NCM XEN-TCG
2506 quad 9924 3880
Parameter typ typ typ typ unit symbol  notes
Dimensions
housing size 29x29x7 29x29x7 29x29x7  3.3x2.5x0.3 mm?®
chip dimensions 5x5 4 of 5x5 10x10 mm?
membrane size 3.5x3.5 3.5x3.5 8.3x8.3 mm?
membrane thickness 4-8 4-8 22-45 1 pum
Output
in air at 1013 mbar 8 8 1.2-24 30 VIW
in still water 4 4 - - VIW
Time constant T
in air 9 ms
in vacuum 36 ms
Stability
short term 100 ppm
long term 1000 ppm
Thermopile
resistance 150 150 50 55 kQ Ry
effective sensitivity 1.3 mV/K St
intrinsic sensitivity 50-80 50-80 50 24  mVIK
temp coefficient 0.05 %/K
Heater
resistance 0.8 0.8 0.44 0.6 kQ Rheat
resistance R1-R2 - - 1.0 - kQ Rheat Alu heater
resistance R1-R3 - - 0.25 - kQ Rheat Alu heater
temperature coefficient 0.1 %/K
Thermal resistance
membrane 100 kK/W
temperature coefficient %/IK
membrane + gas 23 kKW
temperature coefficient -0.08 %lK
chip to housing KW
Maximum heating voltage Uneat
in air 2.5 \Y
in vacuum 1 \Y,
Sensor ambient temp
minimum -40 °C
maximum 85 °C
Heater max temp 250 °C

Figure A.5 — Datasheet of the sensor XEN-NCM9924 used in this work and similar versions (not
used in the frame of this work). Adapted from [78]
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Figure A.6 — Photo of the thermopile sensor chip with PGA connector (XEN-NCM9924). Adapted
from [78]
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Software program

In the thesis, we used various software programs for data acquisition and data processing, including
LabVIEW, MATLAB, OriginLAB, and Python program language.

B.1 LabVIEW program

LabVIEW was used to create and implement different control programs, in particular for the PID
heater controller, the MFCS air pump controller, and the data acquisition system with electrical
instruments (Figure B.1a). Figure B.2 shows an example of the LabVIEW program interface.

B.2 MATLAB and Python code

We implemented a series of MATLAB and Python code to perform data management and data
processing. The involved functionalities includes file/folder management, image/data processing,
and post-processing of the results. A schematic representation is shown in Figure B.3. Figure
B.4 shows a screenshot of GUI program developed with MATLAB, enabling the heat flow signal
processing. At the time-being of writing the thesis, I am still organizing the code and arrange them
in a consistent way. The final script and protocol will be available in near future on the author’s
github repositories: https://github.com/polyyl?tab=repositories
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Appendix B. Software program

LabVIEW Software

PID Heater
System

stabilisation to

I Temperature

Figure B.1 — LabVIEW program and instruments used in this work. (a) Structure of the LabVIEW
program, including PID controller, MFCS pump controller, and data acquisition modules. (b)
Instruments for temperature controller. Upper left: Agilent 34401A for temperature acquisition
based on a 4-wire resistance measurement. Upper right: Agilent E3645A as power supply for the
heating pads. Lower: LakeShore Model 336® for temperature probing in different positions. (c)
Left: MFCS pressure controller from Fluigent®. Upper right: Micro-incubator with the Upchurch®
PEEK connectors. Lower right: Reservoir with PEEK connectors. (d) Upper: Keysight 34420A for
reading the sensor signal. Lower: KEITHLEY 2400 SourceMeter applying an electrical power to the
integrated heater on the thermopile sensor chip.
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Figure B.2 — An example of LabVIEW program interface, for monitoring the temperature,

power and acquiring the sensors’ voltage signal.
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Figure B.3 — Mindmap of codes. The codes have several purposes: (i) file/folder management and
organization, (ii) image/data processing, and (iii) statistical analysis of the results.
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Figure B.4 — MATLAB program for the INCfAST data processing.
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(] Heat transfer simulations

We applied finite element analysis (FEA, COMSOL Multiphysics®) for heat transfer simulations
to assist designing of the platform. Figure C.1 shows some of the important settings for the heat
transfer simulation of the nanocalorimetry system (single measuring unit and in 2 dimension).

We implemented a PID controller module in the COMSOL program as shown in Figure C.1a and
C.1b based on the tutorial[254]. We simplified the system to a single-unit system on a 2-D plan and
attributed the correspond materials to the different parts: Aluminum thermostat, PMMA sample
well, PS thin film between the sample and the thermopile, and water as liquid model for the sample.
Our simulation represents an ideal situation without environmental influence. In the study of
bacterial motility, we also applied a similar methodology to study the temperature distribution for
the on-chip incubation.

Simulation results for the nanocalorimeter are presented in Figure C.2. After stabilization for about
1 hour, the temperature of the system is uniform (Figure C.2a and C.2b). The temperature difference
between the hot and cold junctions stands for the signal baseline, which is constant when the
environmental perturbations are absent (Figure C.2c).
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Appendix C. Heat transfer simulations

Parameters
Label: Parameters 1

v Parameters

Global Equations
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63 500(s] 500 Important up up-Kp*err 0 0
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tau2 63-taul 4900 ¢ ud taud*udt+ud-Kd*d(... 0 0

omega 2[rad/s] 2 rad/s 0 0

zeta 15 1.5 d

taud 1/(2*zeta*omega) 0.16667 s 4 5 Materials

kappa omega/(2*zeta*gain) 4.4444E-41... b Silicon (mati)

Kp kappa*(taul +tau2 +taud) 02223 1/K : Aluminum 6063-T83.1 (mat79)

Ki kappa 44444E-41... Aluminum 6063-T83 (mat3)

Kd kappa*(tau-taud)*(tau2-taud) -0.014807 s/K PMMA - Poly methyl methacrylate 1 (mat78)
noiseScale 0 0 # PMMA - Poly methyl methacrylate (mat77)
reftemp  310.15 [K] 31015K PDMS - Polydimethylsiloxane (mat2)
noisetemp 0 [K] 0K Aluminum (mat4)

surf 0.01 [m*2] 0.01 m : Water, liquid (mat5)

qmax 50 [W]/surf/0.1[m] 50000 W/m?* Air (mat7)

pmax 300[W] 300 W Important

: Polystyrene (PS) [solid] (mat73)
+ Polyimide (mati4)
+ Al203-TiC [solid] (mat15)
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b s FR4 (Circuit Board) (mati7)
4 @ Heat Transfer in Solids (ht)
@ Solid 1
@ Initial Values 1
25 Thermal Insulation 1
@ Heat Source 1
Fluid 1
Wall Temperature
& Heat Flux 1
Diffuse Surface 1

Heat Source 2
Phase Change Material 1
4 - Global ODEs and DAEs (ge)
“) PID controller Global Equations 1

Figure C.1 - COMSOL Multiphysics® simulation snapshots. (a) Predefined parameters. (b) Global
differential equations to simulate the PID controller module. (c) Physics-controlled mesh. (d)
Materials and physics model involved in the study. The physical model includes a heat transfer
module and the global equations to implement the PID controller.
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Figure C.2 — 2-D heat transfer simulation results.
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(a) Temperature distribution in an ideal

situation, i.e. no ambient temperature fluctuations. (b) Temperature evolution for the bulk of
the nanocalorimeter, hot and cold junctions of the thermopile. (c) Temperature difference between
the hot and cold junctions, that contributes to the sensor baseline. (d) Allocation of materials in the

study.
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Appendix C. Heat transfer simulations
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