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Abstract

Microbial single-cell analysis using microfluidics is a promising method for studying
microbial growth behavior in detail under precisely controlled environments. However,
little effort has been made to incorporate spatiotemporal O, control, a critical factor in-
fluencing microbial growth and physiology. This dissertation explores various strategies
for establishing straightforward O, control, temporal O, control in the range of seconds
to minutes, and spatial O, control in the range of micrometers.

First, a comprehensive experimental platform was developed that is transferable to
microbial single-cell analysis within various formats of microfluidic devices. Using a
low-cost 3D-printed mini-incubator surrounding the air-permeable PDMS microfluidic
chip, the O, concentration in the microfluidic chip was controlled. The O, sensing me-
thod using FLIM and an O;-sensitive dye was also implemented, allowing direct mea-
surement of the O, availability inside the fluid channels. Subsequent imaging with time-
lapse microscopy and deep-learning-based image analysis provided a solid platform for
data analysis.

Furthermore, a double-layer microfluidic chip was developed to implement spatio-
temporal O, control in microbial single-cell analysis. The newly developed microfluidic
platform could reproduce O, oscillations occurring within seconds to minutes, thus enab-
ling time-resolved microbial growth analysis at single-cell resolution. The case studies
were performed by studying the aerobic and anaerobic growth and adaptation of E. coli
and C. glutamicum. The growth analysis results revealed aerobic/anaerobic specific grow-
th and growth adaptation in response to O, oscillations, insights that cannot be obtained
using conventional cultivation setups.

Lastly, several different designs of the double-layer microfluidic chip were introdu-
ced to achieve spatial O, control in microbial single-cell analysis in the range from mil-
limeters down to micrometers. The experimental results demonstrated the capability of
spatial O, control by diffusion. The proposed concepts and devices are expected to be
used for further microbial growth characterization under spatiotemporally structured O,
microenvironments.
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Zusammenfassung

Die Einzelzellanalyse lebender Mikroorganismen in mikrofluidischen Versuchsan-
ordnungen ist eine innovative experimentelle Methode zur Aufschliisselung des
mikrobiellen Wachstums mit Einzelzell-Auflosung. Die Mikrofluidik ermoglicht dabei
die Kultivierung der Organismen unter genau kontrollierten Bedingungen. Bisher gibt
es kaum veroffentliche Studien und technische Ansitze, in denen eine praktikable,
rdumlich-zeitliche O,-Kontrolle im Mikrochip realisiert wurde. Dabei gehort Sauerstoff
zu den Faktoren, die einen erheblichen Einfluss auf das mikrobielle Wachstum haben.
In dieser Dissertation werden verschiedene Systeme zur Steuerung des im Chip vorhan-
denen Sauerstoffs entwickelt und experimentell charakterisiert. Diese neuen Methoden
ermoglichen das Anlegen zeitlich verdnderlicher O,-Konzentrationen mit Umschalt-
vorgingen im Bereich von Sekunden und rdumlich aufgeloste Sauerstoffgradienten im
um-Bereich.

Zugeschnitten auf die bereits vorhandenen mikrofluidischen Kultivierungssysteme, wur-
de zunichst eine universellere Inkubatorlosung entwickelt. Durch die Verwendung eines
3D-gedruckten Mini-Inkubators, der den gasdurchlidssigen Mikrofluidikchip umgibt,
konnte die O,-Konzentration im Mikrofluidikchip einfach, wenn auch verhéltnismaé-
Big langsam gesteuert werden. Bildgebende Fluoreszenzlebenszeit-Messungen eines
O,-empfindlichen Farbstoffes wurden implementiert, welche eine rdumlich-zeitlich
aufgeloste Messung der O;-Verfiigbarkeit in den Fluidkanilen ermdglichen. Die Le-
bendzellmikroskopie erzeugt wihrend des Experiments grofle Bilddatensétze, und die
Deep-Learning basierte Bildanalyse im Anschluss an das Experiment ermoglicht, eine
effiziente und robuste Analyse.

Dariiber hinaus wurde ein integrativer Ansatz fiir einen zweilagigen mikrofluidischen
Chip entwickelt, der eine erheblich schnellere O,-Kontrolle in der mikrobiellen
Einzelzellanalyse ermoglicht. Der neu entwickelte mikrofluidische Chip erlaubt re-
produzierbare O,-Oszillationen mit Perioden im Sekundenbereich und ldnger. Dieser
Ansatz ermoglicht erstmalig durchgefiihrte, zeitlich aufgeloste Wachstumsanalysen
unter schnellen Sauerstoff-Verdnderungen. Diverse Fallstudien wurden durchgefiihrt,
indem aerobes, anaerobes Wachstum und die zelluldren Adaption von E. coli und C.
glutamicum untersucht wurden, welche mit herkdmmlichen Kultivierungsmethoden
bisher nicht moglich waren.

In einer dritten Entwicklungsstufe, wurden zweischichtige mikrofluidische Chips ent-
wickelt, die eine rdumliche O,-Kontrolle, z.B. das Anlegen von Gradienten im Bereich
von mm bis um ermoglichen. Erste experimentellen Ergebnisse waren erfolgreich und
zeigen die Moglichkeit der rdumlichen O,-Kontrolle. Die vorgeschlagenen Konzepte
sollen zukiinftig fiir weitere Wachstumsanalysen in rdumlich-zeitlich strukturierten
0,-Mikroumgebungen eingesetzt werden.
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1 Motivation and Background

Microbial habitats are often not stable but spatiotemporally structured, which plays a
crucial role in shaping microbial communities and their interactions. Molecular oxygen
(O,) particularly influences microbial growth and behavior, making it a critical factor
to investigate. Microfluidic approaches are increasingly utilized to systematically study
microbial growth, physiology, and interactions at the single-cell, population, and com-
munity levels under spatiotemporally structured O, conditions. These methods enable
precise control over spatiotemporal microenvironments with real-time imaging capabil-
ities — an advantage not feasible with conventional experimental setups. This chapter
provides a comprehensive overview of the research background for this thesis, empha-
sizing relevant previous studies. The scope of the thesis is outlined, including challenges
and requirements identified from the research background.

1.1 Spatiotemporally Structured Environments in Microbial Habitats

Microbes in natural habitats are exposed to spatiotemporally structured environmental
conditions and have evolved strategies to adapt to these conditions [1]]. These envi-
ronments are characterized by variations in spatial arrangements and temporal dynam-
ics, which significantly influence microbial behavior, coexistence, and evolutionary pro-
cesses. Various parameters, such as O, availability [2]], nutrients[3]], pH [4], temperature
[5], and light [6], are shaping complex microenvironments, serving as habitats for di-
verse microbial life. Natural habitats include various environments, ranging from soil
and aquatic systems (ocean, river, lake, etc.) to host-associated microenvironments (gut,
oral cavity, etc.).

Spatially arranged microenvironments in microbial habitats often arise from gradients
or resource patchiness. Soil aggregate, for example, has tortuous and porous structures
that restrict resource transport via diffusion or fluid flow, driving spatially heterogeneous
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Figure 1.1: Spatiotemporally structured environments in microbial habitats. (A) Soil
aggregate, (B) rhizosphere, (C) phycosphere, and (D) intestine (adapted with permission
from (A) , B, C) , and (D) [P]]

distribution of resources and leading to spatial microbial patterns (Fig.[I.T]A) 7, [TOH12].
In the ocean at the microscale, a nutrient-rich region known as the "phycosphere" sur-
rounds a phytoplankton cell, which creates gradients and patches of dissolved organic
matter and O, exuded from the cells and offers aquatic bacteria a sweet spot of microen-
vironments (Fig.[T.T[C) [3}[8]]. Similar to the phycosphere is the rhizosphere, a small area
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near the plant root that offers bacteria organic substrate, making it a hotspot for micro-
bial inhabitance (Fig.[I.TB) [8, [I3]. In the intestine, distinctive protrusion and dead-end
pocket structures (villus and crypt) exist, structuring resource gradients and forming spa-
tial patterning of the gut microbiome (Fig. [I.TD) [9}[I4]. Another example of spatial ar-
rangement is biofilm, a layer of microbes that colonizes and develops on surfaces. Within
these layered structures, resource gradients are structured by different diffusion rates due
to varying distances from the surface and consumption of resources by various layers of
microbial populations [15H17[]. The scale of such spatial microenvironments is estimated
by cell size (~ 0.4 - 2 um range) in the case of non-motile bacterium and motility rate in
the case of motile bacterium [3]].

Adding to spatial aspects, temporal dynamics further complicate the configuration of
microenvironments that microbes inhabit. Microbes proliferate in fluctuating environ-
ments on different time scales with different parameters. Fluctuations at long time scales
can occur in months and seasons. Previous research has shown that seasonal drying and
wetting cycles in tropical forests result in nutrient pulse and fluctuating nitrogen avail-
ability in soil on the timescale of months to seasons [18]]. The short time scale can be in
days and hours. For instance, plants and cyanobacteria, requiring light sources for photo-
synthesis, experience day/night cycles every around half a day [6]]. Soil temperature can
also fluctuate by day/night cycles and weather, which affects soil microbial respiration
and promotes thermal adaptation [5]]. In aquatic environments, microbes encounter new
microenvironments in the time scale of seconds to minutes due to changes in surround-
ing conditions, displacement caused by fluid flow, and microbe’s motility in the case
of chemotactic bacteria [[19]. The phycosphere, the nutrient hotspot explained earlier,
can dissipate in minutes or even faster due to diffusion and turbulence in fluid [20} 21].
Temporal dynamics in microenvironments can also occur in animal hosts owing to daily
activities, such as ingestion and breathing, and can be found in the nasal passage [4]], lung
[22] and intestine [23]].

Spatiotemporally dynamic environments are also prevalent in biotechnological cul-
tivation setups. In industrial-scale bioreactors, for instance, the stirring of large culture
volumes often results in inefficient mixing, leading to the heterogeneous distribution of
O; and nutrients (Fig. @]) [2427]]. Microbes cultivated in such a bioreactor experience
fluctuating environments as they roam around different sections of the bioreactor [28|
29]. The heterogeneous distribution of resources and resulting cultivation in fluctuating
environments can potentially lead to yield losses, so research efforts have been prompted
to alleviate these gradients. However, achieving fully optimized and uniform cultivation
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Figure 1.2: Spatiotemporally fluctuating environments in an industrial-scale bioreactor,
illustrating gas volume fractions at different time points (adapted with permission from

7).

conditions within a single vessel remains challenging.

Investigating microbial behavior in spatiotemporally structured environments will
improve understanding of microbial adaptation strategies to external environmental
changes that naturally occur. In a practical sense, these studies have the potential to offer
insights into how to enhance efficiency in industrial biotechnology.

1.2 Oxygen and Microbial Growth

Among the various environmental conditions, the availability of O, is one of the most
critical for microbial growth and physiology, as O; is intricately linked with a multitude
of microbial processes, such as iron homeostasis (via spontaneous or enzymatic oxida-
tion of soluble ferrous to insoluble and thus challenging to access ferric iron) [30]. O
is valuable as a primary electron acceptor for aerobic respiration in many microorgan-
isms. While obligate aerobes and anaerobes essentially need either sufficient O, supply
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or strict Oy limitation for growth, facultative anaerobes are capable of growing under both
aerobic and anaerobic conditions by adapting their metabolic pathways between aerobic
respiration and anaerobic respiration or fermentation depending on surrounding O; en-
vironments [31-33]]. This characteristic of facultative anaerobes to adapt to different O,
environments has been extensively studied in single-shift O, environments. The previous
studies have involved the analysis of the intracellular adaptation, such as transcriptome
[31]], protein synthesis [|34]], metabolome [35]], flux balance [[36]], and phenotypic adapta-
tion like growth fitness [37]].

Microbes behave following spatiotemporal O, environments based on their tolerance
to O, availability. As a result, spatiotemporally heterogeneous O, environments could
drive metabolic diversity and heterogeneity within populations. Within microbial popu-
lations, spatiotemporal O, environments can induce stress responses, such as oxidative
stress under high O, levels (via the formation of reactive O, species as by-products of
O, metabolism), which enhances microbial resilience or drives evolutionary adaptations
[38]]. Pathogenesis is also closely related to spatiotemporal O, gradients since pathogenic
virulence and infection are influenced by the O, availability within host tissues [32} 39].
At the microbial community level, spatiotemporal O, environments mediate interspecies
interactions, such as cross-feeding (aerobic microbes depleting O, and creating anaer-
obic conditions for obligate anaerobes) [7}, 40], competition (several species competing
for O,) [41]], and signaling (quorum sensing being modulated by O, gradients) [42].
These interactions lead to the organization of microbial spatial structures, represented by
biofilms in soils, host tissues (for example, the gut microbiota), and many other occasions
[16}43]44].

Despite the increasing need for detailed understandings of microbial behavior un-
der spatiotemporally structured O, environments, several constraints have hindered such
studies. Firstly, conventional cultivation techniques, including microtiter plates, shaking
flasks, and bioreactors, do not facilitate environmental changes with defined spatiotempo-
ral O, profiles on the time scale of seconds to minutes and the spatial scale of pm. Con-
ventional laboratory cultivation setups typically lack environmental control capability,
with minimal control over spatial distribution, time course, and resulting O, microenvi-
ronments. Furthermore, these setups are hardly suitable for fully resolving growth physi-
ology with high spatiotemporal resolution due to the impracticality of repetitive sampling
without disrupting the cultivation. Due to these limitations in (i) controlling O, in a spa-
tiotemporal manner and (ii) resolving cell growth physiology with high spatiotemporal
resolution, it has been challenging to analyze the cellular response to spatiotemporally
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structured O, environments regarding microbial growth and physiology.

1.3 Microfluidics

Today, microfluidics is gaining attention to overcome hurdles associated with conven-
tional experimental setups in diverse fields. Microfluidics refers to the study dealing with
small (nano to atto liters) amounts of fluids inside channels, typically with dimensions of
tens to hundreds of micrometers [45]. Its characteristics at the microscale (for example,
laminar flow) make the system distinctive from larger-scale systems, suited for handling
small volumes of fluid precisely and, therefore, diverse applications in chemical, biolog-
ical, and medical analyses [46| |47|]. Microfluidics possesses the potential to solve the
limitations in conventional setups (i, ii) mentioned in the previous section.

(i) Spatiotemporal O; control An elastomer called Polydimethylsiloxane (PDMS)
is primarily used as a material for microfluidic devices. Leveraging its high air perme-
ability [48l 49], the control of O, in microfluidics has been demonstrated for various
biological applications [49-54], as depicted in Fig. [I.3] Many O, control is based on
gas diffusion using multiple layers/side channels or chemical reactions leading to O,
scavenging/generation. These devices have been previously used for various purposes,
such as a micro bioreactor and platforms for biofilm studies and three-dimensional cell
cultures. Since many of these developments have been tailored for mammalian cell culti-
vation and tissue engineering purposes, the scale of these devices is often larger than the
scale required for microbial behavioral investigation, making a hurdle for microbiologi-
cal applications.

(ii) Cell growth analysis with high spatiotemporal resolution In the last decade,
experimental approaches combining time-lapse microscopy and microfluidics have been
widely used to spatially and temporally resolve the behavior of single microbes and pop-
ulations, for example, in terms of microbial growth [55]], phenotypic population het-
erogeneity [56[], and cellular interactions [S7-H61]. When studying cellular interactions,
image-based single-cell analysis can provide new insights into the exchange of nutrients,
conjugative transfer of plasmids, quorum sensing, and host-pathogen relations. Recent
studies utilized microfluidic platforms for microbial growth and interaction studies in
confined environments, for example, to investigate spatial microbial community orga-
nization in response to O, carbon counter-gradients in pore networks, microbial colo-
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Figure 1.3: Microfluidic devices for spatiotemporal O, control. (A) Microfluidic O, gra-
dient generator for biofilm studies. (B) Micro bioreactor providing control over O, and
shear stress for stem and progenitor cells. (C) Three-dimensional cell culture microflu-
idic platform under spatiotemporally controlled O,. (D) Microfluidic device to recreate
physiologically relevant O, environments. (E) Double-layer microfluidic device for fine
temporal O, control. (adapted with permission from (A) [51]], (B) [52], (C) [49], (D)

, and (E) ).

nization in a biologically relevant microstructure, and spatiotemporal interaction in a
microbial community, as depicted in Fig. [I.4] 63]]. Innovative microfluidics and
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Figure 1.4: Microfluidic devices enabling microbial growth and interaction studies in
confined environments. (A) Microfluidic device to study spatial microbial community or-
ganization in response to O, and carbon counter-gradients in pore networks. (B) Porous
medium model microfluidic chip to investigate microbial colonization in a biologically
relevant microstructure. (C) Microfluidic platform to investigate spatiotemporal interac-
tions in a microbial community. (adapted with permission from (A) [[7]], (B) [62]], and (C)

63D,

time-lapse imaging greatly benefit interaction studies. These single-cell approaches can
provide complementary and novel data that are not accessible with population-based
laboratory-scale methods.

As described in (i) and (ii), microfluidics offer a tailored experimental platform with
precise environmental control and imaging at single-cell resolution. Utilizing these tech-
nologies could allow for mimicking natural microenvironments on-chip and extracting
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microbial growth and physiology data with high temporal resolution at the single-cell,
population, and community levels.

1.4 Challenges and Requirements

Although promising advancements in microfluidics for microbiological research, there
are still challenges to be solved. As mentioned in the previous section, the majority of
the attempts for O, control and on-chip sensing demonstrated in microfluidic devices
were made using relatively large cultivation channels for mammalian cells and were less
suitable for microbial single-cell analysis [64]. Hence, only a few concepts are easily
transferable to microbial single-cell analysis when focusing on usability.

Regarding temporal micro-environment control, there are a few microfluidic experi-
mental systems to emulate oscillating pH and nutrients [[65}66]. However, few microflu-
idic devices have been developed for rapid O, control in seconds to minutes [67]. As a
result, the correlation between microbial growth and the fluctuating O, environment has
not been analyzed in detail, and there is a lack of understanding regarding the cellular
capability to adapt to rapidly fluctuating O, environments. Recent studies have shown
that microbial behavior in fluctuating environments, where state changes occur on the or-
der of seconds to minutes, can differ from that observed in single-shift experiments [66,
63|]. Investigating the impact of O, fluctuations on microbial growth would facilitate a
more comprehensive understanding of species-specific adaptation processes that remain
elucidated.

Spatial O, control has also been applied to microfluidic devices, mainly for mam-
malian cell cultivation, leading to a large-scale O, spatial control (such as an O, gradient
in the scale of mm). Several previous reports investigated the aerotaxis of microorgan-
isms [69H71]]; however, these researches also utilized large-scale O, gradients, limiting
the microbial growth analysis in spatially structured microenvironments in a scale similar
to microbes (in um order).

Aside from aspects of microbial cultivation and O, control, it remains a challenge to
efficiently extract quantitative cellular properties from thousands of microscopy images
acquired during time-lapse imaging. Integrating automated image analysis into the ex-
perimental approach could improve the efficiency and accuracy of data extraction. To
achieve a more systematic investigation of the effect of O, levels in (micro)environments
on microbial behavior, a comprehensive experimental platform is required. The setup
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should allow microbial cultures and single-cell analysis in defined O, environments. Fi-
nally, subsequent automated image analysis is essential to derive new information from
statistically reliable large data sets.

1.5 Scope of Thesis

This thesis focuses on developing methods for spatiotemporal O, control within mi-
crofluidic systems to enable high-resolution analysis of microbial single-cell behavior
(Fig.[I.5). The research also aims to showcase some case studies where developed mi-
crofluidic methods are utilized for understanding microbial dynamics under confined O,
environments. The following key aspects are primarily tackled based on the challenges
and requirements summarized in Section [I.4]

1. Straightforward O, control: A comprehensive experimental platform is devel-
oped that is easily transferable to microbial single-cell analysis within various for-
mats of microfluidic devices. This platform development also intends to demon-
strate the power of microfluidics to microbiologists interested in using microfluidic
systems as a general tool for different biological studies.

2. Temporal O, control in the range of seconds to minutes: A microfluidic device
allowing rapid O, control and microbial single-cell behavioral analysis is devel-
oped. Microbial cultivation under gas oscillations occurring in seconds to minutes
is conducted to investigate the impact of O, oscillations on microbial growth and
adaptation.

3. Spatial O, control in the range of pm: Various designs of microfluidic devices
are tested to achieve fine spatial O, control. Such a device can be utilized to inves-
tigate the development of microbial communities in spatially structured microen-
vironments mimicking physiological and environmental conditions in nature.

In addition to the key aspects of this thesis mentioned above, a versatile image anal-
ysis platform is continuously being developed. This platform strengthens microfluidic
experiments with automated time-lapse microscopy through deep-learning-based image
analysis. This versatile and seamless platform allows efficient and reliable extraction of
quantitative information from large datasets.

10
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Figure 1.5: Schematic illustration describing the scope of the thesis.

1.6 Thesis Outline

This thesis comprises seven chapters.

Chapter 1, titled 'Motivation and Background)'" described the research motiva-

tion, background, related previous studies, and the scope of this thesis.

Chapter 2, titled 'Technology Overview}'" explains several fundamental tech-

nologies utilized in this thesis, with broad overviews of related topics. Specifically, this
chapter aims to give explanations about "single-cell analysis in microfluidics," "O; sens-
ing with fluorescence lifetime imaging microscopy," and "deep-learning-based automated

image analysis."

11
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Chapter 3, titled '[Versatile System for Microbial Growth Analysis under Con-|

trolled Oxygen)'" describes the first development of an easy-to-use mini-incubator and
microbial analysis platform under controlled O, conditions. The comprehensive experi-

mental platform comprising of (i) on-chip cultivation and online control of O, in-flow, (ii)
online O, monitoring by fluorescence lifetime imaging, and (iii) time-lapse microscopy
for automated image acquisition and subsequent deep-learning-based image analysis, of-
fers a wide variety of researchers a solution to implement O, control into various formats
of microfluidic experiments. This chapter is based on a published journal paper (Kasa-
hara et al., Frontiers in Microbiology, 2023).

Chapter 4, titled 'Double-Layer Microfluidics for Recreating Rapid Oxygen Os-|
cillations}'" describes a novel microfluidic platform enabling microbial growth inves-
tigation under rapidly changing O, conditions. The growth dynamics of the facultative

anaerobe Escherichia coli (E. coli) MG1655 is investigated under O, oscillations occur-
ring within seconds to minutes. A double-layer microfluidic chip is developed to facilitate
rapid gas exchange within the cultivation chambers and frequent data acquisition accom-
panied by time-lapse microscopy to analyze cell division at the single-cell resolution.
The microfluidic chip, automated time-lapse microscopy, and deep-learning-based im-
age analysis compose a versatile platform to analyze microbial growth and its correlation
to applied O, oscillations. The platform was employed to cultivate E. coli under well-
defined O, oscillating environments with varying oscillation periods to examine cellular
adaptation in a time-resolved manner. Periodically oscillating microbial growth dynam-
ics composed of several adaptation phases and synchronized with applied O, oscillations
are reported. This chapter is based on a published journal paper (Kasahara et al., Lab on
a Chip, 2025).

Chapter 5, titled '{Investigating Growth of C. glutamicum under Oscillating Oxy-|
lgen Environments}'" describes an investigation of aerobic and anaerobic growth of

Corynebacterium glutamicum (C. glutamicum) using the developed double-layer mi-
crofluidic platform. The growth and adaptation of C. glutamicum is examined under
oscillating O, environments. The results from this chapter serve as a case study where
the microfluidic device developed in Chapter ] can be utilized to investigate different
types of microorganisms (E. coli and C. glutamicum). A short "Introduction" section is
provided to help readers follow the chapter easily.

12
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Chapter 6, titled '{Microfluidic Chip Development for Spatial Oxygen Control,"
describes a series of microfluidic designs for spatial control of O, microenvironments.

Various designs are examined to enable replicating spatially controlled O, microenvi-
ronments and to achieve high-throughput analysis. The primary focus of this chapter is
on explaining O, control principles, chip fabrication, and preliminary O, control experi-
ments.

Chapter 7, titled '"|Conclusions and Outlook}," lastly concludes the thesis and
discusses future improvements and applications of this thesis.

Chapters 3, 4, and 6 mainly describe the development of experimental setups. There-
fore, these chapters include a "Technical Concept" section to explain the motivation and
concept behind the development. This is followed by "Materials and Methods," "Re-
sults," and "Discussion." Some contents are repeatedly explained in several chapters for
better clarity.
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2 Technology Overview

This chapter provides an overview of the technologies and principles underpinning this
thesis. Specifically, it discusses (1) single-cell analysis in microfluidic environments, (2)
O, sensing using fluorescence lifetime imaging microscopy, and (3) deep learning-based
automated image analysis.

2.1 Single-Cell Analysis in Microfluidics

Single-cell analysis has become an essential method for investigating unique character-
istics and physiological states of individual cells within a population, insights often ne-
glected in bulk assays that report population averages [72, 73|]. This approach allows re-
searchers to examine cellular systems in greater detail, uncovering heterogeneity within
cell populations and providing a deeper understanding of cellular complexity. Recently,
microfluidic systems have been integrated for single-cell analysis, allowing manipulation
of small-volume samples (sorting, isolation, trapping of individual cells) on a single de-
vice based on various strategies such as microwells, micro patterns, droplets, cytometry,
and so on [[74-76].

To examine spatiotemporal dynamics of individual cell behavior in confined envi-
ronments, a practical approach involves trapping cells in microgrooves or microcham-
bers, cultivating them, and performing time-lapse imaging (|63} 77H79]]. Microstructures
are commonly fabricated using soft lithography, a series of techniques to replicate mi-
crostructures from a master mold onto soft polymers [80, [81]]. Typically, these master
molds are prepared via photolithography, where several spin-coated photoresist layers on
a silicon wafer are micropatterned by light exposure through photomasks, as depicted in
Fig.[2.1] PDMS is widely used to replicate these micropatterns of master molds due to its
advantages, including biocompatibility, high gas permeability (diffusion coefficient for
0, ~ 107° m? s71), optical transparency, and access to microenvironmental control [82,
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Figure 2.1: schematics of photo-lithography and soft lithography for PDMS-based mi-
crofluidic chip fabrication.

83|]. These characteristics make PDMS suitable for applications in biological cell culture
and optical microscopy.

In microfluidic grooves or chambers designed for microbial single-cell analysis, cell
growth is confined to a one- (1D) or two-dimensional (2D) monolayer, providing an opti-
mal focal plane for optical microscopy throughout the cultivation process and subsequent
single-cell segmentation tasks (Fig. 2.2). Depending on the organism to be cultured, the
resulting chamber height can be specified by adjusting the photoresist thickness of the
spin-coated photo-resist layer during master mold fabrication. This technology has pre-
viously been employed to investigate cell growth characterization under various condi-
tions, including constant [[78} 84] and oscillating environments [65} |66[], spatially struc-
tured chemical gradients 63, [85[], and the mechanisms governing cell division [77,79].

A microfluidic design with 2D chambers is employed throughout this thesis. A mi-
crofluidic chip holds multiple chambers for high-throughput investigation. Cultivation
chambers are arranged in series, interconnected by two common fluid supply channels.
During the cultivation phase, the volume flows in the parallel supply channels are equal.
Therefore, no pressure difference and, thus, no convective flow is induced inside the
growth chambers. As a result, mass transfer between the supplied medium and the growth
chamber is governed by diffusion, and the cells are not affected by shear forces [[86]]. The
chip is fixed on microscopy for simultaneous cultivation and time-lapse imaging.
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Figure 2.2: Microbial single-cell analysis using microfluidic grooves and chambers
(adapted with permission from and [[78]).

2.2 Oxygen Sensing with Fluorescence Lifetime Imaging Microscopy

Since microfluidic culture chips contain micrometer-sized growth chambers, conven-
tional sensors with external settings cannot be integrated to measure O,. Therefore, novel
bottom-up approaches have been developed. The focus of earlier work was on Clark-type
electrode sensors that measure O, by detecting a current flow [88]. Although these
sensors were miniaturized to be integrated into microscale devices [89], they still suffered
from self-consumption of O, contamination in contact with samples, and complexity in
designing electrical connections [90].

Optical O, sensors attracted more attention as a candidate suitable for O, measure-
ment in microfluidics. These sensors use O;-sensitive fluorescent probes that quench in
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Figure 2.3: Stern-volmer plot illustrating linear relationship (red) and non-linear relation-
ship with downward deviation (blue).

the presence of O,. The degree of quenching can be measured as the change in fluores-
cence intensity or lifetime, which follows the Stern-Volmer Equation (red line depicted

in Fig. [2.3).

I
7:?:14—1(,1,]‘02 (2.1

I and 7 represent fluorescence intensity and lifetime, respectively. K, represents the
Stern-Volmer quenching constant. fo, represents fractional O; saturation in solution, de-
fined as the ratio of the dissolved O, concentration to the saturation concentration under
pure Oy (100%) at the same temperature and pressure. The subscript O represents the
values at an O, saturation of 0%. The optical O, sensors can easily be implemented
into microfluidic devices in various formats (thin sensor film, micro/nanoparticles, solu-
tion), providing accurate, real-time, and spatial O, detection without self-consumption
issues. Leveraging these advantages, fluorescence intensity-based measurements were
widely integrated into microfluidics [91-93]]. The intensity-based approach, however, can
be affected by variations in light source intensity, environmental conditions, and photo-
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bleaching, resulting in inaccurate O, measurements. To reduce these effects, an approach
based on Forster resonance energy transfer (FRET) and ratiometric measurements was
also presented [94].

Contrarily, fluorescence lifetime imaging microscopy (FLIM) is independent of the
dye concentration, providing more robust and accurate O, measurements compared to
intensity-based and ratiometric approaches [95]]. By performing FLIM in the frequency
domain and in combination with a dedicated microscope camera, O, can be imaged with
spatial and temporal resolution during live-cell microscopy on a microfluidic device [48|
96 97]]. A linear relationship in Equation [2.1] holds for many cases; however, certain
circumstances can positively/negatively deviate the plot, leading to a non-linear Stern-
Volmer plot (Fig. [2.3). Specifically, it was explained in previous research that fluores-
cence quenching at a microscopic level is complex due to a small sampling volume and
resulting heterogeneity in the presence or absence of a quencher, which makes the Stern-
Volmer plot curving downward [98]]. It was also pointed out that a highly concentrated
sample showed a non-linear relationship negatively deviating from the Stern-Volmer plot
[99]. In such cases, a modified Stern-Volmer equation is applied to rationalize the down-
ward curvature (blue line depicted in Fig. [2.3)) [98H102].

I() _E: 1+qu02 (22)
1 T 1 ‘|‘qu02 — Otlquo2 '

« denotes the fraction of accessible fluorophore. In this thesis, a water-soluble ruthe-
nium dye, tris(2,2’-bipyridyl) dichlororuthenium(Il) hexahydrate (RTDP), is used to de-
termine on-chip O, concentrations using FLIM. O, concentration in a mixed gas is ex-
pressed as a volumetric concentration in percentage. Dissolved O, concentration in solu-
tion is expressed either as percentage or fraction relative to pure O,.

2.3 Deep Learning-Based Automated Image Analysis

Automated image analysis powered by deep learning (DL) has emerged as a transfor-
mative approach in microbial cultivation. It enables high-throughput monitoring and
analysis of microbial growth by leveraging advanced computational techniques to inter-
pret images of microbial colonies, substantially enhancing the efficiency and accuracy of
microbiological research.

The image analysis performed in this thesis is a seamless procedure integrating a re-
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Figure 2.4: Procedure of image analysis.

cently developed cell annotation tool and segmentation model, as shown in Fig.[2.4]
[104]. Acquired microscopy data in nd2 format is exported as tiff files and pre-processed
using Fiji [105]], which included rotation, alignment (Correct 3D Drift [106]), and crop-
ping. These procedures are done semi-automated, using a custom macro for Fiji. The
pre-processed TIFF files are then uploaded to the Open Microscopy Environment Re-
mote Objects (OMERO) server for subsequent analysis. For the automated image
analysis, Jupyter Notebooks are developed based on Python to perform deep-learning-
based cell segmentation (Omnipose [108])), followed by filtering artifacts and extracting
single-cell sizes. These Jupyter Notebooks are designed for a single time-lapse record-
ing and provide video rendering to guarantee and document sufficient cell segmentation
quality. The same Jupyter Notebooks are repeatedly applied to all the time-lapse images
(scaling analysis), leading to fully automated image processing such that experiment re-
sults are obtained overnight.
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3 Versatile System for Microbial Growth Analysis under Con-
trolled Oxygen

Microfluidic cultivation devices that facilitate O, control enable unique studies of the
complex interplay between environmental O, availability and microbial physiology at
the single-cell level. This chapter describes a comprehensive experimental approach to
allow spatiotemporal single-cell analysis of living microorganisms under controlled O,
availability. To this end, a gas-permeable polydimethylsiloxane microfluidic cultivation
chip and a low-cost 3D-printed mini-incubator were successfully used to control O, avail-
ability inside microfluidic growth chambers during time-lapse microscopy. Dissolved O,
was monitored by imaging the fluorescence lifetime of the O,-sensitive dye RTDP us-
ing FLIM microscopy. The acquired image data stacks from biological experiments,
containing phase contrast and fluorescence intensity data, were analyzed using in-house
developed and open-source image analysis tools. The resulting O, concentration could
be dynamically controlled in the range between 0% and 100%. The system was exper-
imentally tested by culturing and analyzing an Escherichia coli strain expressing green
fluorescent protein as an indirect intracellular O, indicator. The presented system allows
for innovative microbiological research on microorganisms and microbial ecology with
single-cell resolution. Part of the results in this chapter were published in Kasahara et al.,
Frontiers in Microbiology, 2023.

3.1 Technical Concept

An experimental system for controlling O, during microbial single-cell analysis has been
developed (Fig. [3.1). The system includes (A) O control with microfluidic cultivation
inside a 3D printed mini-incubator, (B) O, sensing using an O, -sensitive dye RTDP and
FLIM, and (C) an automated image analysis procedure based on deep learning (Fig. [3.1).
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Figure 3.1: Overview of the microfluidic cultivation system for spatiotemporal microbial
single-cell analysis under controlled O, environments. (A) O, control was achieved by
using a microfluidic chip inside a 3D printed mini-incubator over the range of 0% -
100%. (B) O, sensing with spatial and temporal resolution was implemented by imaging
the fluorescence lifetime of the O,-sensitive dye RTDP. (C) Automated image acquisition
and analysis was performed with special software tools.

(A) Microfluidic Chip and O; control with 3D-Printed Mini-Incubator

A new microfluidic chip with the required channel layout was designed to allow the
on-chip control and simultaneous cultures (Fig. @A). The fluid channel (blue) is sand-
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wiched between two adjacent gas channels (red). All supply channels are 100 um
wide and 10 pm deep. As shown in Fig. [3.2A (i, ii), each channel comprises (i) a
(de)oxygenator zone, followed by (ii) a cultivation zone with 80 cultivation chambers,
allowing a statistically reliable number of microbial populations to be imaged during a
single experiment.

A 100 um thick PDMS wall acts as a gas-permeable membrane between the fluid
and adjacent gas channels. The height of a cultivation chamber is 1 gm, and the surface
area = 50 um x 30 pum, resulting in a volume of a single cultivation chamber of 1.5 pL.
The height of the chamber corresponds to the diameter of a typical E. coli cell thereby
restricting cell growth to a defined monolayer (Fig. [3.2]A (iii)). As all gas channels are
interconnected, only a single gas inlet and outlet port is required for on-chip gas flow,
which results in uniform O, levels across the chip. In addition, all cultivation channels
are equipped with adjacent gas channels on either side, creating a homogeneous O, dis-
tribution across the cultivation zone.

For illustration purposes, the microfluidic channels of the fabricated chip were vi-
sualized by the infusion of red and blue dye, as shown in Fig. [3.2B. The chip contains
three parallel culture channels, allowing three simultaneous cultures during a single ex-
periment. The scanning electron microscope images of the fabricated chip show (i) the
(de)oxygenator structure with the fluid channel in the center and the adjacent gas chan-
nels at the sides and (ii) the cultivation chamber with the rectangular structure and two
connections to the fluid supply channels (Fig.[3.2[C).

The 3D printed mini-incubator was utilized to deliver a continuous gas flow of the
desired O,/N, composition over the PDMS chip. Due to the high gas permeability of
PDMS, as explained in Chapter 2] it facilitates efficient gas exchange by diffusion across
the entire chip surface. When the chip was operated without the incubator, anaerobic
conditions were impossible due to uncontrolled O, influx from the surrounding labora-
tory atmosphere. Thus, the mini-incubator enables cultures without O, when 100% N,
was supplied continuously, and undesired influx was prevented.

Gas flow was controlled using four interconnected mass flow controllers (O, 0.5 -
10 mL/min, O, 20 - 600 mL/min, N, 0.5 - 10 mL/min and N; 20 - 600 mL/min) to
automatically mix O, and N in desired ratios before flushing into the microfluidic chip
and mini-incubator. The mini-incubator was operated at a total gas flow of 600 mL/min,
and a gas flow of 10 mL/min was delivered through the microfluidics. In the microflu-
idic chip, gas exchange was assisted with the (de)oxygenator structure, facilitating gas
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A. Microfluidic layout
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Figure 3.2: Detailed design of the microfluidic chip. (A) Layout of the microfluidic
channels, with details of the (i) (de)oxygenator zone and (ii) cultivation zone with (iii)
growth chambers. (B) Photograph of the fabricated microfluidic PDMS chip. The chip
is the size of a typical postage stamp. For visualization, the gas and fluid channels were
colored with red and blue ink. (C) SEM images of the microfluidic (i) (de)oxygenator
structure (scale bar = 300 um) and (ii) growth chamber (scale bar = 20 um).

diffusion between the fluid and the adjacent gas channels across the PDMS membranes
in-between, as shown in Fig.[3.TJA. The syringe pump delivered either the RTDP solution
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during on-chip O, sensing or the culture medium during single-cell analysis at a flow rate
of 400 nL/min. The RTDP-based O, sensing was not performed simultaneously with the
microbial single-cell analysis but was used separately to characterize the device’s perfor-
mance.

(B) O, Sensing

Dissolved O in the fluid channel was determined by camera-based fluorescence lifetime
imaging of the O,-sensitive dye RTDP (Fig.[3.IB). A growth medium was provided con-
tinuously during microbial cultures to maintain stable culture conditions. Growth cham-
bers were arranged behind the (de)oxygenator structure to allow sufficient residence time
and, thus, gas-exchange time of the fluid. This allowed the cells to be supplied with
(de)oxygenated medium and cultured at the desired O, concentrations. Phase contrast
and fluorescence intensity images were obtained using the conventional complementary
metal-oxide-semiconductor (CMOS) camera.

(C) Deep-Learning Based Automated Image Analysis

After microfluidic cultivation and continuous image acquisition from multiple chambers,
the data can be large, making manual handling of the data time-consuming and difficult.
Therefore, the acquired image sequences were processed with an in-house developed
automated image analysis platform to extract interesting cellular properties such as cell
number, area, and fluorescence intensity to determine growth rates and cellular activi-
ties. Cellular properties can be extracted for each cell in the culture chambers, providing
detailed information at the single-cell level. (Fig.[3.1[C).

3.2 Materials and Methods

3.2.1 Microfluidic Device Fabrication

The microfluidic cultivation chip was fabricated following a two-layer soft lithography.
Briefly, a 100 mm silicon wafer was subsequently coated with two layers of the pho-
toresist SU-8 (Microchemicals GmbH, Germany) and structured by photolithography
(Helmholtz Nano Facility, Germany [109]). The masks for the photolithography were
designed with the layout editor Clewin5 (WieWeb software, The Netherlands).
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The fabricated silicon wafer containing the SU-8 structure served as the mold for the
following PDMS casting step. 50 g of a PDMS mixture (Sylgard 184 Silicone elastomer
kit, Dow, US) was prepared by thoroughly mixing the monomer base with the crosslinker
in a ratio of 10:1, resulting in a homogeneous and opaque highly viscous mixture. This
mixture was then degassed in a desiccator at 200 mbar under pressure for 1 h to re-
move any air bubbles. The resulting fully transparent PDMS mixture was poured over
the silicon wafer mounted in a typical petri dish. Thermal curing was then performed
at 80°C for at least 1 h. The crosslinked PDMS slab was manually peeled from the sil-
icon mold and cut into single chips. Then, inlets and outlets for the fluid and the gas
flow connections were manually punched using a punching tool (¢ = 0.75 mm, World
Precision Instruments, US). Single PDMS chips were finally bonded to glass substrates
(D263®Bio, 39.5 mm x 34.5 mm x 0.175 mm, Schott AG, Germany) after an O, plasma
treatment (Femto Plasma Cleaner, Diener Electronics, Germany) for 25 s.

3.2.2 Gas and Fluid Flow Control

Mass flow controllers, calibrated for two different mass-flow ranges (0.5 - 10 mL/min and
20 - 600 mL/min, red-y, Vogtlin Instruments GmbH, Switzerland), and the gasses O, and
N, were used to mix the gas at desired O, and N, ratios (gas supply pressure: p = 4 bar).
A mini-incubator (50.0 x 82.0 x 18.0 mm) was designed using computer-aided design
(CAD, Solidworks, Dassault Systems, France) and fabricated by 3D printing as illus-
trated in Fig. 3.3]A and B (Original Prusa i3 MK3S, Prusa Research, Czech Republic).
The O, concentration inside the mini-incubator was continuously measured by an in-
serted laboratory-scale O, sensing probe (VisiFerm mA 120 H3, Hamilton, US). The 3D
CAD and printing files are available as supplemental material. Fluid flow was controlled
using a syringe pump (neMESYS, CETONI, Germany) to continuously deliver the sensor
solution and culture medium.

3.2.3 Microscopy Setup

Microfluidic cultures and O, imaging were performed on an inverted and automated live-
cell microscope (Nikon Eclipse Ti-E 2, Nikon, Japan) equipped with a 20 x objective
(Plan Apo A, Nikon, Japan), a 100 x objective (Plan Apo A Qil, Nikon, Japan), and
the perfect focus system (PFS) for focus drift compensation during time-lapse imaging.
The setup was equipped with two digital cameras, which can be used sequentially dur-
ing time-lapse imaging. A CMOS camera (DS-Qi2, Nikon, Japan) was installed in the
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A. 3D-printed mini-incubator C. Mini-incubator on microscope stage
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Figure 3.3: Detailed design of the mini-incubator. (A) Dimensions of the mini-incubator.
(B) Cross-sectional view of the mini-incubator (a - a’). Dimensions are in mm. (C)
Dimensions of the mini-incubator mounted on the customized chip holder fitting into the
microscope stage. (D) Cross-sectional view (c - ¢’).

right microscope port to record phase-contrast and wide-field fluorescence images. The
fluorescence excitation light was supplied by a solid-state white light excitation source
(SOLA Light Engine, Lumencor, US) and a fluorescence filter cube (GFP-3035D, Nikon,
Japan).

The special FLIM camera (550 kHz frequency domain, pco.flim, PCO AG, Germany)
connected to the modulated excitation laser (445 nm, 100 mW, pco.flim laser, Omicron-
Laserage Laserprodukte GmbH, Germany) was mounted to the left microscope port. A
customized filter cube with an excitation filter = 440/40 (F47-440, AHF analysentechnik
AG, Germany), a dichroic mirror = 495LP (F48-495, AHF analysentechnik AG, Ger-
many), and an emission filter = 605/70 (F47-605, AHF analysentechnik AG, Germany)
was used for FLIM. The microscope setup was also surrounded by a temperature incu-
bator (Okolab, Italy), ensuring stable cultivation temperature. A customized chip holder
fitting into the motorized X-Y-stage was used to mount the microfluidic chip and the
3D-printed mini-incubator, as illustrated in Fig.[3.3|C and D.
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Table 3.1: LB medium composition. All the chemicals were bought from Carl Roth,
Germany. The pH was adjusted to 7.0 with NaOH. The solution was autoclaved at 121°C
for 20 min, then stored at 4°C.

Component  Concentration [g/L]

Peptone 10
Yeast extract 5
NaCl 10

3.2.4 Microbial Cultures

E. coli MG 1655 carrying the vector pVWEXx-1-gfpUV and a kanamycin resistance gene
was used for microbial growth experiments. Green fluorescent protein (GFP) expression
in the E. coli strain was induced by the addition of 0.1 mM isopropyl B-D-1- thiogalac-
topyranoside (IPTG, Carl Roth, Germany). Microbial cultures were performed accord-
ing to the following procedure. The primary preculture was performed in a complex
lysogeny broth (LB) medium (Table [3.1)). For all subsequent culture steps, defined min-
imal M9 medium supplemented with 2% glucose (Carl Roth, Germany), 2% casamino
acid (VWR, US), and 50 pg/mL kanamycin (Carl Roth, Germany) was used (Table [3.2).
First, a shake flask containing 15 mL of LB medium was inoculated with a single colony
from an agar plate and cultured at 37°C and 150 rpm for approximately 8 h. The sec-
ond preculture containing M9 minimal medium was inoculated from the primary culture,
with an initial optical density measured at a wavelength of 600 nm (ODggg) of 0.05, and
cultivated overnight at 30°C, 120 rpm. The final shake flask culture was inoculated from
the second preculture with initial ODgpy = 0.3 and cultivated at 30°C and 120 rpm un-
til the culture reached the logarithmic growth phase. Cells derived from the log phase
culture were seeded into the growth chambers of the microfluidic chip.

3.2.5 FLIM Calibration for on-Chip O, Sensing

Prior to the fluorescence lifetime imaging (FLIM), a calibration measurement must be
performed with a reference slide containing a fluorescent dye with a known and sta-
ble lifetime (lifetime = 3.75 ns, UMM-SFG, Starna Scientific, UK). This calibration is
required to correctly determine the lifetime from unknown samples, in this case, the life-
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Table 3.2: Defined M9 medium composition. All the chemicals were bought from Carl
Roth, Germany. The pH was adjusted to 7.0 with NaOH. The solution was autoclaved at
121°C for 20 min, then stored at 4°C.

Component Concentration
Defined M9 medium [g/L]

Na,HPO, - 2H,0 7.53
KH,POy4 3.00
NaCl 0.50
NH4Cl1 1.00
MgSO4-7H,0 0.25
CaCl,-2H,0 0.15

Trace elements (1000X) 1 mL/L
Trace elements (1000X) [mM]

(NH4)6Mo070,4-4H,0 0.003
H3BO3 0.4
CoCl,-6H,0 0.03
CuS0O4-5H,0 0.01
MnCl;-3H,0 0.8
ZnSO4-7H,0 0.01

time of the O;-sensitive dye RTDP. The calibration procedure must be performed every
time the laser is shut down or operated at a different frequency.

For O, sensing inside the microfluidic chip, 5 mg/mL of RTDP solution (Acros Or-
ganics, Belgium) dissolved in Milli-Q water (Merck Millipore, US) was used. The pre-
pared RTDP solution was protected from light until use. The fluorescence of RTDP is
quenched in the presence of O, according to the Stern-Volmer equation (Eq. [2.1)).

First, the RTDP solution must be calibrated at two known O, concentrations, at 0%
O, giving Ty, and at, for example, 100% O, to derive K,. In practice, however, the
calibration procedure at 0% O, can be challenging because it requires an anoxic sensor
solution. Several methods have been demonstrated, for example, using a droplet of the
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sensor surrounded with 100% N, gas or consuming O, by adding an O, scavenging
chemical to the solution [96, |110]. However, none of these methods were compatible
with the proposed approach.

Here, the calibration was performed at 0% O, using a gas-tight glass syringe
connected to a glass capillary filled with an anoxic RTDP solution to determine 7y. The
RTDP solution and the syringe were prepared entirely in the anaerobic workbench.
Briefly, the solution was gassed with N for at least 1 h in the anaerobic workbench, then
filled into a gas-tight glass syringe (1.0 mL, ILS, Germany) to ensure an anoxic solution
(Fig. B.4A). The syringe was connected to a glass capillary (75 pum inner diameter,
375 um outer diameter, 700 mm length, Molex, US), which was then manually flushed
with the anoxic RTDP solution. Before the assembly, 10 mm of the polymer coating was
removed in the middle of the capillary using a flame and acetone to prepare an optical
detection window for FLIM. The assembled syringe, including the capillary, was taken
out of the anaerobic workbench, fixed above the objective on a suitable specimen holder,
and the capillary end was connected to a waste container and flushed continuously at
400 nL/min using the syringe pump. Then, FLIM was performed to determine 7.

Furthermore, the RTDP solution was calibrated at 100% O, inside the microflu-
idic chip by using the on-chip microfluidic gas flow combined with the continuous gas
flow through the mini-incubator at 100% O, to determine Tjgo% (Fig.[3.4B). Briefly, the
fluid channel was connected to a syringe (Omnifix®F Solo 1mL, Braun, Germany) via
polytetrafluoroethylene (PTFE) tubing (0.5 mm inner diameter, 1.6 mm outer diame-
ter, Chromatographie Service GmbH, Germany) and the RTDP solution was delivered at
400 nL/min. Gas flow was maintained at 100% O, for several hours until the O, diffusion
reached equilibrium and a steady-state lifetime sensor output and ;g9 Was determined.
The obtained 7y and 71999, were used to calculate the K, value in Eq. @

Calibration was performed at two different temperatures (7' = 25°C and 30°C). As
is clear, the fluorescence lifetime of RTDP also varies with temperature. Therefore,
calibration, measurement, and microbial cultures should all be conducted at the same
temperature.

The following lifetime values were determined during calibration. At 25°C,
To = 573 ns and 7jg9g = 160 ns, whereas at 30°C, 79 = 526 ns and Tjpp% = 144 ns. Using
Eq.[2.1} K, was calculated as 2.58 at 7 = 25°C and 2.65 at T = 30°C (Fig. [3.4C and D).
Using these K, values and Eq. @ the measured O, concentrations could be calculated
from the measured fluorescence lifetimes.
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Figure 3.4: Setup for FLIM calibration of RTDP. (A) Calibration at 0% O, level using the
glass capillary. (B) Calibration at 100% O, level using the microfluidic (de)oxygenator
and the mini-incubator. (C) Calibration plot of RTDP solution at 25°C, fitted with Stern-
Volmer equation. (D) Calibration plot of RTDP solution at 30°C, fitted with Stern- Volmer
equation.

3.2.6 Microfluidic Cultivation and Time-Lapse Imaging

A cell suspension was prepared using cells harvested from the logarithmic growth phase
of the final shake flask culture and diluted to an ODgyy = 0.35. Cells were then seeded
into the microfluidic cultivation chambers by delivering the cell suspension into the fluid
channel by applying gentle pressure to the syringe while visually inspecting the seeding
performance. After sufficient chambers were seeded with cells, M9 medium was used to
rinse residual cells from the supply channels. M9 medium containing 0.1 mM IPTG was
then continuously delivered at a flow rate of 400 nL./min. Time-lapse phase contrast and
fluorescence images were taken every 5 min during the cultivation. Optimal illumination
and camera exposure times were experimentally derived for each setup.

In the case of the anaerobic microfluidic cultivation, cell inoculation was performed
entirely inside the anaerobic workbench to ensure complete isolation of the cells from
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O,, but without the ability to follow the seeding process by microscopy. After seeding,
the glass syringe filled with an anaerobic M9 medium containing 0.1 mM IPTG was con-
nected to the fluid inlet. The entire cultivation setup, including the syringes, the chip, and
the mini-incubator, was assembled inside the anaerobic workbench. Finally, the prepared
setup was removed from the anaerobic workbench and mounted on the microscope stage.
The temperature inside the temperature incubator was maintained at 30°C.

3.2.7 Automated Image Analysis

The recorded phase contrast and fluorescence time-lapse image sequences from biologi-
cal experiments were analyzed to extract the individual intracellular fluorescence inten-
sities. As the image sequences contained more than 50k individual cells, the image pro-
cessing was done partly automatically using DL segmentation in Jupyter Notebooks and
Python [[104]. First, the acquired time-lapse sequences were cropped into single cultiva-
tion chambers, aligned with Fiji, and stored in an OMERO instance [107]. A pre-trained
Omnipose [108]] segmentation model was applied to extract the contour of individual
cells followed by a border filter eliminating segmentation artifacts closer than 0.5 yum to
the image borders. The fluorescence signal for every cell is computed by averaging the
fluorescence channel intensities inside every segmented cell contour.

After cell segmentation, cell tracking was performed using the activity prioritized
method [111]] to explore the distributions of the fluorescence intensities inside every seg-
mented cell contour over the cell generations. The cell lineages were computed using the
default parameters of the cell tracker, utilizing the Omnipose segmentation model. Start-
ing from the initially present cell, assigned with generation "zero," the daughter cells gain
one generation after every recorded division event. The analysis was performed for the
fixed time point for each data set. The cell segmentation and tracking code is available at
https://github.com/JuBiotech/Supplement-to-Kasahara-et-al.-2023al

3.3 Results

3.3.1 O; Control and Sensing
A sequential step test was performed (at 7 = 25°C and 30°C) during O, control to char-

acterize the dynamical performance of the setup. Therefore, a switching sequence was
programmed using an in-house written LabView tool controlling the four mass flow con-
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trollers. The O, / N ratio of the gas mixture was then changed automatically to generate
desired O, concentrations in the fluid flow. The RTDP solution was delivered continu-
ously through the fluid channel, while the gas flow composition through the gas channels
and the mini-incubator was set to 0%, 2%, 4%, 6%, 8%, 10%, 15%, 21%, and finally to
100% O, over 30 hours. The initial sensing phase at 0% O, was maintained for 4 h to
ensure anoxic starting conditions. Then, the gas composition was altered every 3 hours.
During FLIM, the RTDP solution was continuously delivered at 400 nL/min. The O,
concentration inside the mini-incubator rapidly followed the desired values, and changes
were performed with negligible delay, as evident from the O, sensor readings from the
Hamilton probe installed inside the mini-incubator (data not shown).

Time-lapse images of the fluorescence lifetime were taken every 5 minutes at two
successive regions of interest (ROI) before and after the (de)oxygenator as shown in
Fig. (ROI 1 and 2). The acquired image sequences from FLIM were processed with
Fiji to determine the average lifetime of each image, as these images tend to have some
noise at the level of individual pixels.

From the representative false-color images determined for each O, concentration at
T = 30°C (here ROI 1, Fig. ), it is visible that FLIM delivered lifetime images,
revealing homogeneous O, availability in the channel. The lifetime decreased with the
increasing O, concentration, as expected. O, values were then calculated using Eq. [2.1]
and plotted over time in Fig.[3.6A (T = 30°C) and Fig. (T =25°C).

The O, concentration curve shows a response behavior to the concentration switches
O, performed. Due to the diffusion-limited O, transport, the concentration follows an
asymptotic progression until equilibrium and the final value is reached. The final O,
values in the chip were determined in each equilibrium phase by averaging the measured
concentration over the last 1h of each performed step and plotted over the desired values
in Fig.[3.6B (T = 30°C) and Fig. (T = 25°C). The graph clearly shows that the final
O, concentration reached comparable values over the range from 0% to 100% O;.

Finally, the gas switching performance was evaluated in terms of diffusion time.
Here, the diffusion completion time, defined as the time required to reach 85%, 90%
and 95% of the final O, saturation levels (f35¢, f90%, t959 ), were determined and plotted
in Fig. 3.6[C (T = 30°C) and Fig. (T = 25°C). tyog is indicated as central marker,
whereas fgs9, and f95¢, are represented as the lower and upper bars. The plot shows that
f9o% was in the range of 80 to 90 min, independent of the applied O, step width. These
results are in line with the characteristic diffusion time, #4i¢r, Which is independent of
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Figure 3.5: FLIM imaging under various O, conditions. (A) Imaging ROIs 1 and 2 where
FLIM of the RTDP O; sensor in the fluid channel was performed (scale bars = 50 pum).

(B) Representative FLIM images obtained at defined O, gas flow. The images were taken
at ROI 1 at 30°C.

concentration, but depends on the diffusion length L and the material-specific diffusion
coefficient D (it = L /D) || .

The present system is limited regarding fast O, changes, which can be performed be-
low two hours. This is mainly due to the millimeter-thick PDMS chip. The gas exchange
can be accelerated by fabricating a thinner PDMS chip to reduce the time required for
the gas exchange by diffusion [50, [83]]. The objective of this chapter, however, was to
develop a relatively simple setup enabling reliable switching and constant culture condi-
tions.

3.3.2 Aerobic and Anaerobic Growth of E. coli - Population Level Analysis

As a proof-of-principle application, the impact of changing O, availability on microbial
growth was investigated at the single-cell level. E. coli expressing GFP in the presence
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Figure 3.6: O, control performance characterization at 30°C. (A) O, concentration over
time derived from corresponding fluorescence lifetime images at ROI 1 and 2. (B) Final
O, concentration determined by FLIM over the externally applied gas flow. The dotted
line shows the optimum. (C) Switching time analysis: fg9gg for each step of the set
external O levels. The middle markers indicate #9g9,, and the bars indicate fgs59, and fg5¢,.

of the inducer IPTG was chosen as the model system, and cultures were performed under
aerobic and anaerobic conditions. The final maturation step of the GFP chromophore
requires O, present in the cell. Consequently, GFP fluorescence can only be detected
when protein folding is completed at sufficient intracellular O,, and the fluorescent pro-
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Figure 3.7: O, control performance characterization at 25°C. (A) O, concentration over
time derived from corresponding fluorescence lifetime images at ROI 1 and 2. (B) Final
O, concentration determined by FLIM over the externally applied gas flow. The dotted
line shows the optimum. (C) Switching time analysis: fggg for each step of the set
external O, levels. The middle markers indicate t9y¢,, and the bars indicate fg59, and f95¢,.

tein is fully functional. In the absence of O,, however, chromophore maturation can
not be completed despite complete protein expression, and no intracellular fluorescence
should occur. However, once maturation has been completed under aerobic conditions,
the GFP fluorescence no longer depends on the absence or availability of O,. Then, the
fluorescence intensity is mainly reduced by GFP dilution due to cell division, protein
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degradation, and chromophore bleaching. Thus, the present study used GFP as a rudi-
mentary one-way indicator for intracellular O, (in this specific case, an O, increase was
performed).

The phase contrast and the fluorescence microscopy images of growing colonies were
acquired every 5 min. These time-lapse images were used to determine the dynamics and
heterogeneity of intracellular GFP fluorescence in E. coli to study O, availability inside
the cultivation chambers.

Under aerobic conditions, when infusing 21% O,, and the continuous supply of fresh
minimal medium, exponential E. coli colony growth was observed. An exemplary colony
is shown in Fig. 3.8, where phase contrast and fluorescence intensity images were
merged for better visualization. In the presence of O,, GFP was expressed in all cells over
the entire culture period of 9 hours. Under anaerobic conditions, when infusing 100%
N, surprisingly comparable exponential growth was still observed, but as expected, no
intracellular GFP fluorescence was detectable for the first 8 hours, as shown in Fig. [3.8B.
After 8 hours of culture time, the O, availability in the gas supply was switched to 21%,
thereby creating aerobic conditions.

The cell numbers (Npoputation) Were counted over the time-lapse images to deter-
mine population growth rates. The mean intensity of GFP fluorescence over the pop-
ulation (Ipopulation) Was derived from comparing fluorescence intensities. Here, popula-
tions in five independent growth chambers were analyzed for both conditions. The plot
in Fig. shows that the populations grew exponentially at the growth rate Uerobic =
0.5540.06 h~! and the fluorescence Lyopulation increased nearly linear due to the contin-
uous expression of fully matured GFP. The slope of the approximate line, Alopulation /AL,
was calculated as 23 a.u. h™! between 00:00 h < ¢ < 09:00 h.

Under anaerobic conditions, the population growth rate was Uanaerobic =
0.52+0.07 h=! (00:00 h < ¢ < 08:05 h), and the fluorescence Lyopulation Stayed
low and negligible fluorescence was detected, as shown in Fig.[3.9B. Then, immediately
after the switch from anaerobic conditions to aerobic conditions, Iopulation increased
7-fold faster and reached comparable values compared to non-switch conditions
(Alpoputation/At = 165 a.u. h™! between 08:10 h < 7 < 09:00 h).

This 7-fold rapid increase in fluorescence of Iopulation after the switch to aerobic con-
ditions can be explained as follows. During the primary anaerobic cultivation phase, GFP
expression was performed, but intracellular O, was not available (or too low) to complete
the chromophore maturation process. Incompletely produced GFP did not emit fluores-
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Figure 3.8: Time-lapse image series of E. coli MG1655 expressing GFP cul-
tivated at 30°C, continuously supplied with M9 medium supplemented with 2%
glucose. (A) Time-lapse image series from cultivation under aerobic conditions
(00:00 h < t < 09:00 h). (B) Time-lapse image series from cultivation under
anaerobic conditions (00:00 h < ¢ < 08:05 h) with a switch to aerobic conditions
(08:10 h < ¢ < 09:00 h). All scale bars = 10 pm.
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Figure 3.9: Population based analysis of E. coli growth and GFP expression. (A) Mean
intensity of GFP fluorescence over population (I oputation) and cell number (Npopulation) Of
E. coli MG1655 populations cultured under aerobic conditions. 1875 cells were analyzed
at t = 09:00 h. The data are presented as mean + S.D. denoted by the shaded areas (n
=5 individual populations). (B) Ipoputation and Npopulation Of E. coli MG1655 populations
cultured under anaerobic conditions with a switch to aerobic conditions. 783 cells were
analyzed at ¢ = 09:00 h. The data are presented as mean =+ S.D. denoted by the shaded
areas (n = 5 individual populations).

cence. After switching to 21% O,, intracellular O, became available, and the pending
chromophore maturation could finally be completed. In addition, newly expressed GFP
might have contributed to the increase in fluorescence. The minimum concentration of O,
required for the GFP chromophore maturation was reported to be 0.1 ppm [[113]]. There-
fore, it is speculated that the proposed system can be operated at concentrations as low
as 0.1 ppm O,; however, the fluorescence detection limit should be further considered in

that context.

Since E. coli is a facultative anaerobic organism, it can continue to grow without O,
using fermentation or anaerobic respiration. Interestingly, comparable growth rates were
measured under both aerobic and anaerobic conditions, albeit it was previously reported
that E. coli grows slower in the absence of O, [[114]. It is assumed that the overall growth
conditions within the microfluidic growth chambers are superior to conventional culti-
vation methods that typically involve batch cultivation. Previously, it was reported that
continuous perfusion of media inside microfluidic devices allows for constant amounts
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of substrate, no accumulation of inhibitory by-products, and therefore, cells can exhibit
faster growth rates throughout the culture period [[115].

3.3.3 Aerobic and Anaerobic Growth of E. coli - Single-Cell Level Analysis

Time-lapse imaging includes spatiotemporally resolved data of single cells. As shown
in the previous paragraph, population-level analysis delivered growth rates based on the
number of segmented cells. However, tracking single microbes over subsequent time-
lapse images is more challenging, especially if the temporal resolution is too low to fol-
low distinct family lineages. This becomes even more difficult if all cells within the pop-
ulation have identical optical appearance. Therefore, the activity-prioritized cell tracking
method was applied to explore single-cell fluorescence over the cell generations [[111]].

This method allowed deriving the mean intensity of GFP fluorescence (I.ej) from seg-
mented cells as well as their corresponding generation number (number of cell divisions
observed). Fast-growing cells resulted in high generation numbers, and slow-growing
cells resulted in lower generation numbers. For the analysis, one exemplary micro pop-
ulation was selected from the aerobic and the anaerobic cultures, respectively. Three
consecutive time points (¢ = 08:00 h, 08:30 h, and 09:00 h) were then chosen to visualize
data analysis results.

Under aerobic conditions, a growth rate of Uaerobic = 0.59 h~! was derived for the
selected population. As shown in the fluorescence time-lapse images of Fig. 3.10A, a
pronounced and relatively homogeneous intracellular GFP fluorescence was detected at
all time points. In addition to single cell fluorescence levels, image analysis provided
each corresponding cell generation, with the results visualized in (Fig. 3.10B), where
the color coding from blue to yellow indicates the generation. By plotting single-cell
fluorescence I over the generation (Fig. @p), correlations could be visualized. Here,
there is a slight tendency for cells with lower generation numbers (i.e., slow-growing
cells) to exhibit higher GFP fluorescence. In comparison, cells with higher generation
numbers (i.e., fast-growing cells) exhibited lower GFP fluorescence.

Under anaerobic conditions (Uanaerobic = 0.50 h™1) this effect was more prominent.
As shown in the fluorescence images in Fig. [3.1T]A, the GFP fluorescence was negligible
before the switch at = 08:00 h. After the switch from anaerobic to aerobic conditions, the
GFP fluorescence of the cells rapidly increased, as discussed before (¢ =08:30 h, 09:00 h),
but phenotypic population heterogeneity in terms of fluorescence intensity was more pro-
nounced. The cells corresponding generation numbers are visualized in Fig.[3.T1B, also
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Figure 3.10: Single-cell tracking of fluorescence intensities (/..;) and generation num-
bers, analyzed for a selected population from aerobic conditions. (A) Fluorescence in-
tensity images at # = 08:00 h, 08:30 h, and 09:00 h (scale bars = 10 um). (B) Generations
number (number of division events detected) visualized by color coding. (C) I and
generations at three time points.

indicating a more pronounced heterogeneity in terms of single-cell growth rates. More-
over, the plot showing I.e; over generation number (Fig. 3.1TC) shows that intracellular
GFP fluorescence decreases with the increasing division rate. This correlation is likely
due to a higher dilution rate of intracellularly accumulated GFP during faster cell divi-
sion.

3.4 Discussion

Here, a microfluidic cultivation system for microbial single-cell analysis was described.
In addition to environmental control by continuous media perfusion, it enables microbial
cultures under O, control. To this end, a microfluidic cultivation chip was placed inside a
simple and low-cost 3D-printed mini-incubator. A couple of mass flow controllers were

41



Chapter 3

Anaerobic (Uynaernic = 0-50 h')
A. Fluorescence images C

== 09:00 h
450 I 08:30 h
450+ = 08:00 h

leen (a.u.)
w
o
o

B. Generation

Generation
N

2 N N o - o .
3 4 5 6 7 8
Generation

Figure 3.11: Single-cell tracking of fluorescence intensities (/) and generation num-
bers, analyzed for a selected population from anaerobic conditions with a switch to aer-
obic conditions. (A) Fluorescence intensity images at ¢ = 08:00 h, 08:30 h, and 09:00 h
(scale bars = 10 um). (B) Generations number (i.e., number of division events detected)
visualized by color coding. (C) I.; and generations at three time points.

used to deliver defined O, / N, gas mixtures, which in the present configuration allow for
control of O, supply from 0% to 100% O,. The design allows a switching time of less
than 100 minutes, which is currently only limited by the thickness of the gas-permeable
chip material PDMS. This thickness can be further reduced, requiring more specialized
chip assembly and handling.

Camera-based fluorescence lifetime imaging was used to monitor the O,-sensitive
dye RTDP, which can be easily delivered as a sensor solution when pumped through
the channels. Measuring the fluorescence lifetime of RTDP is more robust than measur-
ing fluorescence intensity because the lifetime is independent of dye concentration. The
RTDP sensor solution has a wide detection range and can be used as an O, sensor from
0% to 100% O,. The detection limit of RTDP as an O, sensor is reported to be around
0.5 umol/L O, (0% O,) [[116]. However, the present system is limited by the resolu-
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tion and detection limit of the camera-based FLIM microscope setup, which should be
investigated in more detail. Presumably, anaerobic cultures were performed when 100%
N, was supplied. It is assumed that the chip can be operated with at least 0.1 ppm O,
indirectly demonstrated by the incomplete chromophore maturation in the absence of O,
when using GFP as an intracellular O, sensor.

The analyses of microorganisms at both the population and single-cell levels were
performed. The strength of the proposed approach is that knowledge from different lev-
els can be obtained from the same experiment. In addition to microfluidic monolayer
cultivation, there are several widely used methods for microbial single-cell analysis, such
as fluorescence-activated cell sorting and droplet confinement of single cells in a low
volume of aqueous solution [[117H119]]. Although these well-established technologies
provide data on vast numbers of cells, they are not suited for spatiotemporal microbial
analysis and, therefore, cannot deliver knowledge at the spatially resolved population
level. However, considering that the microbial heterogeneity of single cells can influence
microbial behavior at the population level, observing microbial behavior at different lev-
els - population and single-cell - and linking them would help add more insight to mi-
crobiological research. The power of such an analysis becomes more apparent when a
microbial culture is performed in a structured O, environment.

Automated image analysis was used to extract cellular properties from large stacks
of image data. All these tools are made available as open source. The cultivation setup
can serve as an experiment-to-analysis system for various microbial single-cell analysis
applications, such as the cultivation of micro-aerophilic and strictly anaerobic organisms
whose single-cell behavior has not yet been thoroughly investigated. As iron solubility
is dependent on O, concentration, studies of iron availability and its effect on cellular
physiology are possible. A more advanced microfluidic configuration would also allow
O, gradients and other patterns to be created. The setup is not limited to controlling O,
and nitrogen gas but can be adapted to different gases.
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4 Double-Layer Microfluidics for Recreating Rapid Oxygen
Oscillations

Microbial metabolism and growth are tightly linked to the presence of O,. Despite mi-
crobes often encountering fluctuating O, conditions in their natural habitats, our under-
standing of cellular response and adaptation to O, fluctuations at various time scales
is limited. This is due to difficulties monitoring microbial growth at the single-cell
level under precisely controlled O, supply and correlating single-cell growth with the
O, microenvironment. Here, time-resolved microbial growth analyses were performed
at single-cell resolution under a well-controlled O, supply. Therefore, a multilayer mi-
crofluidic device incorporating a gas supply layer on top of a cultivation layer with a thin
intermediate membrane was developed, enabling efficient and homogeneous gas transfer,
and thus microbial cultivation under constant, dynamic, and periodically oscillating O,
environments. Implementing automated time-lapse microscopy and deep-learning-based
image analysis, this platform provides access to spatio-temporally resolved microbial
growth data at the single-cell level. O, switching within tens of seconds and precise
knowledge of the resulting microenvironment facilitates accurate correlation between
cellular growth and the local O, concentration. Performing Escherichia coli cultivations
under various O, oscillation periods revealed distinct growth dynamics, characterized by
response, recovery, and adaptation phases, synchronized with applied O, oscillation pe-
riods. Comprehensive growth data and analyses from the unique platform are crucial for
systematically studying the cell response and adaptation to oscillating O, environments
at single-cell resolution. Part of the results in this chapter were published in Kasahara et
al., Lab on a Chip, 2025.
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Figure 4.1: Conceptual illustration of the on-chip microbial growth analysis under rapidly
fluctuating O, environment. (A) The conceptual sketch of the proposed analysis of mi-
crobial growth behavior with a one-to-one correspondence to the external fluctuating
O, environment. (B) The analytical platform comprises the double-layer microfluidic
chip, time-lapse microscopy, and deep-learning-based image analysis, enabling micro-
bial growth characterization under oscillating O, environments at high spatiotemporal
resolution.

4.1 Technical Concept

4.1.1 Double-Layer Microfluidic Chip to Enable Rapid Gas Control

In the previous chapter, gas control was managed using the mini-incubator mounted on
the microscope stage. While this setup was easy to install, it required over an hour for
adequate gas exchange due to gas diffusion through the thick PDMS chip, limiting its
suitability for experiments requiring rapid gas fluctuations. A device capable of faster
gas exchange is anticipated for recreating rapidly fluctuating O, environments and inves-
tigating microbial growth dynamics under such conditions (Fig. {.TA).

To address this, a double-layer microfluidic chip was developed to enable faster gas
exchange in tens of seconds and recreate rapid O, oscillations on-chip (Fig. [#.IB). The
chip comprises two layers: a top layer for gas supply and a bottom layer for fluid supply
and cell cultivation. These layers are separated by a thin intermediate membrane (65 pum)

46



Double-Layer Microfluidics for Recreating Rapid Oxygen Oscillations

Fluidin Fluidout
¢ Gasin Gasout f
Top layer __ |
(gas, 3 mm)
Diffusion
Bottom layer - S Sl
(ﬂUId, 65 pm) — — — — 1

Figure 4.2: Conceptual illustration of the fast gas exchange through the intermediate thin
membrane separating the top and bottom layers.

that enables rapid gas diffusion from the top to the bottom layer, facilitating rapid gas
control within the medium (Fig. f.2). Images obtained from time-lapse imaging during
microbial cultivation in the microfluidic chip are analyzed using a deep learning-based
image analysis platform. This method allows for the efficient extraction of growth data
from a large dataset and provides time-resolved microbial growth analysis that is explic-
itly correlated with well-defined O, fluctuations (Fig. 4.TB).

4.1.2 Modular System Allowing Various Chip Designs

Another key feature of the double-layer chip is its modular design, which accommo-
dates various interchangeable configurations for both the top and bottom layers, as long
as the overall chip dimensions remain constant. As shown in Fig. the top layer
for gas supply can be tailored in multiple ways—such as uniform, gradient, separate,
or lattice patterns—similarly to the bottom layer for fluid, which may incorporate de-
signs for chambers, co-culture setups, mother-machine channels, or batch modes. This
modular approach provides a flexible platform for recreating diverse spatiotemporal O,
microenvironments with reduced effort in developing a new chip design, enabling the
double-layer chip to be applied to a wide range of research requiring spatiotemporal O,
control.
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Figure 4.3: Conceptual illustration of the modular system allowing various chip designs.

4.2 Materials and Methods

4.2.1 Microfluidic Device Fabrication

The double-layer microfluidic device, comprising an upper and a lower layer, was fabri-
cated by molding PDMS in separate molds and by assembling (Fig.[d.4) [50]. Firstly, the
mold for the upper layer was modeled using CAD and 3D printed with stereolithography
as shown in Fig.[d.3|(Form 3B, Formlabs, US). The mold was filled with a mixture of pre-
cured PDMS solution (10:1) and heated to 80°C for 20 minutes to initiate the first curing
step. A silicon wafer with a two-layer SU-8 photoresist was fabricated by photolithogra-
phy as described in a previous paper at Helmholtz Nano Facility, Germany
and employed as the mold for the lower layer. The PDMS was spin-coated onto the SU-8
mold at 1000 rpm for 60 seconds (SPIN150i, APT Automation, Germany) and heated at
80°C for 10 minutes to initiate the first curing step. Then, the upper layer was peeled
off from the mold, cut into chips, and inlets were punched (punching tool ¢ = 0.75 mm,
World Precision Instruments, US). The lower layer was not peeled off at this step. The
upper layer was then placed onto the lower layer and heated at 80°C for at least one hour.
This constituted the second curing step, whereby the upper and lower layers were irre-
versibly bonded through the full curing process. Once fully cured, the chip was peeled
off from the wafer, holes were punched (¢ = 0.50 mm, World Precision Instruments, US),
and bonded to a glass substrate (D263®Bio, 39.5 mm x 34.5 mm x 0.175 mm; Schott
AG, Germany) by O, plasma treatment for 25 seconds (Femto Plasma Cleaner, Diener

48



Double-Layer Microfluidics for Recreating Rapid Oxygen Oscillations

/~ PDMS Peel, punch holes Align
/ i o i W
! I — [N ,Lﬁ_:ﬁ_:_é
3D-printed mold | 2nd curing
Peel, punch holes,
Soi t PDMS bond glass
[ pincoa 1st curing (& & i
\‘ Si-wafer mold \—Cover glass

Figure 4.4: Fabrication procedure of the double-layer PDMS microfluidic chip.
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Figure 4.5: 3D-printed mold for the upper layer with three separate gas channels. (A)
Dimensions of the designed mold in mm. (B) Image of the printed mold.

Electronics, Germany). The bonded chip was heated at 80°C for one minute to increase
the stability of the bonding.

The thickness of the PDMS membrane (fluid layer) was measured using a stylus
profiler with a 12.5 pum radius stylus (Dektak 150, Veeco Metrology, US). The resulting
PDMS membrane thickness (W) dependent on spin-coating speed (@) can be expressed
with fitting parameters (A, b) as follows [[121].

W=Aw" 4.1)
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Figure 4.6: Geometry of the PDMS chip generated for gas diffusion simulation.

4.2.2 Computational Simulations

The gas distribution in the PDMS chip was simulated using a finite element method
(COMSOL Multiphysics 6.0, COMSOL). A three-dimensional geometrical model com-
prised three distinct subdomains: a PDMS block, a fluid channel, and a gas channel
(Fig. [4.6). A hexahedral mesh was generated for the fluid channel, while a tetrahedral
mesh was generated for the remaining geometry. The physical phenomena of fluid and
gas flow were numerically analyzed by solving the time-dependent Navier-Stokes equa-
tions for laminar and incompressible flow. O, transport was determined by diffusion and
convection and by the ratios between O, concentration and O, solubility at the different
material boundaries. Further details regarding the simulation setup are described in the

Appendix

4.2.3 Microscopy

An inverted microscope (Nikon Eclipse Ti-E 2, Nikon, Japan), equipped with a CMOS
camera (DS-Qi2, Nikon, Japan) for phase-contrast image acquisition and a FLIM camera
(550 kHz frequency domain; pco.flim, PCO AG, Germany), was utilized for the ex-
periments. The FLIM camera was connected to a modulated excitation laser (445 nm,
100 mW; pco.flim laser, Omicron-Laserafe Laserprodukte GmbH, Germany). The mi-
croscopy setup was customized with a perfect focus system (PFS, Nikon, Japan) and a
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temperature incubator (Okolab, Italy) to facilitate automated live-cell imaging during cell
cultivation on the microscope. Phase-contrast observation for biological cultivation was
conducted with a 100x objective (Plan Apo A Oil, Nikon, Japan). FLIM imaging was
conducted with a 20x objective (Plan Apo A, Nikon, Japan). To perform FLIM, a cus-
tomized filter cube was used, which was composed of an excitation filter (440/40, F47-
440), a long-pass (LP) dichroic mirror (495LP, F48-495), and an emission filter (605/70,
F47-605). All the filter components were purchased from AHF analysentechnik AG,
Germany. A custom-made chip holder was used to mount the chip on the microscope
stage. The FLIM was calibrated using a reference fluorescent slide with a known lifetime
(lifetime = 3.75 ns, UMMS-SFG, Starna Scientific, UK) as a standard. Further details are
described in a previously published paper [[103].

4.2.4 Gas Control and O, Sensing

Three interconnected mass flow controllers were utilized to continuously deliver the syn-
thetic air mixture with the desired concentrations of Ny, Oy, and CO, (red-y, Vogtlin
Instruments GmbH, Switzerland). For on-chip gas control, the inlet of the gas channel
was connected to the mass flow controllers. The desired O, concentrations in the gas
supply were achieved by automatically adjusting the corresponding volume flow rates
for O, and N, while maintaining the total flow rate constant at 600 mL/min throughout
the oscillations. 0.4 mL/min of CO, was always added to the synthetic air to facilitate re-
producible growth of E. coli [122]]. A tubing with a low gas permeability (N,: 1.2 barrer,
0;: 2.2 barrer; Tygon®F-4040-A, Saint-Gobain, France) was used to connect the mass
flow controller and the hole on the upper layer of the chip. To measure O, concentrations
of in-flow coming out of the tubing, a fiber O, microsensor was used and inserted directly
in the tubing (OXR50, pyroscience, Germany).

The O, level in the chip was measured by fluorescence lifetime imaging (FLIM) and
an O;-sensitive dye RTDP. The fluorescence of RTDP is quenched in the presence of
O,, which can be quantified as a change in fluorescence lifetime (7), described by the
Stern-Volmer equation (Eq. [2.1).

Here, 7 at 21% O (721) was used to derive K,;. The gaseous conditions of 0% and
21% O, were set by adjusting the mass flow rate of N, and O,. The parameters were
determined from the measurement as follows; Ty = 481 ns, 7,1 =307 ns, K, = 2.71.
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4.2.5 Cell Preparation

E. coli MG1655 was stored in a ROTI Store cryo vial (ROTI®Store cryo vial, Carl
Roth, Germany). All microbial cultivations were conducted using a lysogeny broth (LB)
complex medium comprising 10 g/L peptone, 5 g/L yeast extract, and 10 g/LL NaCl.
The pH of the LB medium was adjusted to 7.0 with NaOH, autoclaved at 121°C for
20 minutes, and stored at 4°C. All the aforementioned chemicals were purchased from
Carl Roth, Germany. A single bead from the cryo vial was transferred to a 20 mL LB
medium in a shaking flask and cultured at 37°C, 150 rpm, for around 16 hours. The
subsequent culture was initiated by inoculation from the previous culture, with an initial
optical density (ODggg) of 0.3 or 0.0001, and cultivated until it reached the exponential
growth phase.

4.2.6 Microfluidic Cultivation and Time-Lapse Imaging

The inoculation in the microfluidic chip was performed with the cell solution containing
exponentially growing cells, with ODggp = 0.5. The cell solution was introduced into the
fluid channel of the chip with a syringe (Omnifix®-F 1 mL, Braun, Germany). Following
the successful inoculation, the syringe was replaced with a new one containing a fresh
medium. The remaining cells within the channel were flushed by manually pushing the
syringe. The medium was perfused at a constant rate of 100 nL/min using a syringe pump
(neMESYS, CETONI, Germany). The chip cultivation continued for three hours before
the colony reached the chamber size. The time-lapse imaging was performed, with an im-
age acquisition interval Ar = 1 min for all the cultivation under constant O, environments,
and Ar = 10 seconds for all the cultivation under oscillating O, environments.

4.2.7 Image Analysis

The acquired FLIM image data in nd2 format was saved as OME.TIFF files and processed
using Fiji to measure the lifetime in a rectangular ROI (I 500 pixels x w 100 pixels). A
median filter (pixel size = 5) was employed to remove noise. Cell segmentation and
analysis codes are openly available at https://github.com/JuBiotech/Supplemen
t-to-Kasahara-et-al.-2025.
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4.2.8 Growth Analysis

Colony area (Acolony), Which is the sum of single-cell area (Agingle cen1) in a colony, was
used for growth analysis because Acolony provides us with continuous values as opposed
to cell number, which is beneficial for further calculations. Acolony Was normalized by
the colony area at the start of cultivation to compare different chambers and conditions.
Exponential growth rates, i, were quantified based on Acolony in the exponential growth

phase, as follows.
B lnAcolony, t— lnAcolony, fo

P— 4.2)

The relation of growth rate and O, availability was modeled by a Monod kinetic [[123]]
including an offset for anaerobic growth, C (h~ 1) at 0% O,, as follows.

/ Soz

—+4C 4.3)
Ko, +So,

H=4u
p' +C (h~1) is the growth rate under high O, availability and Ko, (%) is the so-called
Michaelis-Menten constant. So, (%) represents the dissolved O, saturation in solution,
expressed as a percentage relative to the equilibrium value under pure O, (100%) at the
same temperature and pressure.

Instantaneous growth rates, [, the first derivative of Acolony, Were calculated as fol-

lows.
. 1nAcolony7 t+At — lnAcolony, t—At

2At
Phase-averaged growth rates under aerobic and anaerobic gassing phases (flaerobic and

Har (4.4)

Hanaerobic) Were determined by averaging obtained values from all the periods in all the
analyzed colonies. fresponse Was determined as the time to hit the lowest ;. frecovery Was
determined as the time for the linear regression slope of L, in a shrinking window to
reach zero.

The fast Fourier transform (FFT) was performed using the Data Analysis Tools in Ex-
cel. The sample size was adjusted to 2" before FFT. For all the growth analysis, growth
data between O h < 7 < 1 h were omitted since growth data at the beginning of the culti-
vation was occasionally affected by high noise due to a low initial cell number. Datasets
with Ar = 10 seconds were smoothed by a centered moving average (window size = 5)
before calculating ua, to reduce noise.
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4.3 Results

4.3.1 Double-Layer Chip Fabrication

The fabricated double-layer chip is depicted in Fig. B.7]A. For visualization purposes,
the top gas-layer channels (red) and bottom fluid-layer channels (blue) were filled with
colored dyes. The SEM image (Fig. d.7A (i)) depicts a series of cultivation chambers
(50 pmx30 pmx1 um), in which cells are trapped, and their growth can be observed
over time via time-lapse imaging during cultivation. Each growth chamber is connected
to two parallel medium supply channels (w = 100 pm, ~ = 10 um), enabling continuous
medium perfusion but mass transfer inside the chamber solely by diffusion. The cross-
sectional photograph of the device (Fig. .7A (ii)) shows the PDMS membrane, which
has a thickness of approximately 65 um (fluid layer in the figure), physically separating
the upper gas channel from the lower fluid channel. The thickness of the membrane can
be tuned by changing the spin-coating speed, as shown in Fig. 4.7B. Using Equation 4.1]
a fitting curve to the measurement results was acquired, with fitting parameters A = 0.11
and b =1.07 (W =0.110~"%; W in m, @ in rpm).

As explained in Chapter the design for the upper layer can be interchangeable
with other designs with minimal effort thanks to its modular system. To show this capa-
bility, two designs (uniform and gradient) are fabricated using the same fabrication pro-
cedure, as shown in Fig. 4.8 The top gas-layer channels (orange) and bottom fluid-layer
channels (blue) were filled with colored dyes for visualization. In the uniform design,
a rectangular gas channel (/ 15 mm x w 13 mm) is placed on the fluid layer, allowing
one gas condition at a time. The six pillars in the gas chamber support the structure. In
the gradient design, two separate gas channels are prepared with a distance of 1 mm. By
flushing gas with different O, concentrations in the two gas channels, the O, gradient is
established within a 1 mm distance between the gas channels. Fabricating these chips
requires only a 3D-printed mold for the top layer, allowing new designs with minimal
effort (CAD design + ~ 1 hour printing).

4.3.2 Gas Control Optimization
To optimize the mass flow controller configurations (flow rate, connecting order), the O,

concentration was measured inside the supply tubing outlet under different gas-supply
flow rates (10, 20, 50, 100, 200, 600 mL/min) when no chip was installed, as shown in
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Figure 4.7: Fabricated double-layer microfluidic chip. (A) The image of the fabricated
chip filled with color dyes (gas channel: red, fluid channel: blue). (i) The SEM image
of the cultivation chambers and (ii) the cross-sectional image are also shown. (B) The
measured thickness of the fluid layer fabricated with different spin-coating speeds. The
solid line shows a theoretical fit.

Fig.[A.9]A and B. The O, concentration was switched from 100% to 0% at ¢ = 0 min. The
measurement results in Fig. 9B indicate shorter gas exchange time with higher mass
flow rates. The results also suggest that the gas-supply volume flow rate is the limiting
factor in the design, primarily impacting the exchange time of O in the fluid channel
rather than diffusion across the PDMS membrane.

Furthermore, different orders of mass flow controllers were examined since dead
volumes in the mass flow controller affected the resulting switching performance,
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Figure 4.8: Fabricated microfluidic chip with various designs. (A) Part of the dimensions
of the designed mold in mm (uniform). (B) The image of the fabricated chip (uniform).
(C) Part of the dimensions of the designed mold in mm (gradient). (D) The image of the
fabricated chip (gradient).

mostly when O, flow was entirely switched off, and residual O, remained inside the
non-perfused tubing and connectors. The residual O, is depleted relatively slowly by
diffusion and delays on-chip switching performance. When switching to higher O,
levels, this problem is not observed since all interconnections are continuously perfused,
and no controller is switched off. Two different orders (non-serial and serial) were
examined here, as shown in the sketch in Fig. @p In the serial order, the N, flow
controller is connected at the backmost, expecting all the residual O, to be flushed away
and, therefore, faster gas exchange. The plot in Fig. 4.9C depicts the O, measurement
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Figure 4.9: Mass flow controller optimization. (A) The setup to measure O, concentra-
tion of in-flow gas inside the supply tubing outlet. (B) Measured O, level in the in-flow
at different mass flow rates. (C) Measured O, level in the in-flow with different orders of
mass flow controllers (flow rate = 600 mL/min).

result (from 21% to 0%), indicating the faster gas exchange in the serially ordered mass
flow controllers compared to non-serially ordered ones (6.9-fold faster to reach 0.21%).

With the serially ordered mass flow controllers, the on-chip gassing performance
was simulated using computational fluid dynamics with experimentally determined gas-
inflow concentration profiles. As depicted in Fig. . 10A, the simulated O, level in the
fluid channel exhibits a corresponding change from 21% to 0% when the O, level in the
inlet gas is changed from 21% O, to 0% O, at t = 0 min. Based on the simulation results,
the maximum total flow rate of N, and O, at 600 mL/min was applied to achieve rapid
modulation of O, within the fluid channel.

4.3.3 On-Chip O; Control Characterization
With the determined total flow rate, the O, switching performance was experimentally

validated by imaging the fluorescence lifetime of the O,-sensitive dye RTDP inside the
fluid channel with FLIM. Figure @.T0B depicts O, concentration measured in the fluid
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Figure 4.10: Characterization of the on-chip O, control. (A) Measured O, level in the
in-flow (plots) and simulated O, level at the center of the fluid channel (solid lines) after
a shift of Oy supply from 21% to 0% at mass flow rates of 20, 100, and 600 mL/min. (B)
Measured O; level in the fluid channel after a shift of O, supply between 21% and 0%.
Data are expressed as mean 4 S.D. (n = 3 measurements).

channel after the gas exchange from 21% to 0% and vice versa. The supply gas diffused
rapidly into the fluid, achieving 99% of the aimed conditions (corresponding to a residual
O, concentration of 0.21% when switching from 21% to 0%) within 15 seconds in both
directions. The O; level in the gas supply was also switched between 21% and 0%
at various oscillation half periods 7° (T” = 60, 30, 10, 5, 2, 1, 0.5 min), showing the
robust experimental O;-level data when toggling between 21% and 0% at various 77,
as demonstrated in Fig. .11} These device characterization results ensure a fast gas
exchange in the order of seconds in the developed microfluidic device.

4.3.4 Optimizing on-Chip Cultivation Conditions

As an initial step, E. coli MG1655 was cultivated in the double-layer chip under gas-
controlled conditions to evaluate whether unrestricted cell growth could be achieved.
Initially, only N; and O, were supplied for gas control (resulting in 21% O, concentra-
tion), with CO; excluded. Under these conditions, cell growth was reduced by more than
half compared to ambient conditions despite similar O, availability (Fig.[4.12] conditions
no. 1 to 3). To identify the cause of this restricted growth, various parameters, including
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Figure 4.11: O, concentration in the fluid channel of the microfluidic chip determined
by RTDP lifetime measurement with FLIM under oscillating O, environments at various
oscillation half periods (7).

temperature, mass flow rate, and CO, supplementation, were investigated. Fig. sum-
marizes the growth rates under different cultivation conditions (no. 1 to 7). Adjustments
in mass flow rate (600, 100, and 20 mL/min; conditions no. 3 to 5) and temperature
(40°C; condition 6) did not improve growth; however, adding CO; to the gas supply en-
abled a growth rate comparable to that observed under ambient conditions (condition no.
7). These findings clearly show that CO; is essential for achieving unrestricted growth of
E. coli. Therefore, CO, was added to the air supply in the following E. coli cultivation
experiments.

4.3.5 E. coli Growth in Constant and Homogeneous O, Environments

The fabricated double-layer cultivation device, as well as the optimized cultivation con-
ditions, were first employed to cultivate E. coli MG1655 under a range of constant O,
levels, between 0% and 21%. E. coli is a facultative anaerobic bacterium that can grow
under aerobic, microaerobic, and anaerobic conditions. As known, the O,-limited growth
is slower than the growth under O;-rich environments [34]. The cultivations under con-
stant O, levels were conducted to determine whether the impact of various O, levels on
microbial growth can be spatiotemporally resolved at the single-cell level.
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Figure 4.12: E. coli growth rate under different cultivation conditions. Boxes have the
meaning of 25 and 75% quartile around the population median value (middle line), error
bars indicate maximum and minimum, and squares indicate mean values. w/ and w/o
indicate with and without, respectively.

Fig. [A.13A and B show representative time series of phase contrast images of E. coli
cultivated under aerobic (21% O,) and anaerobic (0% O,) conditions. Both cultivations
started with a single cell at 00:00 h, with a resulting larger colony area at 21% after
03:00 h cultivation time.

To further investigate whether various O, concentrations also result in a correspond-
ing decrease in cell growth in the microfluidic growth chambers, E. coli was cultivated
under constant O, concentrations, at 0%, 0.1%, 0.5%, 1%, 5%, 10%, and 21% O, in
separate experiments. As shown in Fig. FIEI, the colony areas (Acolony), the sum of the
individual cell areas, are quantified from the phase contrast time-lapse images. As the
plot shows, Acolony €xhibits exponential growth, with the lowest rate being observed at
0% O,.

In Fig. [4.T5] the exponential growth rates y were quantified based on Acolony in the
exponential growth phase, showing comparable growth at O, concentrations between
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A: 21% O2

Figure 4.13: E. coli cultivation under steady O, supplies. (A) Phase-contrast images of
E. coli cultivated under 21% O, supply (scale bars 5 um). (B) Phase-contrast images of
E. coli cultivated under 0% O, supply (scale bars 5 um).

21% and 1%. The aerobic growth rate of around 2 fits the growth rate suggested in previ-
ous literature [[124]. Conversely, p strongly decreases when the O level is below 0.5%.
The relation of growth rate and O, concentration was modeled by an adapted Monod
kinetic, which resulted in Ko, of 0.07 &+ 0.02%. As Ko, describes the O, concentration
in percentage at which the growth rate is reduced to half of the maximum growth un-
der sufficient O,, the low Ko, indicates a substantial decrease in growth rate at very low
O, levels. These results indicate that an O, level of at least 0.5% or below is necessary
to observe a measurable shift between aerobic and anaerobic growth of E. coli within
the device. Based on the gas exchange characterization described in Fig. #.10B, a min-
imum switching time of approximately 15 seconds would be required to reduce the O,
concentration below 0.5%.

the minimum switching time necessary to decrease O, concentration below 0.5% and
observe a detectable change between aerobic and anaerobic growth was approximately
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Figure 4.14: Growth curve based on colony area (Acolony) under various O supplies.
Data are expressed as mean £ S.D. n = 35 colonies (0%), 27 (0.1%), 21 (0.5%), 16 (1%),
13 (5%), 13 (10%), 29 (21%).

15 seconds. The slower growth observed at low O, concentration is in agreement with
the Pasteur point (1% of the present atmospheric O, level), below which is thought to
inhibit heterotrophic aerobic respiration [[125]].

Furthermore, beyond colony growth, the data can also be obtained at the level of
single-cell area. Each gray plot in Fig. @] represents a single-cell area (Agingle cen) Of
each cell from images at t = 2 h, and red dots represent mean values. The mean values
increase as oxygen concentration increases. This increase in cell size is reasonable, con-
sidering that cells with higher growth rates possess larger cell sizes [[79,|126,|127]]. More
interestingly, there was a broad variation in single-cell area, ranging up to 14 um?. This
wide distribution of single-cell areas suggests cell size heterogeneity within the popu-
lation. Such heterogeneity in cell size might arise from a mixture of cells at different
stages: smaller cells immediately post-division, larger cells just before division, and ex-
tensively sized cells with fewer division cycles. Such intra-population diversity can be
effectively resolved using microfluidic cultivation combined with time-lapse imaging at
the single-cell resolution.
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Figure 4.15: Exponential growth rate (i) under various O, supplies. The fitted Monod
kinetic model is shown with the blue line. Data are expressed as mean + S.D. n = 35
colonies (0%), 27 (0.1%), 21 (0.5%), 16 (1%), 13 (5%), 13 (10%), 29 (21%).

4.3.6 E. coli Growth in Periodically Oscillating O, Environments

Next, E. coli was cultivated under oscillating O, environments to investigate the effect of
O, oscillations on bacterial growth. Experiments were performed with various oscilla-
tion half periods T’ = 60, 30, 10, 5, 2, and 1 min. Fig. and [4.18] show representative
time series of phase contrast images of E. coli cultivated under oscillating O, with var-
ious 7°. While noticeable growth was observed from images acquired at longer 77, it
was more challenging to qualitatively evaluate microbial growth from images acquired at
shorter 7°. Therefore, the growth was quantitatively analyzed from the acquired images
and summarized in Fig. @A—F (top: Acolony, bottom: instantaneous growth rate fia,).

In Fig. B.T9A (top), the distinct growth phases under aerobic and anaerobic gassing
phases every T” = 60 min are evident from Acolony. The rate at which Acglony increased
was further analyzed by pa,, which is the first derivative of In (Acolony). In Fig.
(middle), an oscillation-specific growth behavior is revealed, where L, decreases sud-
denly right after the switch from aerobic to anaerobic gassing phase, much lower (128%
decrease) than the growth rate at constant 0% O, concentration (g = 1.38 £ 0.06 hh,
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Figure 4.16: Single-cell area (Agjngle cenn) under various O3 supplies at # = 2 h. The gray
dots represent single-cell data. Mean is expressed as red dots. The analyzed numbers of
cells are presented in the plot.

then gradually increases to reach around tpg,. Several characteristic values were deter-
mined, such as fresponse (the time to hit the lowest Uy,), and frecovery (the time required to
recover up to Uog, the reference growth rate obtained under constant conditions), both
counting from the switch from aerobic to anaerobic gassing phase. fresponse and frecovery are
determined to be 1.3 & 0.1 minutes and 35.2 4 4.9 minutes, respectively. After frecovery,
the growth was stabilized around g, till the end of the anaerobic gassing phase. After
the switch from anaerobic to aerobic gassing phase, in contrast, Acolony increased rapidly,
reaching the growth rate at constant 21% O, concentration (tz1, = 1.95 + 0.03 h™!)
within a minute.

At T° = 30 min, ua; shows a growth tendency similar to 7” = 60 min, characterized
by the steep decrease right after the switch from aerobic to anaerobic conditions, and
the following growth recovery till the end of the anaerobic gassing phase, as shown in
Fig. BI9B. At T° = 10, 5, and 2 min, uy, hit the lowest value followed by the gradual
recovery phase, but never reached g, simply due to insufficient time for recovery and
adaptation, as shown in Fig. f.I9[C-E. In the case of 7" = 2 min, only a brief recovery
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To + T’ +2T° + 3T’ +4T’ Time
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T’ =60 min
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Figure 4.17: Phase-contrast images of E. coli cultivated under oscillating O, supplies
with T’ = 60, 30, and 10 min (scale bars 10 um).

phase is observed after the response phase. At 7° = 1 min, the steep decrease after the
switch from aerobic to anaerobic conditions is observed without a recovery phase, fol-
lowed by a fast increase right after the switch from anaerobic to aerobic conditions, as
shown in Fig. F.T9F. As a result, the i, line plots at 7’ = 2 min and 1 min represent
simpler waveforms (monotonous up and down), compared to the other cases.

The single-cell area also exhibited a distinct increase under aerobic and anaerobic
gassing phases. Figure[d.20A-F are plotted with Aingle ceit Obtained from every cell grow-
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Figure 4.18: Phase-contrast images of E. coli cultivated under oscillating O, supplies
with T/ =5, 2, and 1 min (scale bars 10 um).

ing in a representative chamber of each oscillation condition. Figure allows spec-
ulating how single cells increase their cell size by following neighboring plots without
needing cell tracking that requires more complicated analytical setups. As for overall ten-
dencies, the plots show a faster area increase rate under aerobic than anaerobic gassing
phases, similar to colony-area analysis. A quick response in the increase rate was ob-
served right after the gassing phase switch in all the oscillation conditions. An apparent
cell area recovery was observed when oscillation half periods were sufficiently long in
comparison to fresponse (I” = 60, 30, and 10 min).
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Figure 4.19: E. coli growth analysis cultivated under oscillating O, supplies. (A - F)
Growth curves based on colony area (Acolony, top) and instantaneous growth rate (Uy,
bottom) over time, under various oscillation half period, 7° = 60, 30, 10, 5, 2, and 1 min.

Data are expressed as mean + S.D. n =5 colonies (60 min), 3 (30 min), 4 (10 min), 4 (5
min), 4 (2 min), 5 (1 min).
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Figure 4.20: Single-cell area (Agingle cent) plotted over time under oscillating O environ-
ments at various oscillation half periods (7).

68



Double-Layer Microfluidics for Recreating Rapid Oxygen Oscillations

A T —— 10 min 2 min - M219 B T7'=10 min
——5min —1min -~ Mo 1.0 4 T 7.8x10*Hz .
: i (T"=10.7 min)
3 aerobic anaerobic 0.5 §
T 0.04— UREAALY BRI
e A e S 1.8x103Hz
g 10qr=5min 1 ~ (T'=4.7 min)
~ 27 £ 057 /\J ~\\/\4/\,,\/3
= E- 0.0 e e
~ © I ) . 4.1x10°Hz
5 5 1047 =2min - (T’=2.0min)
3 14 & 0.5+ |
'Té 0.0 - o
5§ 1.047=1min fi8.4x10°Hz
04 2 0.5 - (T"=1.0 min)
T T T T T 0'0_ T T T T T T —rrom
0 12T T 32T 2T 1E-4 0.001 0.01
Fraction of period Frequency (Hz)

Figure 4.21: Periodic growth dynamics synchronized to applied O, oscillations with
various T°. (A) Uas across fraction of period (27°). Data are expressed as mean + S.D.
over periods. n = 6 (10 min), 12 (5 min), 30 (2 min), 60 (1 min). (B) The frequency
spectrum of ua, at 7° = 10, 5, 2, and 1 min determined by the fast Fourier transform
(FFT).

4.3.7 Periodic Growth Synchronized with Applied O, Oscillations

To compare and examine further the periodic growth behavior induced by different O,
oscillations, growth data is averaged over periods and plotted over the period fraction, as
shown in Fig. @A Growth data with more than three periods (7° = 10, 5, 2, and 1 min)
were analyzed.

The periodical comparison suggests that s, line plots from 7” = 2 and 1 min have
simpler waveforms compared to the other 7’ that are longer enough than fresponse. TO
examine the waveform complexity of ua, line plots at various 77, the frequency spec-
trum of Uu, line plots were analyzed using the fast Fourier transform (FFT) as shown in
Fig. A.21B. Several frequency peaks were observed at 7” = 10 and 5 min. These several
peaks imply that the complicated waveform of i, line plots from these 7~ are expressed
by adding several trigonometric functions due to the existence of response and recovery
phases. In contrast, only one frequency peak at 7° = 2 and 1 min. The single peaks im-
ply that the uia, line plots are expressed by simple trigonometric functions, representing
only the response phase. Notably, the highest peaks from FFT corresponded to applied
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O, oscillation half periods 7°, showing that the periodic growth dynamics were syn-
chronized with applied O oscillation periods (7” = 10 min: 7.8x10~* Hz, 7” = 5 min:
1.8x1073 Hz, T’ =2 min: 4.1x1073 Hz, 7" = 1 min: 8.4x 1073 Hz).

The periodic growth behavior can also be visualized and compared with polar plots in
a circular coordinate system, as shown in Fig.[4.22] Each point in the plot is defined by a
radius (Ua,) and an angle (fraction of period, 27 radian = 27”). The polar plot summarizes
periodic microbial responses in a single chart, making it useful for pattern recognition.
It is recognizable from the polar plots that u, from different periods overlap with each
other, showing the reproducible growth behavior over periods.

4.3.8 Distinct Growth Behavior Dependent on Aerobic/Anaerobic Gassing Phases

To further analyze the O,-oscillation-dependent growth behavior, phase-averaged growth
rates were determined under aerobic and anaerobic gassing phases (flaerobics Hanaerobic) DY
calculating the growth rate for each 7”, as illustrated in Fig. A.

In Fig. , Haerobic and fanaerobic for each T’ are summarized. At 7° = 60 min,
Uaerobic and [anaerobic are comparable to Upig, and Uy, respectively, indicating the suf-
ficient recovery time and growth stabilization after the gassing phase shift. At 77 = 30
and 10 min, [aerobic 1S comparable to Upig, but HanaerobiciS below Lgg. This is due to
insufficient recovery time under the anaerobic phases (fresponse < I~ < frecovery), resulting
in an overall lower growth rate over anaerobic phases. This trend became more evident
at 7’ =5 and 2 min, with lower [anaerobic because of less time for growth recovery. In-
terestingly, aerobic Was higher than tp19, at 7° = 5 and 2 min. This high [iaeropbic iS the
result of the steep increase in growth rate right after the switch from anaerobic to aer-
obic gassing phases and insufficient time to adjust the growth rate to around 19, as
shown in Fig. and E. Lastly, flaerobic and flanaerobic at 7° = 1 min were close to
each other, implying the growth adaptation attempt back and forth between aerobic and
anaerobic phases, although insufficient time to adapt to either of gassing phases (" <
tresponse)- These results demonstrate a phase- and oscillation-period-dependent growth
behavior that can be classified into several cases by growth characteristic values, fresponse
and frecovery-

Furthermore, the phase-averaged growth rates were compared over periods to exam-
ine the growth robustness under repeated O, oscillations. Growth data with more than 3
periods were analyzed (7° = 10, 5, 2, and 1 min). As shown in Fig. .23[C, [iserobic and
Uanaerobic plotted over periods exhibit robust and steady trends, even with repetitive 60 pe-
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Figure 4.22: Periodic growth dynamics visualized on polar plots. (A - D) The instan-
taneous growth rate ua, visualized on polar plots. The angle coordinate represents the
fraction of a period (27 radian = 27”). Each solid line represents data from each period.
The growth rates under constant 21% (U214) and 0% O, (Uye) are plotted with dashed
lines for comparison. The number of solid lines is as follows: 6 (A, 10 min), 12 (B, 5
min), 30 (C, 2 min), 60 (D, 1 min).

riods at 7° = 1 min. This result indicates the versatility of the developed platform to stably
create O, oscillating conditions and analyze microbial growth under such conditions.
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Figure 4.23: Comparison of phase-averaged growth data across different 7. (A) Phase-
averaged growth rates, the average growth rate for each 77, are calculated under aero-
bic gassing phases ({erobic) and anaerobic gassing phases ({anaerobic): (B) Haerobic and
Uanaerobic at various 7°. The plotted values are from periods starting at t = 2 h. For T’
= 60 min, values from half-periods starting at t = 1 h and 2 h were used for anaerobic
and aerobic plots, respectively. The growth rates under constant 21% (u214) and 0% O,
(U9 ) are plotted with dashed lines for comparison. (C) [fdaerobic and Hanaerobic OVEr peri-
ods showing the robust growth behavior. (B, C) Data are expressed as mean & S.D. n =

5 colonies (60 min), 3 (30 min), 4 (10 min), 4 (5 min), 4 (2 min), 5 (1 min).
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4.4 Discussion

This study aimed to investigate the growth dynamics of E. coli under fluctuating O, en-
vironments. Previous research on microbial growth response to gaseous environmental
changes was conducted extensively, but only with single shifts of O, availability. This
restriction has resulted in our limited understanding of microbial growth response to con-
tinuously fluctuating environments. To facilitate further investigation, the double-layer
microfluidic platform was developed for the time-lapse monitoring of microbes under
rapidly oscillating O, environments. The platform enabled the cultivation of microbes
under well-defined on-chip O, oscillating environments and simultaneous observation
of microbial behavior at high spatiotemporal resolution. The platform enabled the thor-
ough analysis of the growth dynamics of E. coli based on growth rates in different time
scales (U, [, ua/). While single-cell analysis is known for its high workload required
to extract biological information such as growth rates at the single-cell level, it was cru-
cial to establish fully automated image analysis and data extraction before developing
the microfluidic device. These analysis procedures enabled quick iteration, adaptation of
microfluidic chip prototypes, and direct verification of the effects based on the biolog-
ical outputs with only overnight delay. This high walkaway time and high throughput
experimentation allowed focus primarily on optimizing the microfluidic chip design and
experiment preparation while biological insights were automatically extracted. Such a
single-cell analysis of continuous microbial growth under oscillating O, environments
with high temporal resolution was not feasible with conventional analytical platforms.

The thorough growth analysis presented here demonstrates distinct growth dynamics
induced by O, oscillations, which are characterized by an immediate decrease in U, af-
ter the switch from aerobic to anaerobic gassing phases (response), followed by gradual
increase (recovery), and later stabilized state. These distinguished cell behaviors occur
depending on oscillation half periods 7”. This is reasonable, considering that the change
from one metabolic pathway to another requires a series of biological events, such as
signal transduction (in milliseconds), enzymatic reaction (in seconds), transcription (in
minutes), and translation (in minutes), occurring at different time scales [[68} [128], [129].
For example, the O, oscillation with 77 = 1 min was sufficient to rapidly and strongly
decrease the E. coli growth rates in the respective anaerobic gassing phase (Fig. {.19F).
This observation could be explained by the rapid depletion of the adenosine triphos-
phate (ATP) pool under O, limitation, which occurs within the time scale of microbial
responses to environmental fluctuations associated with enzymatic reactions and metabo-
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lite turnover under minute [|68]]. A recurring increase in the E. coli growth rates were ob-
served when T’ > fresponse (Fig. —D). This adaptation to prolonged anaerobic phases
is most likely the result of specific regulatory processes that alter gene expression pat-
terns, leading to a gradual change in cell metabolism in minutes [37]. Under the switch
from anaerobic to aerobic gassing phases, the initial peak and the subsequent gradual de-
crease of Ua, was also observed. This temporal change in growth rate may be attributed to
transient accumulation or excretion of metabolites due to maintaining homeostasis upon
the gaseous transition in minutes |35} |130]. Lastly, the FFT and phase-averaged growth
rate analyses revealed periodic and robust growth dynamics synchronized with the ap-
plied O, oscillation periods. This result implies the cellular capability to respond and
adapt to corresponding extracellular O, environments and highlights the importance of
O, in determining cellular growth behavior. Regarding the metabolic switching under
aerobic and anaerobic conditions, hybrid metabolism has been reported under microaer-
obic conditions, where both aerobic and anaerobic metabolisms are utilized [37) [131].
Therefore, metabolic switching is a continuous process that may not be clearly divided
into aerobic and anaerobic states. Rather, the switching time of E. coli can be charac-
terized and determined by various biological events, as mentioned earlier. For instance,
the timescales of enzymatic reaction, transcription, and translation would fit this study.
Follow-up studies would be valuable to further investigate the correlation between the
biological timescales and O, fluctuation timescales.

The demonstrated experiment and analysis platform can be strengthened with further
improvements. In the developed platform, we measured the fluorescence lifetimes at 0%
and 0.1% O,, which can be distinguished from each other. However, no further measure-
ments in the range below 0.1% have been conducted. Obviously, O, sensing with the O,
indicator and FLIM has its limits in terms of sensitivity, which is a complex technical is-
sue that depends on several parameters. For example, the measurement may be affected
by the accuracy and resolution of the O, control. A set of mass flow controllers con-
nected to pure N, and O, gas supply was used in the setup, which also has limitations in
resolution, especially at lower O, concentrations below 0.1%, where the mass flow rate
has to be set very low compared to an ideal operating range. A follow-up study should
consider using a gas supply with a lower O, concentration (for instance, 1%) instead of
pure O, gas so that the mass flow controller can operate in the recommended flow range
when controlling O, concentrations below 0.1%. FLIM and the O, sensing dye can be
characterized with such an improved setup for O, control. Finally, sensitivity can be de-
termined with finer resolution at low O, concentrations. Another factor is the two-point
calibration at known O, availability. This calibration was done by flushing synthetic air
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containing either 0% or 21% of O,. While controlling the O, availability to 21% was
credible, achieving a strict O, control at 0% remained challenging due to potential dis-
turbances from high air permeability and the possibility of residual air remaining within
the PDMS. By improving the calibration method to ensure strict 0% O, availability, such
as by using chemical O, scavengers [91}|92}132]] compatible with the O,-sensitive chem-
ical or by using a mini-incubator that allows flushing O, depleted gas around the PDMS
chip [103]], more precise on-chip O, control and sensing under anaerobic conditions may
be possible to achieve.

The developed device and the finding regarding microbial behavior under O, fluctua-
tion have the potential to be applied to a wide range of research fields. Regarding practi-
cal applications, the findings help characterize and improve industrial bioprocesses. The
fluctuating environments resulting from heterogeneous conditions in large-scale bioreac-
tors have been widely reported, which result in unexpected inefficiency and yield losses
[24-26]. Such fluctuations in industrial bioreactors, specifically O, fluctuations, can oc-
cur in a time range below one minute [27]]. To address this issue, it is of the utmost impor-
tance to further understand microbial behavior under rapidly fluctuating environments.
The developed device provides an on-chip environment miming rapid O, fluctuations
inside bioreactors. This enables the analysis of O, fluctuation-specific microbial behav-
ior, including the emerging phenotypic heterogeneity at single-cell resolution, which was
previously impossible.

A comparable approach to recreate fluctuating O, environments and live-cell imag-
ing could also prove beneficial in fundamental biology and biomedicine. For instance,
it is of interest to investigate pathogenic microorganisms (for example, Salmonella ty-
phimurium) and their mechanism on virulence expression and host-cell infection. It has
been recognized that pathogens use O, as a signal to trigger their virulence, yet the under-
lying mechanism is elusive [[32},|133[]. Our analysis platform provides an optimal environ-
ment for such a study, where microbial behavior can be resolved at single-cell resolution
under a well-defined O, environment. Another example is to study the interaction of gas-
trointestinal host cells and microbial communities under fluctuating O, environments.
There has been growing evidence that O, dynamics play a pivotal role in maintaining in-
testinal homeostasis [[134} |135]]. The intricate regulatory mechanisms at the interface of
host cells and the microbiome and the role of O, are of great interest since these interac-
tions are linked to various diseases [135]]. Moreover, several reports imply the existence
of O, fluctuations in the intestine and the intestinal epithelial-microbiome interface that
arise from periodic ingestion of nutrients or intermittent changes in O, availability in the
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blood [[136-138]]. Based on these previous reports, it is reasonable to assume that the
timescale of O, fluctuations for gut microbiome would be in the range of hours. In fact,
previous research reported fluctuating bacterial abundance in wild meerkats throughout
the day, with the relative abundance of aerobic (Cellulomonas) and anaerobic microbes
(Clostridium) varying due to changes in O, availability during that time [[139]]. The pre-
sented device and analysis could be applied to study the interplay between host epithelial
cells and microbiomes by emulating such an O, fluctuating environment.
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5 Investigating Growth of C. glutamicum under Oscillating
Oxygen Environments

In Chapter 4, the double-layer microfluidic device enabling precise and rapid O, control
was presented. Here in Chapter 5, the device is used to investigate anaerobic growth
of Corynebacterium glutamicum (C. glutamicum), showcasing the use-case of the devel-
oped device and its advantage over conventional cultivation setups.

5.1 Introduction

C. glutamicum is a gram-positive bacteria often used for industrial amino acid production
such as glutamate and lysine [[140, 141]]. While C. glutamicum produces amino acids in
the presence of O, it is also known as a facultative anaerobe capable of growing anaer-
obically by nitrate respiration or fermentation [1421144]]. C. glutamicum utilizes carbon
sources like glucose under anaerobic conditions in the absence of nitrate, producing fer-
mented products such as lactate, acetate, and succinate, which can be used as bio-based
plastic monomers (Fig. [5.1] [[145]]). Depending on the O, availability, C. glutamicum
uses different metabolic pathways, leading to different products. Therefore, it is impor-
tant to understand the O,-dependent growth of C. glutamicum and the resulting products
for achieving efficient industrial bioprocessing.

Considering the heterogeneous environment often observed in industrial bioreactors
[24527), C. glutamicum is assumed to encounter different ranges of O, availability dur-
ing cultivation. This is not trivial since such a fluctuating environment can affect cell
growth and production yield. However, there is currently little knowledge on how such
a fluctuating O, environment affects the growth of C. glutamicum and how cells respond
and adapt to such conditions.

Therefore, in this chapter, the growth of C. glutamicum ATCC 13032 under oscil-
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Figure 5.1: Metabolic pathways in C.glutamicum under aerobic and anaerobic conditions.
Grey pathways suggest that they are not used. Abbreviations are defined as follows:
G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; GAP, glyceraldehyde 3-phosphate;
3PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate; RuSP, ribulose
5-phosphate; R5P, ribose 5-phosphate; Xu5P, xylulose 5-phosphate; E4P, erythrose 4-
phosphate; o-KG, a-ketoglutarate (adapted with permission from ).

lating O, environments is examined using the developed double-layer microfluidic plat-
form. According to a previous report that investigated anaerobic growth of C. glutam-
icum [144], the anaerobic growth was negligible only with glucose, but supplementa-
tion of tryptone or peptone improved growth strongly (1 = 0.10+0.01 h~! with 15 g/L
tryptone). Moreover, adding a mixture of amino acids also rescued the growth (1 =
0.10£0.01 h1). Based on this previous study, several conditions are tested: (i) without
supplement, (ii) with peptone, and (iii) with amino acids. Growth rates (instantaneous
and phase-averaged) are calculated to analyze aerobic/anaerobic growth and growth re-
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sponse to the repeated gassing switch. This chapter aims to showcase the application
of the double-layer microfluidic chip to different microorganisms and to prove the plat-
form’s versatility for broad research purposes.

5.2 Materials and Methods

5.2.1 Medium and Cell Preparation

C. glutamicum ATCC 13032 was stored in a ROTT Store cryo vial. Brain heart infusion
(BHI) complex medium was prepared by suspending 37 g (BD, US) in 1 L distilled
water and autoclaving. Standard CGXII minimal medium was supplemented with 20 g/L.
glucose (Carl Roth, Germany) [[146].

The cultivation was performed in three steps: two pre-cultures and a main culture.
The first pre-culture was initiated by transferring a single ROTI bead to a 20 mL. BHI
medium and cultured at 30°C, 120 rpm for around 8 hours. 1 mL from the first pre-
culture was inoculated to the second pre-culture with CGXII medium. After overnight
cultivation, the main culture with CGXII was initiated by inoculating the second pre-
culture with an initial optical density of 0.2. The main culture was cultivated for around
6 hours to reach an optical density of 1 to 1.5. When supplementing CGXII with pep-
tone, 15 g/L (Carl Roth, Germany) was added to the CGXII medium. In the case of amino
acids supplementation, 20 essential amino acids were supplemented in a concentration
of 0.8 mM. Amino acids are as follows: alanine, arginine, asparagine, aspartate, cys-
teine, glutamine, glutamate, glycine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, proline, serine, threonine, tryptophan, tyrosine, valine.

5.2.2 Microfluidic cultivation, Imaging, and Growth Analysis

C. glutamicum cultivation in the double-layer microfluidic chip, microscopic time-lapse
imaging, and subsequent image analysis were performed as described in Chapter @] un-
less otherwise mentioned. An optical density of around 1 was used to inoculate the chip.
Images were acquired every 5 minutes. C. glutamicum was cultivated under aerobic con-
ditions for the first hour, followed by aerobic and anaerobic gassing oscillations. Growth
was therefore analyzed and plotted starting from one hour for all the conditions. Re-
sponse time to the anaerobic gassing phase was determined from the second period of
mean instantaneous growth rates (U;).
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5.2.3 Statistical Analysis

Statistical analyses were performed using the Student’s 7-test. A value of p < 0.01 was
considered significant.

5.3 Results

5.3.1 C. glutamicum Growth in Oscillating O, Environments

To examine the C. glutamicum growth under aerobic, anaerobic, and switching regimes,
on-chip cultivation was performed with the double-layer microfluidic platform. Here,
three conditions were examined: (i) without supplements (control in figures), (ii) with
peptone (+ peptone), and (iii) with amino acids (+ amino acids). The durations of aerobic
and anaerobic cultivations were (i, ii) 0.5 h/2 h and (iii) 1 h/ 5 h, respectively. In Fig.[5.2]
phase-contrast images of C. glutamicum are shown along with time. As expected, C. glu-
tamicum formed larger colonies with the supplementation of peptone or amino acids, as
anaerobic growth of C. glutamicum was improved, whereas C. glutamicum was unable
to grow under anaerobic conditions solely on glucose.

To investigate further the aerobic/anaerobic growth in a time-resolved manner, the
colony area (Acolony) and the instantaneous growth rate (s,) were determined and plotted
in Fig.[5.3|(control, + peptone, + amino acids).

It is visible from the growth curves based on Acglony (Fig. @ top) that Acolony in-
creases at different rates under aerobic and anaerobic gassing phases, for all three con-
ditions. The C. glutamicum growth improved by supplementing either peptone or amino
acids, resulting in larger colony areas after 13 hours of cultivation. The growth rate was
further analyzed in a temporally resolved manner by calculating i, (Fig. bottom).
Apparent differences in 5, under aerobic and anaerobic gassing phases were observed
for all three conditions.

To compare the difference in growth rate under aerobic/anaerobic gassing phases
and with different supplements, the phase-averaged growth rates for aerobic and anaer-
obic gassing phases (flaerobic and fanaerobic) Were calculated. As shown in Fig. [SE], both
Uacrobic and [lanaerobic €xhibit the lowest values for control samples without supplements,
with [aerobic = 0.40 +0.08 h~! and Hanaerobic = 0.02 £0.01 h!. Improved growth was
confirmed using the Student’s 7-test for the sample supplemented with amino acids (+
amino acids), with faeropic = 0.56+0.08 h™! and fanaerobic = 0.06 £0.01 h=!. Further
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Figure 5.2: Phase-contrast images of C. glutamicum cultivated under oscillating O, sup-
plies, with/without supplementing peptone or amino acids. The aerobic/anaerobic dura-
tions are 0.5 h/2 h for control and peptone, whereas 1 h/5 h for amino acids (scale bars
10 pm).

improved growth was also statistically confirmed for the sample supplemented with pep-
tone (+ peptone), with faerobic = 0.96 £ 0.07 h~! and fanaerobic = 0.124£0.01 h™ 1,
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Figure 5.3: C. glutamicum growth analysis cultivated under oscillating O supplies.
Growth was evaluated by growth curves based on colony area (Acolony, top) and instanta-
neous growth rate (Ua,, bottom) over time. Data are expressed as mean + S.D., n = 31
colonies (control), 16 (+ peptone), 13 (+ amino acids).

5.3.2 Cell Size Development at Single-Cell Level

To investigate the growth dynamics of C. glutamicum at the single-cell level, single-cell
areas (Agingle cell) from single representative colonies from three conditions were plotted
as shown in Fig.[5.5] The single-cell area development is visible under aerobic gassing
phases for control samples (Fig.[5.5]A). Still, there is almost no area gain under the anaer-
obic gassing phases. When the medium is added with peptone or amino acids (Fig.[5.5B,
C), a more substantial increase in single-cell area is observed under both gassing phases.
These results prove that the distinct growth behavior under oscillating O, conditions, as
revealed in Fig.[5.3|at the population level, is the accumulation of growth behavior alter-
ation at the single-cell level. The heterogeneous growth in a single colony can also be
analyzed, making this experimental platform more suitable for heterogeneity studies than
conventional cultivation setups.
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Figure 5.4: Comparison of phase-averaged growth rates with different supplements. The
plotted values are from the second period. Data are expressed as mean + S.D., n = 31
colonies (control), 16 (with peptone), 13 (with amino acids).

5.4 Discussion

This chapter investigated the growth of C. glutamicum under oscillating O, conditions us-
ing the developed double-layer microfluidic platform. The C. glutamicum cultivation and
the following image analysis were performed successfully, proving the versatility of the
developed experimental platform for diverse applications with various microorganisms.
The growth rate analysis showed improved C. glutamicum growth when the medium was
supplemented with peptone or amino acids.

The use of the developed platform enables an efficient experimental design. In a
previous study, a 1.4 L bioreactor containing 600 mL medium was used for one condition,
leading to a large volume of samples being consumed [[144]. Moreover, the dynamic O,
control is practically difficult to achieve, limiting the growth investigation to only under
constantly maintained gaseous conditions. The developed platform requires only a small
volume of medium (100 nL/min X 24 hours = 144 uL/day) and achieves precise growth
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Figure 5.5: C. glutamicum single-cell area (Asinglecenn) plotted over time under oscillating
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O, environments for (A) control, (B) with peptone, and (C) with amino acids.

rate analysis. Also, the platform enables introducing oscillating O, conditions, making
it a suitable platform for investigating microbial growth in various settings. The growth
analyses at the population and single-cell levels provide a comprehensive perspective on

microbial growth at different scales.

Potential future work involves using the obtained growth data for growth modeling.
With precise growth data from different O, availabilities and oscillations, a growth model
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might be extended from a steady-state model to a time-dependent model capable of de-
scribing the cellular response to fluctuating O, conditions. This would benefit not only
fundamental microbiology research but also industrial bioprocessing development. As
such, a new growth model allows a finer estimation of cell growth in an often environ-
mentally heterogeneous bioreactor.
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6 Microfluidic Chip Development for Spatial Oxygen Control

The spatial O, environment in nature is crucial for microbial behavior and interactions
and in shaping diverse microbial communities. However, many aspects of spatially struc-
tured microenvironments impacting microbial communities remain poorly understood.
An innovative approach to studying these O, microenvironments involves using microflu-
idic devices. This technology enables the precise reproduction of specific O, environ-
ments found in nature, allowing for the observation and analysis of how microorganisms
adapt to these conditions and form communities. Specifically, by artificially construct-
ing environments with O, gradients, various research questions can be addressed, such
as: How do microorganisms adjust their spatial distribution in response to O, gradi-
ents? How does O, supply influence microbial interactions and competition? How does
O, availability contribute to forming symbiotic relationships and metabolic cooperation
in constrained environments? In addition to recreating spatial O, microenvironments,
achieving high-throughput analysis of microbial behavior under various O, conditions is
a critical challenge for efficient experiment execution.

This chapter discusses the development of microfluidic devices to replicate O, mi-
croenvironments and achieve high-throughput analysis. The primary focuses are on the
fabrication, principles, preliminary O, control experiments, and outlooks for microbial
single-cell analysis in spatiotemporal O, environments.

6.1 General Concept

PDMS, a primary material used for microfluidics, is known for its high air permeability.
Leveraging this property, gas control in microfluidic chips is often based on gas diffusion.
Several diffusion-based spatial O, control approaches have been explored in this chapter,
as illustrated in Fig. Four different chip designs are characterized in the following
sections: (i) side gas channels, (ii) a double-layer chip with large gas channels (mm-
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Figure 6.1: Different approaches for spatial O, control in the fluid channel and chambers.

scale), (iii) a double-layer chip with finer gas channels (um-scale), and (iv) a double-layer
chip with a glass-made top layer. Starting with side gas channels, the design is developed
into a double-layer system to enable high-throughput and finer spatial control. In the final
design, glass is introduced as a material for the top layer to achieve better O, control.

6.2 Design 1: Side Gas Channels

6.2.1 Technical Concept

The first approach is to prepare side gas channels adjacent to the fluid channel as illus-
trated in Fig.[6.2} In this setting, gas in the gas channels diffuses through the PDMS walls
into the fluid channel. By flushing different gases with different O, concentrations in two
side channels, an O, gradient can be structured perpendicularly to the fluid channel and
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Figure 6.2: Conceptual illustration of spatial O, control with side gas channels.

chambers. One of the advantages of this approach with side gas channels is its ease of
fabricating PDMS chips, as it only requires PDMS molding on a master mold with mi-
crostructures. The drawback is that the side-gas channels have to be designed before the
master mold fabrication, limiting the flexibility in designing. Another drawback is the
inefficiency of gas diffusion. The height of a standard microfluidic chip for microbial
single-cell analysis is around 10 um for fluid channels and about 1 um for fluid cham-
bers. Thus, the surface area for gas exchange is relatively small, leading to inefficient
gas diffusion. Still, this approach is simple and straightforward and, therefore, has been
applied broadly [53}147]].

6.2.2 Materials and Methods
Chip Preparation

The chip used in Chapter[3|was used for testing spatial O, control using side gas channels.
The chip was prepared as described in Chapter|3.2.1] with a detailed design in Fig.
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Figure 6.3: O, gradient in the fluid channel with side gas channels. (A) Gassing setting
in the side gas channels. (B) FLIM image showing lifetime gradient across the channel
width (scale bar 100 um). (C) Determined O, gradient across the fluid channel.

0, Control and Sensing

O, was controlled by adjusting the volumetric ratio of O, and Nj, with 5 mL/min to-
tal mass flow rate in each gas channel. FLIM imaging and associated referencing, O,-
sensitive sensor (RTDP) calibration, and image analysis were performed as described in
Chapter [ unless otherwise mentioned. The temperature was set to 25°C. A 20X objec-
tive lens (Plan Apo A, Nikon, Japan) was utilized for O, sensing in channels. The RTDP
calibration yielded K, = 2.58. RTDP solution of 3 mM was perfused at a constant flow
rate of 400 nL/min.

6.2.3 Results

O, gradient was structured in the fluid channel using the side gas channels as depicted in
Fig.[6.3)A. Gases with different O, concentrations (10% and 0%) were flushed through the
side channels. RTDP solution was perfused in the fluid channel for O, sensing. Fig.[6.3B
shows a FLIM image of RTDP in the fluid channel with pseudo coloring based on fluo-
rescence lifetime, from which a gradient is observed in the perpendicular direction of the
channel. The O, concentration was determined from the lifetime image as depicted in
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Figure 6.4: Conceptual illustration of spatial O, control with large gas channels in the
double-layer chip for high throughput.

Fig.[6.3[C. The gradient in the fluid channel started from 12% and increased up to 18% on
the other side of the channel. The measured O, concentrations were higher than the ap-
plied O, concentrations by about 10%. This could be explained by the air diffusion from
the surrounding PDMS into the fluid. Although the gradient was structured, the effect of
air diffusion was high, resulting in different O, conditions from applied conditions.

6.3 Design 2: Double-Layer Chip with Large Gas Channels for High Throughput

6.3.1 Technical Concept

The following approach is the double-layer microfluidic chip introduced in Chapter
The exchangeable top layer design has various advantages over a bulk PDMS chip, such
as flexibility in design and large surface area for gas diffusion compared to side-gas chan-
nels. To recreate a mm-scale O, gradient over the chip, two separate gas channels are de-
signed in the top layer. This allows gas diffusion from each gas channel into the beneath
fluid channels/chambers, creating an O, gradient along the fluid channel (Fig.[6.4). Two
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gas channels are supplied with gases with different O, concentrations. The gas in the gas
channels diffuses into the fluid channel, creating an O, gradient parallel to the flow in
the fluid channel. The first purpose of testing the double-layer chip with large gas chan-
nels at the mm scale is to examine whether the double-layer chip system can spatially
control O,. However, such an mm-scale O, gradient along the fluid channel would allow
controlling O, concentrations in a gradient manner over a series of cultivation chambers,
enabling high-throughput analysis where microbial growth under various O, concentra-
tions is investigated in one experiment. Therefore, this design is not only for validating
the diffusion-based O, control concept but also for achieving high-throughput analysis.

6.3.2 Materials and Methods
Chip Preparation

The chip described in Chapter .3.Tjwas utilized. The chip was prepared as described in
Chapter 4.2.1] with a detailed design in Fig. {.8|C, D.

O, Control and Sensing

O, was controlled by adjusting the volumetric ratio of O, and N, with a total flow rate of
20 mL/min in each gas channel. Unless otherwise mentioned, FLIM imaging and associ-
ated referencing, RTDP calibration, and image analysis were performed as described in
Chapter [4] The temperature was set to 37°C. A 20X objective lens (Plan Apo A, Nikon,
Japan) was utilized for O, sensing in channels. The RTDP calibration yielded K, = 2.68.
RTDP solution of 3 mM was perfused at constant flow rates at 400 nL/min.

6.3.3 Results

The double-layer chip with two separated large gas channels was utilized, as shown in
Fig.[6.5] Figure[6.6]depicts chip observation and O, measurement using microscopy. A
phase-contrast image is shown in Fig.[6.6]A, where the fluid channels, chambers, and top
gas channels are observed. The FLIM image of RTDP in the fluid channel is depicted in
Fig.[6.6B (Gasy: 20% O,). It is visible from the FLIM image that an O, gradient was
structured in parallel to the fluid channel. The O, availability was finally determined from
the FLIM image as shown in Fig. [6.6C. The O, gradient initially started from 0%, then
linearly increased up to 10% or 20%. These results prove that a mm-scale O, gradient
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Figure 6.5: Setup for structuring O, gradient in the fluid channel with the double-layer
chip. (A) Schematic describing the experimental setup. (B) Cross-sectional illustration
of the experimental setup. (C) The image of the double-layer chip for creating a gradient
along the fluid channel.

can be linearly structured using the double-layer chip with two separate gas channels
based on gas diffusion from the top layer to the fluid in the bottom layer.

6.4 Design 3: Double-Layer Chip with Finer Gas Channels for um-Scale Gradient

6.4.1 Technical Concept

The previous approach is suited for high throughput analysis, yet the O, gradient inside
a single cultivation chamber (30 to 60 um in size) is subtle. Thus, the design for the top
layer is also microfabricated in the third approach to allow for finer spatial O, control,
as illustrated in Fig. A master mold for the top layer is fabricated with microstruc-
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Figure 6.6: O, gradient structured in the fluid channel with the double-layer chip. (A)
The phase-contrast image of the fluid channel in the double-layer chip covered with two
separate gas channels with different O, concentrations (scale bar 100 um). (B) FLIM
image of the O, gradient structured along the fluid channel, with O, concentration of
20% in the Gas; (scale bar 100 um). (C) O level along the fluid channel determined
from the FLIM measurement.

tures. The top layer has a series of gas channels, and every second channel is connected
to a different gas supply. These micro gas channels allow for structuring O, gradients
at the micro-scale. A potential drawback is that all the parts are fabricated with high
air-permeable PDMS, leading to gas diffusion between adjacent gas channels and gas
mixing. Also, gas channels cannot overlap each other due to the soft-lithography ap-
proach that only allows microstructure fabrication in the same focal plane, limiting the
efficiency of gas control and spatial flexibility. For instance, a mono-layer gas channel
design in Fig.[6.8]A has two main gas channels and branching sub-channels. The branch-
ing sub-channels are dead-end since they cannot cross the other main channel. Therefore,
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Figure 6.7: Conceptual illustration of spatial O, control with finer gas channels in the
double-layer chip for recreating pm-scale gradient.

the gas exchange in the branching sub-channels is also based on diffusion. Without the
gas flow, the diffusion from surrounding PDMS and adjacent gas channels is expected to
play a role, potentially leading to uncontrolled gas mixing.

6.4.2 Materials and Methods
Chip Preparation

For the top and bottom layer, Si-wafers with microstructures were prepared by maskless
lithography, where SU-8 photo-resist coated on the wafer were selectively and directly
exposed to UV laser (DWL 66+, Heidelberg Instruments, Germany). The design of the
wafers was produced by Clewin3, as depicted in Fig. The bottom layer consists of a
series of cultivation chambers (I 60 x w 60 x A 1 um, 8 rows x 40 columns) connected
to medium supply channels at both sides. The top layer consists of two separate gas
channels. The distance (d) and the width (w) were designed to be 100, 50, or 10 um. The
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Figure 6.8: Top layer designs of the double-layer chip to recreate um-scale O, gradients.
(A) Top layer design with mono-layer gas channels, with cross-sections. (B) Top layer
design with multi-layer gas channels, with cross-sections.

following fabrication procedure was the same as in Chapter [d.2.1]

0, Control and Sensing

O, was controlled by adjusting the volumetric ratio of O, and N;, with a total of 50
mL/min mass flow rate in each gas channel. Unless otherwise mentioned, FLIM imaging
and associated referencing, RTDP calibration, and image analysis were performed as
described in Chapter ] The temperature was set to 37°C. A 100X objective lens (Plan
Apo A Oil, Nikon, Japan) was utilized for O, sensing in chambers, with an exposure
time of 500 ms to compensate for low signal. Since the RTDP calibration yielded a non-
linear Stern-Volmer equation, a calibration curve with negative deviation in Eq. [2.2] was
utilized. This yielded K, = 9.06 and o« = 0.58. RTDP solution of 3 mM was perfused at
constant flow rates of 400 nL/min.
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Figure 6.9: Dimension of the top layer with finer channels.

6.4.3 Results

The fabricated double-layer chip with finer gas channels is depicted in Fig. Two
separated gas channels are colored orange and blue, and the bottom fluid channel is col-
ored light blue for visualization. The chip contains three independent fluid channels
covered with top gas channels of different widths and distances (w,d = 100, 50, 10
um, Fig. [6.10A). An enlarged image of the chip with gas channels of w,d = 10 um in
Fig.[6.10B and a phase contrast image of the gas channels in Fig. [6.10[C show the capa-
bility to fabricate finer gas channels with soft lithography.

The width of the fabricated gas channels in the double-layer chip was measured and
summarized in Fig.[6.11] The measured width was in close agreement with the designed
width (shown by a dashed line in the figure), proving the accurate fabrication capability
of the gas channels down to the width of 10 um.

A preliminary O, control and sensing experiment was conducted using the fabricated
chip. Gas channels with w and d of 100 um were examined. Randomly selected two
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Figure 6.10: Image of the fabricated double-layer chip with finer gas channels. (A) Two
separated gas channels are colored orange and blue, and the fluid channel at the bottom is
colored light blue for visualization. Enlarged images for different widths and distances of
gas channels are shown in (a;) - (a3z). (B) Enlarged image of the chip, with gas channels
of w,d = 10 um. (C) Phase-contrast image of the chip, with gas channels of w,d = 10 pum.

chambers were observed, and O, concentration in the chambers was determined. The
position of the first chamber and overlapping gas channels is illustrated in Fig. [6.12A,
showing the right side of the chamber covered by a gas channel connected to the gas
source without O,. The O, concentration was measured in the chamber, resulting in a
pseudo-color image of fluorescence lifetime in the chamber as depicted in Fig.[6.12B. The
O, concentration in the chamber was determined from the lifetime using the non-linear
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Figure 6.11: Measured channel width of the fabricated double-layer chip with fine struc-
tures. The dashed line depicts a desired width, where the measured width equals the
designed width. Data are expressed as mean + S.D (n = 3 measurements from different
positions).

Stern-Volmer calibration curve and summarized in Fig.[6.12IC. Note that the hatched areas
in Fig. were not considered due to disturbed FLIM imaging near the chamber walls
(5 um from each side of the chamber wall). The determined O, profile shows a gradual
gradient in the chamber, starting with 9.0% O, at the left and ending with 6.2% O, at the
right of the chamber.

The O, concentration in the second chamber was also determined following the same
procedure. The position of the second chamber and overlapping gas channels is illus-
trated in Fig.[6.13]A, showing the left side of the chamber covered by a gas channel con-
nected to the gas source with 21% O;. The O, concentration was measured in the cham-
ber, resulting in a pseudo-color image of fluorescence lifetime as depicted in Fig. [6.13B.
The O, concentration in the chamber was determined from the lifetime using the non-
linear Stern-Volmer calibration curve and summarized in Fig.[6.13C. As is the same with
the first chamber, the areas marked with diagonal lines in Fig. [6.13IC were not consid-
ered due to disturbed FLIM imaging near the chamber walls (5 um from each side of the

99



Chapter 6

AN | N
’;15'\ §
2] \ \
1N 0\

0 10 20 30 40 &0 60

Figure 6.12: O, measurement with FLIM in the double-layer chip with finer gas chan-
nels (chamber 1). (A) Schematic illustrating the position of the measured chamber and
surrounding gas channels. (B) FLIM image of the chamber filed with RTDP (scale bar
20 pm). (C) Determined O, level in the chamber. The hatched areas were not considered
due to disturbed FLIM imaging near the chamber walls.

chamber wall). The determined O, profile in the second chamber shows a more homoge-
neous O; distribution in the chamber, starting with 16.9% O, at the right of the chamber
and ending with 17.7% O,.

These O, measurement results from two selected chambers imply the capability to
recreate pm-scale O; gradient inside the chamber depending on the position of the cham-
ber and overlapping gas channels, as well as the O, availability in the gas source. How-
ever, uncontrolled gas diffusion exists between adjacent gas channels and surrounding
PDMS, making it complicated for the system to control the range of O, concentration
to a desired range. A system that prohibits such an uncontrolled gas diffusion would be
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Figure 6.13: O, measurement with FLIM in the double-layer chip with finer gas chan-
nels (chamber 2). (A) Schematic illustrating the position of the measured chamber and
surrounding gas channels. (B) FLIM image of the chamber filed with RTDP (scale bar
20 pm). (C) Determined O, level in the chamber. The hatched areas were not considered
due to disturbed FLIM imaging near the chamber walls.

required for a better O, control at the scale of um.

6.5 Design 4: Double-Layer Chip with Glass-Made Top Layer

6.5.1 Technical Concept

To eliminate the uncontrolled gas diffusion between adjacent gas channels, as mentioned
in the previous section, a top layer is fabricated by glass microfabrication and used for
gas supply (Fig.[6.14). The glass-made top layer restricts the gas diffusion between gas
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Figure 6.14: Conceptual illustration of spatial O, control with a glass-made top layer in
the double-layer chip.

channels, enabling more precise gas control at the micro-scale when compared to high
air-permeable PDMS. The glass top layer is fabricated by selective laser-induced etching
(SLE), where glass is selectively modified by focusing femtosecond laser radiation and
wet-chemical etching [148H151]]. The SLE technique also enables the manufacturing
of multi-layer channels thanks to its multiphoton process. This feature is advantageous
over conventional photo-lithography-based microfabrication that limits structures only
on the same focal plane as illustrated in Fig. [6.8]A as the mono-layer gas channel. With
SLE, multi-layer gas channels overlapping each other can be designed, allowing more
flexibility in channel designs. An example design is shown in Fig.[6.8B, where both sides
of the sub-channels are connected to the main channels. This configuration allows gas
flow through sub-channels and always provides fresh gas with desired O, concentration,
minimizing the uncontrolled disruption in O, concentration due to gas diffusion. The
gas diffusion between adjacent gas channels is also restricted as the top layer is made
of glass. This chip concept with the glass-made top layer would provide more precise
spatial O, control at the pm-scale compared to PDMS-based chips.
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Note that the double-layer chip with the glass-made top layer rather serves as an
outlook toward better spatial O, control at um-scale. Therefore, this section explains the
conceptualization and fabrication of the device.

6.5.2 Materials and Methods
Chip Preparation

The same master mold as in Chapter was utilized for the bottom layer. The glass
top layer was fabricated by SLE; a glass bulk (/ 22 x w 18 x h 5 mm) was first selectively
irradiated and modified by a laser via a multiphoton absorption process (LightFab 3D
Printer, LightFab, Germany). This is followed by wet chemical etching with KOH, sub-
tracting the selectively modified glass volume, and resulting in 3D channels in the glass
substrate. The glass top layer was designed with Solidworks CAD software, as depicted
in Fig.[6.15] The top layer comprises two separate gas channels (A and B). Both sides of
the middle subchannels are connected to the main channels, enabling gas flow through
subchannels. This is possible because the main channel B crosses over the subchannels
A. Two through holes C were also designed for fluid supplies. Detailed dimensions of the
top layer (shown as (I) and (II) in Fig. [6.15)) are depicted in Fig.[6.16] Various channel
widths (w) between 100 pm and 2 pm were prepared; for channels with w = 100, 50, and
25 pm, the width and the distance between channels were set the same (DETAIL (I) in
Fig.[6.16). The distance between channels was 50 um for channels with smaller widths,
w =10, 5, and 2 um (DETAIL (II) in Fig. [6.16).
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Figure 6.16: Detailed dimension of the glass-made top layer described in Fig. (in
mm).

The fabrication procedure of the double-layer chip with the glass top layer is illus-
trated in Fig. @ The process is divided into (i) PDMS membrane preparation and (ii)
assembly. First, PDMS was spin-coated onto the Si-wafer mold with microstructures of
fluid channels. After heating at 80°C for 1 h, the cured PDMS membrane was carefully
peeled from the mold. The PDMS membrane was then placed onto a slide glass covered
with Parafilm. Parafilm was added as an intermediate layer to ease the process of chip
peeling later on. Isopropyl alcohol (IPA) was used to place the PDMS membrane with-
out wrinkles. The PDMS membrane was finally prepared by drying the remaining IPA at
room temperature (RT).

Then, the glass-made top layer and the prepared PDMS membrane were plasma-
bonded. This bonding treatment gives an irreversible attachment of two parts. The chip
was peeled off, then uncured PDMS was filled into the holes for fluid supply (hole C in
Fig.[6.15). The added PDMS was cured at 80°C for 2 h. Holes with ¢ = 0.75 mm were
punched to prepare fluid inlet and outlet at the cured PDMS in hole C and bonded to a
glass substrate.
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Figure 6.17: Fabrication procedure of the double-layer chip with glass top layer.

6.5.3 Results

The fabricated double-layer chip with the glass top layer is depicted in Fig. [6.18] The
entire chip image in Fig. [6.T8A successfully assembles two different materials, the glass-
made top layer and the PDMS-made bottom layer. The enlarged image of the glass top
layer in Fig. [6.I8B depicts two separated and multi-layer gas channels. Both sides of
the sub-channels are connected to the main channels, allowing gas flow through sub-
channels. This is a huge advantage over PDMS-made mono-layer gas channels, where
only one side of the sub-channels is connected to the main channels, and gas exchange in
the sub-channels is only performed by diffusion.

The gas sub-channels fabricated in the glass top layer were observed by phase-
contrast microscopy to evaluate the fabrication accuracy. Phase-contrast images of the
gas sub-channels are summarized in Fig. [6.19] The images were taken at the top and the
bottom of the channels since it was revealed during the observation that the fabricated
channels were taper-shaped. Microscopy observation showed that the channel width at
the top was narrower than at the bottom, featuring a tapered shape for all the different
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Figure 6.18: Image of the fabricated double-layer chip with the glass top layer. (A) The
image of the entire chip. (B) Enlarged image of the gas channels in the glass top layer.

designed widths.

The channel width at the top and bottom of the channels was measured from the
phase-contrast images and summarized in Fig.[6.20] The graph on the left shows all the
measured width against the primarily designed width, and the area marked with a gray
rectangle is supplemented with an enlarged graph on the right. The measurement re-
sults show that the measured width was wider than the designed width at any measured
channels. The channel width at the top was always narrower than at the bottom, repre-
senting a taper-shaped channel. This tapered shape of the channels was probably caused
by wet chemical etching with KOH after selective laser irradiation, which is typical for
such a fabrication process. The SLE process should be optimized further, for instance,
by adjusting the duration of wet etching and concentration of KOH solution to achieve
more precise fabrication of gas channels on glass. Nevertheless, it was confirmed that the
fabrication of the double-layer chip with the glass-made top layer was durable, and it is
expected to be utilized for finer spatial O, control.

6.6 Discussion

Four different chip designs were examined to enable spatial O, control, and various in-
sights were gained through the development process. The first design with side gas chan-
nels successfully recreated the O, gradient perpendicular to fluid flow within the fluid
channel. This preliminary result demonstrates the ability to control O, via diffusion
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Figure 6.19: Phase-contrast images of the fabricated channels in the glass-made top layer.
The images were taken at the top and bottom of the channels (scale bar 50 um).

through PDMS walls. However, this design also experienced significant deviations in
O, concentration from the intended conditions (the O, gradient was structured between
12% and 18%, while the side gas channels were supplied with gas containing 10% and
0% 0O3). This was primarily due to air diffusion from the surrounding PDMS and the
low diffusion efficiency resulting from the small surface area available for gas exchange
between the gas and fluid channels.

The outcome from the side gas channel informed the subsequent design of a double-
layer chip structure. This double-layer chip, with larger gas channels, was initially pre-
pared to evaluate gas exchange efficiency between the top gas channels and bottom fluid
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Figure 6.20: Measured channel width of the glass-made top layer. Channel width was
measured at the top and bottom of the channels. The dashed line depicts a desired width,
where the measured width equals the designed width. The area marked with a gray
rectangle (left) is supplemented with an enlarged graph (right). Data are expressed as
mean + S.D (n = 3 measurements from different positions).

channels through a thin intermediate PDMS membrane. Additionally, this chip design
aimed to control O, concentration in a gradient across a series of cultivation chambers
for high-throughput analysis. The result showed a successful O, gradient recreation par-
allel to the fluid flow, with precise O, control compared to the applied conditions.

The next aim was to use the double-layer chip structure to recreate the O, gradient at
a smaller scale inside chambers in the range of um. To achieve this, the top layer was also
microstructured by soft lithography. The results implied the capability to recreate the O,
gradient at the pm-scale inside the chamber depending on the position of the chamber
and overlapping gas channels. However, this chip design with finer gas channels suffered
greatly from uncontrolled gas diffusion between adjacent gas channels and surroundings.

The results from these two double-layer chip designs with large and fine gas channels
imply that the gas channel width and flow matter for precise O, control. These two
aspects allow for alleviating the O, concentration disturbance caused by diffusion from
the surroundings. While keeping the gas channel width narrow would be indispensable
for recreating pm-scale O», the flow in the gas channels should be implemented into the
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Gas channel w, d = 100 um Gas channel w, d = 50 um

Figure 6.21: Recommended designs of finer gas channels in the top layer when combined
with the mini-incubator.

system to provide a fresh gas source with controlled O, concentrations.

Therefore, the fourth design, the double-layer chip with the glass-made top layer, was
introduced. The fabrication of the glass top layer with the SLE technique allowed the
fabrication of the multi-layer gas channels, which was not feasible with the conventional
microfabrication process based on soft lithography. The top and bottom layers made of
different materials (glass and PDMS) were successfully assembled into a single chip.
The SLE fabrication procedure has room for optimization for more accurate channel
fabrication. The double-layer chip with the glass top layer is expected to solve issues
regarding uncontrolled gas diffusion in PDMS-based chips and finally achieve spatial O,
control at the um scale.

Although the third design with fine gas channels resulted in low capability in O,
control, a few more setups are worthwhile examining with the same chip design. A
recommendation is to use the double-layer chip in combination with the mini-incubator
described in Chapter 3] In this setup, O,-limited gas should be supplied either in the
mini-incubator or gas channels in the chip, and O;-containing gas should be provided to
the other. This setup might offer better control over spatial O, distribution at an aimed
range without disturbance from ambient air. The gas channel design does not have to
be separated into two channels in such a setup. As depicted in Fig. [6.21] only a gas
channel might be necessary, which allows gas flow through sub-gas channels and fresh

gas supply.

Further consideration is necessary regarding reusing the double-layer chip with the
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glass-made top layer. Unlike the soft-lithography approach, which allows multiple chip
fabrication from a single PDMS molding, glass-made top layers are fabricated one by one
with SLE, limiting the number of chips that can be fabricated. Moreover, the glass-made
top layer and the PDMS bottom layer are irreversibly bonded by plasma treatment, so the
top layer cannot be easily separated and reused for the next chip assembly. Establishing
a procedure for thoroughly washing and cleaning the chip would be a straightforward
solution. With such improvements in characterization, fabrication, and operation, the
proposed double-layer chip with the glass-made top layer would be more influential.

Furthermore, O, measurement using FLIM in a um-range chamber also requires im-
provement. As shown in Fig.[6.12B and[6.13B, the lifetime measurement was disturbed
at the edge of the chamber. Several factors could contribute to this issue, such as optical
distortions and reflections near the PDMS walls, fluorophore adsorption to PDMS, scat-
tering, and autofluorescence from PDMS. Some of these factors might be less significant
if additional treatment is used, such as passivating PDMS with coatings such as bovine
serum albumin (BSA) or polyethylene glycol (PEG). More investigation is necessary to
achieve precise O, measurement in a um-scale environment in microfluidics.
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7 Conclusions and Outlook

7.1 Conclusions

Microbial single-cell analysis in microfluidics is a promising approach to investigate mi-
crobial growth behavior in greater detail under precisely defined environments. Yet little
effort has been made to implement spatiotemporal O, control for microbial single-cell
analysis, an essential factor determining microbial growth and physiology. In this thesis,
various approaches were examined to achieve (1) a straightforward O, control platform,
(2) temporal O, control in the range of seconds to minutes, and (3) spatial O, control in
the range of um.

In the first attempt, a comprehensive experimental platform was developed that is
easily transferable to microbial single-cell analysis within various formats of microflu-
idic devices (Chapter [3). By utilizing a low-cost 3D-printed mini-incubator surrounding
the air-permeable PDMS microfluidic chip, the O, concentration in the microfluidic chip
was successfully controlled straightforwardly. The O, sensing method with FLIM and
the O,-sensitive dye was also implemented, allowing direct measurement of O, avail-
ability inside fluid channels. The following imaging with time-lapse microscopy and
deep-learning-assisted image analysis provided a solid platform for data analysis. The
presented system offers a method easily transferable by various researchers, for instance,
microbiologists interested in investigating microbial single-cell behavior under precisely
controlled O, environments. Yet, this platform was limited by the incapability to recreate
spatiotemporal O, environments often observed in natural microbial habitats.

To solve the limitations, double-layer microfluidic chips are developed with various
designs. The first design primarily tackled the limitation in temporal O, control (Chap-
ter[d). The newly developed microfluidic platform allowed recreating O, oscillations oc-
curring within seconds to minutes, enabling temporally resolved microbial growth anal-
ysis at single-cell resolution. The case studies were performed, where aerobic and anaer-
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obic growth and adaptation of E. coli (Chapter @) and C. glutamicum (Chapter [5) were
investigated. The growth analysis results of these microbes revealed aerobic/anaerobic
specific growth and growth adaptation in response to O, oscillations, insights that cannot
be gained through conventional cultivation setups.

The following device development aimed to achieve spatial O, control in microbial
single-cell analysis using microfluidics (Chapter [6)). Four different designs, (i) side gas
channels, (ii) double-layer chip with large gas channels, (iii) double-layer chip with finer
gas channels, and (iv) double-layer chip with the glass-made top layer, were examined to
recreate O, gradient at a large scale (in mm) for high-throughput, and at a smaller scale
(in um) for fine spatial O, control. The experiment results showed the capability of spatial
O; control by diffusion. The designs with finer gas channels suffered from uncontrolled
gas diffusion effects from surrounding environments. Therefore, the double-layer chip
with the glass-made top layer was introduced, and the device prototype was successfully
developed.

In summary, three key aspects of this thesis were tackled throughout the thesis. The
first (Straightforward O, control platform) and the second aspects (temporal O, control
in the range of seconds to minutes) were investigated thoroughly. In contrast, the third
aspect (spatial O, control in the range of um) was examined with preliminary experiments
and recommendations for further improvement. The thesis promoted the development of
microfluidic devices for microbial single-cell analysis under controlled O, and paves the
way toward recreating spatiotemporally controlled O, microenvironments.

7.2 Outlook

7.2.1 Technical Aspects

The demonstrated experiment and analysis platform can be further enhanced through
additional improvements. The first aspect concerns the calibration procedure of the O;-
sensitive dye, RTDP. The O, measurement using FLIM and the O,-sensitive dye requires
a two-point calibration at known O, levels. This calibration was performed by flushing
synthetic air containing either 0% or 21% O,. While controlling 21% O, availability was
reliable, achieving strict control at 0% O, posed challenges due to potential disturbances
from high air permeability and residual air within the PDMS. Enhancing the calibration
method to ensure precise 0% O, availability, such as incorporating chemical O, scav-
engers that are compatible with the O;-sensitive dye [91} (92| [132]], could enable more
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accurate on-chip O; control under anaerobic conditions.

Another aspect to be dealt with is characterizing the double-layer chip with the glass-
made top layer. The gas channel chip design and the SLE fabrication process should be
optimized to achieve um-scale O, gradient recreation. The chip is to be characterized
using FLIM and the O, sensitive dye. This designing, characterization, and optimization
process is to be performed iteratively.

7.2.2 Biological Aspects

The microbial cultivation experiments in the thesis primarily served as proof of prin-
ciples for demonstrating developed microfluidic experimental platforms. These results,
however, also raised various biological questions and further cultivation outlooks.

Does E. coli exhibit a higher growth rate immediately after a switch from anaerobic
to aerobic conditions? Is this growth advantage consistent across biological replicates
or potentially different strains? How long does this growth advantage persist, and does
it depend on the oscillation period or O, level? Is the recovery time after the overshoot
from anaerobic to aerobic conditions comparable to the recovery time after the under-
shoot after a switch from aerobic to anaerobic conditions? Compared to the other os-
cillations/static conditions, is the overall yield larger under constant switching between
aerobic and anaerobic? Does the growth adaptation (recovery time, overshoot, under-
shoot) change if a mutant strain lacking O, sensing capability (for example E. coli Afnr)
is cultivated under oscillating O, conditions and to what degree? Can a strict anaerobic
microorganism be cultivated and investigated using the same microfluidic platform? Can
a microbial community be spatiotemporally structured inside spatiotemporally controlled
O, microenvironments?

Furthermore, implementing tracking analysis would bring more insight into the ac-
quired data and be critical to answering some of the biological questions mentioned above
(Fig.[7.1). Most of the data was currently investigated at the colony level, limiting the
single-cell perspectives. Tracking analysis enables the investigation at the single-cell
level, leveraging the advantage of the developed microfluidic platform to observe micro-
bial growth at the single-cell resolution.
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Figure 7.1: Example of cell tracking analysis. Different colors visualize the segmented
cells. A white dot represents the center of mass, and cell division is represented by a
white line connecting two cells.
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A Simulation Setup

For the specified model, the fluid and gas flow through the corresponding channels were
computed by solving the time-dependent Navier-Stokes equations for laminar and in-
compressible flow, as follows.

o
l+p(u-V)u:V~[—pl+ K]

ot
K =pu(Va+ (Vu)h)
p is density (kg/m?), u is velocity vector (m/s), p is pressure (Pa), I is identity matrix,

and u is dynamic viscosity (Pa - s). Boundary conditions at the PDMS block and the
glass plane are defined as follows.

u=20 (wall)
u=—nl (inlet)
[—pl+Kn = —pon (outlet)

n is the boundary normal vector pointing out of the domain, and Uj is the normal inflow
speed.

With u given by the Navier Stokes equations, O, transport via convection and dif-
fusion was simulated using the diluted species transport application in COMSOL, with
specific boundary conditions, as follows. The O, level in the surrounding air is assumed
to remain constant at 21%.

V-Ji+u-Ve;=R;
Ji=-DiVc¢;

i is the index for different domains (water, air, PDMYS), D; is the diffusion coefficient of
each domain i. u for PDMS is 0. ¢; is the concentration of O, (mol/m?) in each domain i.
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Appendix A

Table A.1: Parameters used in simulation (1 atm, 310.15 K)

water PDMS @ 1;?02) (1 00%;; 0»)
S (mol/m®) 0218 [152] 125 [152] 8.1375 -
D (@m?%s) 27x107° [152] 7x107° [152] 2.3x107° -
p (kg/m?) 993.31 - 1.1383 1.24
i (Pa-s) 0.00101 - 1.814 x 1073 -

R describes sources or sinks. Boundary conditions between different domains are defined
as follows.

% = g—] (between PDMS and gas / water channel)

i J

CPDMS—air = Sppms = 1.25 mol/ m? (between PDMS and surrounding air)
—n-J;=0 (at the glass plate)

Cwater—air = Swater = 0.218 mol/ m’ (between water and air)

S; is the solubility of O, (mol/m?) in each domain i at 1 atm and at 310.15 K. Initial
Sair was calculated to be 8.134 mol/m>. The parameters used in the simulation were
summarized in Table [A.1l

The mesh for the provided geometry was generated using a semi-automated ap-
proach. First, a hexahedral mesh was constructed for the fluid channel. Boundaries
with surrounding parts were then converted to a triangular mesh. The remaining domains
are finally meshed by a tetrahedral mesh with an "extra-fine" resolution.
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Table [B.11

Table B.1: Permission for re-use of contents from previous studies.
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