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Abstract

The gut of fish belongs to the most essential barriers that mark the border between the organism
and its surrounding environment. The pivotal barrier function, allowing absorption of nutrients from
the diet while simultaneously protecting the organism from pathogens and contaminants, is
accomplished by a single layer of epithelial cells lining the intestinal lumen. In vitro, this barrier has
been mimicked by culturing fish epithelial intestinal cells on conventional permeable membranes
within a two-chamber system, which creates an upper and a lower compartment representing the
intestinal lumen and blood circulation, respectively. This simplified approach, however, has at least
three important limitations: The first being restricted diffusion through the several micrometer thick
commercial membranes, which moreover have quite limited porosity; the second being a lack of
interaction with other intestinal cell types; and the third being absence of mechanical stimulation,
such as shear forces from fluid flow to better simulate the physiology of the intestine. To overcome
these limitations, this thesis focuses on the recreation of the piscine intestinal microenvironment by
combining cells derived from the intestine of fish, precisely epithelial and fibroblast cell lines from
rainbow trout (Oncorhynchus mykiss), with engineered microsystems. The applied stepwise
approach encompasses (a) the development of an ultrathin permeable membrane as novel support
for barrier forming cells, (b) followed by combining epithelial cells and fibroblasts for intestinal
architecture reconstruction, and (c) exposure to fluid flow to mimic the mechanical forces occurring

on the epithelial-lumen interface.

Artificial ultrathin membranes for intestinal cell culture were found to better mimic features of the
delicate, highly permeable basement membrane that underlines the epithelial cells in vivo compared
to conventional porous supports. Two types of membranes were fabricated in this study. The first
was an anodized aluminum oxide membrane that features densely packed pores in the nanometer
range and allows for fast diffusion of small molecules. This type of membrane is ideal for high quality
microscopy and supports epithelial polarization. However, membranes release, albeit non-cytotoxic,
concentrations of aluminum ions, which might be critical for toxicological investigations. Therefore,
a second type of an ultrathin membrane, namely a silicon nitride membrane, was fabricated. It has
pores in the micrometer range, is optically transparent and has been applied beyond static

exposures for microfluidic studies.

To initiate co-culture of epithelial cells with fibroblasts, an intestinal fibroblast cell line from rainbow

trout needed to be characterized first. The cells feature typical fibroblast morphology and behavior



and appear to be infinite. The combination of epithelial and fibroblast cells, when in direct contact,
had no beneficial effect on barrier tightness. Cell culture on opposite sides of ultrathin alumina
membranes, however, resulted in increased trans-epithelial electrical resistance, suggesting

enhanced barrier tightness from cellular cross-talk.

A uniquely designed microfluidic bioreactor with integrated ultrathin silicon nitride membranes as
substrate for cell growth was finally developed to allow for realistic flow conditions on epithelial
cells. The arising fluid shear stress on epithelial monolayers and epithelial-fibroblast co-cultures
positively affected barrier resistance when applied at a moderate rate. This physiological adaptation
allows for better comparability to the fish intestine in vivo compared to cells cultured under static
conditions. This finding highlights the importance of mechanical stimulation for realistic organ

mimicry within in vitro systems.

To conclude, this thesis demonstrates the benefits of recreating a more physiologically realistic
microenvironment for epithelial cell cultures from fish intestine. By introducing ultrathin permeable
membranes as novel culture substrate, adding a fibroblast cell line and shear stress, the novel in vitro
intestinal barrier model now better reflects intestinal properties of the in vivo counterpart and allows
for improved exposure and transport phenomena during experimental uptake studies, e.g. for
chemical pollutants. This thesis therefore paves the way for improved understanding of normal and
impaired physiology of the fish intestine and better in vitro to in vivo extrapolation while

contributing to a reduced need of animal experiments.

Keywords

gut-on-chip, fish, intestine, rainbow trout (Oncorhynchus mykiss), ultrathin membrane, RTgutGC,

RTgutF, impedance, microfluidic bioreactor, toxicity



Zusammenfassung

Der Fischdarm gehort zu den wichtigsten Barrieren, welche den Organismus von seiner
umgebenden Umwelt abgrenzen. Die zentrale Funktion dieser Barriere besteht darin, Nahrstoffe
aus der Nahrung aufzunehmen und gleichzeitig den Organismus vor Krankheitserregern und
Schadstoffen zu schitzen. Dies wird durch eine einzige Schicht von Epithelzellen erreicht, die das
Innere des Darms auskleiden. Die Nachahmung dieser Barriere in vitro wurde bisher durch die
Kultivierung von Darmepithelzellen vom Fisch auf konventionellen permeablen Membranen in
einem Zweikammersystems erreicht. Dieses System besteht aus zwei Kompartimenten, wobei das
obere das Darmlumen und das untere die Blutzirkulation darstellt. Dieser vereinfachte Ansatz weist
jedoch mindestens drei betrachtliche Einschrankungen auf. Erstens ist die Diffusion durch die
mehrere Mikrometer dicke, kommerzielle Membrane nur beschréankt mdglich, zudem ist die
Porositdt der Membran gering. Zweitens fehlt im System die Interaktion mit anderen
Darmzelltypen; und drittens fehlt es an mechanischen Reizen, wie Scherkrafte verursacht durch das
FlieRen von FlUssigkeiten, welche die Physiologie des Darms besser simulieren. Um diese
Einschrankungen zu Uberwinden, liegt der Fokus dieser Dissertation auf der Wiederherstellung der
naturlichen intestinalen Mikroumgebung, wie sie in Fischen vorhanden ist. Dies wird durch die
Kombination einer Darmepithel- und Darmfibroblasten-Zelllinie der Regenbogenforelle
(Oncorhynchus mykiss), und technisch konstruierten Mikrosystemen erreicht. Der Forschungsansatz
umfasst (a) die Entwicklung einer ultradiinnen, permeablen Membran als neuartigen Trager fir die
Barriere-bildenden Zellen; (b) die Kombination von Epithelzellen und Fibroblasten um die naturliche
Darmstruktur nachzubilden und (c) die Exposition mit einem Flissigkeitsstrom, welcher die an der

Grenze zwischen Epithel und Darmlumen auftretenden mechanischen Krafte nachahmt.

Im Organismus sind die Epithelzellen von der filigranen und hochpermeablen Basalmembran
unterlegt. Es wurde gezeigt das die artifiziellen ultradinnen Membranen, welche fir die intestinale
Zellkultur entwickelt wurden, diese Eigenschaften viel besser nachbilden kénnen als herkémmliche,
kommerziell erhaltliche Membran Systeme. Fir die vorliegende Dissertation wurden zwei
Membrantypen hergestellt: Die Erste ist eine anodisierte Aluminiumoxid Membran, welche dicht
gepackte Poren im Nanometerbereich aufweist und eine schnelle Diffusion von kleinen Molekilen
ermoglicht. Dieser Membrantyp ist ideal fir hochwertige Mikroskopie und unterstitzt zudem die
Polarisierung der Epithelzellen. Jedoch setzt diese Membran, wenn auch in nicht-zytotoxischen
Konzentrationen, Aluminium lonen frei, welche fur toxikologische Untersuchungen kritisch sein

kénnten. Daher wurde eine zweite Art von ultradinne Membranen hergestellt, welche aus



Siliziumnitrid besteht. Diese besitzt Poren im Mikrometerbereich, ist optisch transparent und wurde

speziell fir mikrofluidische Untersuchungen angewendet.

Vor der Verwendung in der Co-Kultur musste zunachst eine nevartige intestinale Fibroblasten-
Zelllinie der Regenbogenforelle charakterisiert werden. Diese Zellen weisen die typische
Morphologie und das Verhalten von Fibroblasten auf, auf3erdem ist ihre Lebensdauer unendlich. Ein
direkter Zellkontakt zwischen Epithel- und Fibroblasten-Zellen hatte keinen positiven Einfluss auf
die Dichte der Barriere. Im Gegensatz hierzu zeigte die Kultivierung der Zellen auf
gegeniberliegenden Seiten der ultradinnen Aluminiumoxid Membran einen erhdhten elektrischen
Widerstand des Epithels auf. Dies lasst auf eine erhohte Barrieredichte hindeuten, welche

vermutlich durch die Kommunikation der beiden Zelltypen verursacht wird.

Um die Auswirkung eines FlUssigkeitenstromes auf die Zellen zu untersuchen, wurde ein spezieller
Bioreaktor fir mikrofluidische Anwendungen entwickelt. Dieser Reaktor beinhaltet die ultradinnen
Siliziumnitrid Membranen als Wachstumsunterlage fir die Zellen und ermdglicht es, realistische
Stromungsbedingungen fir die Epithelzellen nachzustellen. Die auftretenden Scherkrdfte, welche
durch einen angemessenen Flissigkeitsstrom verursacht wurden, hatten eine positive Wirkung auf
die Resistenz von einfachen Epithelzellschichten und Epithel-Fibroblasten-Co-Kulturen. Diese
physiologische Anpassung ermdglicht eine bessere Vergleichbarkeit zum in vivo Fischdarm, als
Zellen welche unter herkémmlichen, statischen Bedingungen kultiviert werden. Weiterhin
unterstreicht dieses Ergebnis die Bedeutung von mechanischen Reizen fir die realistische

Nachbildung von Organen in in vitro Systemen.

Die vorliegende Dissertation verdeutlicht die Vorteile der Nachstellung einer physiologisch
realistischen Mikroumgebung fir epitheliale Zellkulturen vom Fischdarm. Die Einfihrung
ultradinner permeabler Membranen als neues Kultursubstrat, das Hinzufiigen einer Fibroblasten
Zelllinie und EinfGhrung zuséatzlicher Scherkrafte ermdglichen ein neuartiges in vitro Barrieremodell,
welches die intestinalen Eigenschaften im Organismus besser nachstellt. Zudem ermdglicht dieses
Modell realistischere Expositions- und Transportphdanomene fir experimentelle Aufnahmestudien
z.B. von chemischen Schadstoffen. Diese Studie bereitet somit den Weg fur ein verbessertes
Verstandnis der normalen und geschadigten Physiologie des Fischdarms, ermoglicht eine
realistischere in vitro zu in vivo Extrapolation und trdgt dadurch zu einem reduzierten Bedarf an

Versuchstieren bei.

Vi
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Chapter1. Introduction

Epithelial barriers serve as gate keepers between different biological compartments or between an
organism and its surrounding environment. A number of in vitro epithelial cell barrier models have
been developed as alternatives to animal experiments to answer a range of questions relevant to
biomedicine and human toxicology. In contrast, only one model has been established for the fish
intestine with the intention to provide insights into uptake and defense mechanisms of chemicals
and nanomaterials, to name one type of application (Minghetti et al. 2017). The long-term vision of
such developments is the evaluation of risks or benefits of newly developed chemicals or products in
vitro and accurately extrapolate the results to fish and ecosystem health before market release.
Other applications of a fish intestinal model include physiological studies e.g. to better understand

nutrient absorption and pathogen defense.

1.1 Scope

This thesis focuses on the refinement of the current in vitro fish intestinal barrier model by
engineering an artificial microenvironment for intestinal cell lines derived from rainbow trout
(Oncorhynchus mykiss) to better mimic realistic, biologically relevant exposure and transport
phenomena. Herein, knowledge on physiological aspects of the fish intestine set the framework for
the development of suitable cell culture micro-devices. Such devices should facilitate control of the
cellular microenvironment with high spatial and temporal resolution and provide access and
instrumentation for simple and fast evaluation of cellular parameters such as morphology,
differentiation state and vitality. This introductory chapter aims to provide an overview of the use of
fish cells in ecotoxicology, intestinal tissue architecture and physiology, current intestinal barrier
models of fish, the principal of organ-mimicry on microchip format, micro-technological innovations
for permeable cell culture supports and methods for evaluation of epithelial barrier properties with

emphasis on non-invasive, real-time impedance spectroscopy.
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1.2 Background

1.2.1 The potential of fish cells in ecotoxicology

Fish in large number serve as experimental animals for toxicity testing of chemicals and water
samples. Fish are the most diverse group of vertebrates inhabiting the aquatic environment and as
such are indicators of ecosystem health (Castano et al. 2003). In accordance with several legislations,
such as the European legislation on the Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH), an increasing number of fish tests need to be performed for regulatory
purposes to estimate the risk of new and existing chemical products. These tests include the
evaluation of acute toxicity, chronic effects, effects on distinct developmental stages, reproduction
and bioconcentration (Rovida and Hartung 2009). In order to conduct REACH in an ethically and
financially acceptable manner, the European Commission encourages the development and
application of alternative test strategies (Lilienblum et al. 2008). Herein, the attractiveness of fish
cell lines is increasing thanks to recent achievements in, for example, predicting fish acute toxicity
and fish growth using a rainbow trout gill cell line (Stadnicka et al. 2012, Tanneberger et al. 2012).
Further, the establishment of cell lines from various tissues and species enable mechanistic
investigations of the specific mode of action of a chemical, to extrapolate effects from the basic unit
of life, the cell, to the whole organism (Figure 1.1) and finally to fish populations (Bols et al. 2005,
Schirmer 2006, Bols et al. 2017).
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Figure 1.1 The cell as basic unit in ecotoxicology.

Sensitive target sites within vertebrate cells allow for mechanistic investigations of chemical mode-of-
action and extrapolation of impaired organ function and whole organism health. (Figure from Schirmer
(2006))
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One more recent development for broadening the use of fish, and specifically rainbow trout-derived
cell lines, is the establishment of a cell line from the intestinal epithelium, RTgutGC (Kawano et al.
2011). By now, this cell line has undergone a basic characterization (Kawano et al. 2011), was used to
establish the first fish intestinal barrier model (Geppert et al. 2016, Minghetti et al. 2017) and was
recently applied in concert with rainbow trout gill and liver cells and a physiology-based model to
accurately predict the bioconcentration of the polycyclic aromatic hydrocarbon, benzo(a)pyrene, in
fish (Stadnicka-Michalak et al. 2018). It is this fish cell line which provided the impetus for the

developments described in this thesis.

1.2.2 Key aspects of the fish intestine

The gastrointestinal tract (GIT) of fish is the location where ingested food and water is processed
and absorbed through a single layer of specialized epithelial cells. The presence of microorganisms,
with some being pathogenic, and natural or man-made, potentially toxic substances in the intestinal
lumen pose a risk to fish health if these enter the circulation. The protective barrier of the intestinal
epithelium, together with the associated immune system, acts as gate keeper by selectively
allowing the trespass of water, nutrients and ions to maintain internal homeostasis and growth of

the fish (Grosell et al. 2011, Jutfelt 2011).

In most fish, the GIT is organized in four main topographical regions with certain physiological
functions: 1. Mouth and pharynx (headgut) represent the location for ingestion and mechanical
processing of food; 2. Esophagus and stomach (foregut) are responsible for chemical digestion of
food; 3.The intestine (midgut), accounting for the greatest proportion of the GIT due to its length, is
involved in further chemical digestion and absorption of the nutrients; 4. Final section of the
intestine including the rectum (hindgut) is mainly responsible for excretion of feces (Wilson and
Castro 2010). A particular feature of fish compared to mammalian intestine is the pyloric ceca, which
accounts for blind appendages attached to the anterior segments of the intestine to increase the
total intestinal surface area (Figure 1.2 A) (Buddington and Diamond 1987). Further, the intestinal
wall of fish is characterized by large, randomly shaped epithelial folds (Figure 1.2 B), which are
proportionally larger than the finger-like intestinal villi of mammals (Wallace et al. 2005, Walton et
al. 2018). Each fold is lined by a single layer of epithelial cells, called enterocytes (Figure 1.2 C). Stem
cells are located at the base of each fold in the crypt region and allow the renewal of the intestinal
epithelium. However, this process is much slower in fish compared to mammals, thus, fish
enterocytes can remain on the intestinal fold for weeks compared to a few day lifespan of

mammalian enterocytes (Buddington et al. 1997).
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The intestinal epithelium marks the border between the outside (lumen) and inside (tissue) of the
animal. On the intestinal lumen facing side (apical), enterocytes are exposed to rather rough
conditions, including mechanical forces from fluid flow, bacterial colonization and osmotic changes.
Their duty in absorbing nutrients while maintaining barrier function led to the evolution of distinct
morphological and functional features. Enterocytes are long and narrow in shape and organized in a
densely packed cell layer (Figure 1.2 D). On their apical side, they are characterized by microscopic
membrane protrusions, called microvilli, which increase the cellular surface area to allow sufficient
nutrient uptake. Further, barrier function is maintained by the formation of adhesive and tight
junction proteins, which keep the cell membrane of adjacent cells in close contact and reduce the
diffusion through the paracellular space (Figure 1.2 E) (Lokka et al. 2013). Despite this physical
barrier, the epithelium allows the trespass of numerous substances and particles through active and
passive transport mechanisms. lons and hydrophilic nutrients are generally taken up by membrane-
bound transporter proteins, larger molecules, particles, bacteria and virus are translocated via
endocytosis at the apical membrane and exocytosis at the basolateral. In contrast, small hydrophilic
molecules diffuse through tight junctions and the paracellular space. Lipophilic substances are
thought to passively enter through cell membranes (Jutfelt 2011). On the organism facing side
(basolateral), enterocytes are attached to the basement membrane, which is a thin layer (50 —
100 nm) of specialized extracellular matrix proteins. The basement membrane separates epithelial
cells from the underlying connective tissue, which is composed of mainly fibroblasts secreting
growth factors and extracellular matrix proteins (Figure 1.2 C) (Kalluri 2003, Kruegel and Miosge
2010). The interaction of these cell types is essential for fast wound healing after lesions in the
intestinal epithelium and expected to be crucial for enterocyte polarization and differentiation

(Simon-Assmann et al. 1988).
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Figure 1.2 General arrangement of the fish intestine.

(A) Schematic drawing of the gastrointestinal tract. (B) Eosin-hematoxylin staining of cross-section of the
proximal intestine. (C) Eosin-hematoxylin staining of intestinal foldings. (D) Transmission electron
microscopy of enterocytes and (E) enlargement of the apical part of the cell with lumen (L), intestinal
microvilli (MV), tight junctions (TJ), desmosomes (DS), paracellular space (PS) and mitochondria (MC)
(Modified from Lokka et al. (2013) and Jutfelt (2011)).
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Research on the piscine intestinal epithelium has long been limited due to a lack of an adequate
model system. In the following, models for the fish gut will be discussed in more detail with
emphasis on rainbow trout (Oncorhynchus mykiss) as representative for freshwater fish in the
Northern Hemisphere. Indeed, rainbow trout is widely used in science (fish physiology, pathology

and ecology), regulation (ecotoxicology) and commerce (aquaculture, sport fishing).

1.2.3 Piscine intestinal models

Current intestinal barrier models of fish can be divided into in vivo, ex vivo and in vitro systems.
These systems provide different levels of complexity and can be used to unravel the physiological

and toxicological processes occurring within the intestine.

Experiments with fish (in vivo) can rely on fully developed and functional intestinal epithelia.
However, accessibility of the fish intestine is rather restricted and these experiments involve
resource intensive animal experiments that are often difficult to interpret and repeat because of the
organism’s complexity and inter-individual and species variability. Moreover, quantification of

effects is definitive, i.e. the animal needs to be killed (James et al. 1997).

Ex vivo models are good alternatives, as they are characterized by their controlled environment. As
such, isolated intestinal segments or gut-sac preparations have been adopted for various
physiological and toxicological studies. In these isolated tissues, the original structure is largely
maintained. However, preparations can only be used for short term experiments and only few

experimental conditions can be tested per fish (Ojo and Wood 2007, Kwong and Niyogi 2008).

In vitro models are known for their simplicity and reproducibility, thereby enabling fast or even high-
throughput studies. Experiments can be performed with either freshly isolated primary cells or
established cell lines. Freshly isolated cells from the intestinal epithelium have been used for a
variety of uptake (Kwong and Niyogi 2012), immunological (Komatsu et al. 2009) and molecular
(Kwong et al. 2010) studies in order to characterize mechanisms and processes directly on the level
of the cell without luminal or systemic inference. The isolated cells largely maintain cellular function
e.g. active and passive transport processes despite the loss of their cell-to-cell structure.
Notwithstanding, cells might be stressed from the isolation process. Moreover, their viability and
longevity is a limiting factor that varies with different isolation methods; as well, animals are still

required for each new batch of experiments.
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The isolation and extended culture of rainbow trout intestinal epithelial cells from tissue sections of
the hindgut finally resulted in the successful development of the RTgutGC (Rainbow Trout gut
Germany Canada) cell line (Kawano et al. 2011). To date, RTqutGC is the best characterized and
most studied piscine intestinal cell line for toxicological and dietary studies (Schmitt et al. 2015,
Minghetti and Schirmer 2016, Langan et al. 2017). It can be assumed to be continuous, as it has been
cryopreserved and passaged over several years (Kawano et al. 2011). Like enterocytes in vivo, the
cells form confluent monolayers on the culture substrate and feature xenobiotic metabolism,
indicated by the recently shown induction of the phase | biotransformation enzyme, cytochrome
Ps50 (CypaA) activity, by benzo(a)pyrene (Stadnicka-Michalak et al. 2018). Moreover, cells express
multi-xenobiotic resistance transporters (Fischer et al. 2011) which function to efflux unmodified
and/or biotransformed chemicals out of cells. These features are essential for a functional
enterocyte model to follow the fate (uptake and detoxification) of hazardous substances present in

the fish diet.

Based on this fish intestinal cell line, a protocol for culturing RTgutGC cells as monolayer in a two-
compartment system using commercial cell culture inserts was established (Geppert et al. 2016,
Minghetti et al. 2017) (Figure 1.3 A). The inserts are placed in common cell culture plates and allow
the growth of cells on a permeable membrane, to face an upper (apical) and a lower (basolateral)
compartment (Figure 1.3 B) (Geppert et al. 2016). The apical chamber mimics the gut lumen and can
be filled with a physiological buffer, such as L-15/ex (Schirmer et al. 1997). The basolateral chamber
represents the blood supply and is filled with culture medium supplemented with e.g. fetal bovine
serum (FBS; L-15/FBS). Under these conditions, RTgutGC cells have been shown to form a polarized
epithelial monolayer with apical expression of the tight junction protein Zonula Occludens-1 (ZO-1).
Moreover, the trans-epithelial electrical resistance (TEER), a measure of barrier tightness (see
section below) is comparable to values of freshly isolated gut segments of Atlantic Salmon (Salmon
salar) (Sundell et al. 2003, Geppert et al. 2016, Minghetti et al. 2017). Further, Geppert et al. (2016)
demonstrated the suitability of the RTqutGC barrier model for investigating nanoparticle transport

across the intestinal epithelium.
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Figure 1.3 The two-compartment model as applied for piscine intestinal cells.

(A) Photograph of commercial inserts. (From www.sbtssl.com). (B) Schematic drawing of an insert with
RTgutGC cells cultured on the porous membrane. (Adopted from Geppert et al. (2016))

The static insert system with the commercially available permeable membranes constitutes the
most frequently used cell culture system to mimic the natural environment of barrier forming cells,
mainly from human origin, e.g. from intestine (Hubatsch et al. 2007), lung (Pariselli et al. 2009), or
brain (Kenzaoui et al. 2012) tissue. However, these simplified models lack physiologically relevant
features and mechanical stimulation, which are known to modulate cell morphology and function

(van der Meer and van den Berg 2012).

1.2.4 The pioneers: human gut-on-chip devices

A new type of cell-based in vitro models, called “organs-on-chips”, seems promising to solve at least
some of the short-comings of the current in vitro systems by artificially engineering a more
physiologically realistic microenvironment for cells (Esch et al. 2011, Huh et al. 2012b, van der Meer
and van den Berg 2012). Herein, microfabrication, initially developed for the electronic industry, has
created tremendous opportunities to restructure geometric aspects of the cells’ natural surrounding
(Falconnet et al. 2006) and to apply instrumentation for precise cell manipulation (Dao et al. 2003)
and surveillance (Curtis et al. 2009). The associated microfluidic technology enables unprecedented
capabilities to control the cellular microenvironment with high spatial and temporal resolution, thus
it can be used to expose cells to mechanical and biochemical signals in a physiologically relevant
context (Griep et al. 2013). The combination of cells and engineering in organ-on-chip devices has
led to the creation of functional human tissue units from lung (Huh et al. 2010), liver (van Midwoud
et al. 2011), gut (Kim et al. 2012), brain (Kunze et al. 2011) and kidney (Jang and Suh 2010). Primary
aims were to improve preclinical drug development and unravel underlying mechanisms of distinct
diseases. Among those tissue models, recently developed human gut-on-chips are a great source of
inspiration for further innovations and adaptations to other cell sources e.g. from fish, to broaden

their application to research areas such as environmental toxicology, animal physiology and
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aquaculture. Therefore, design parameters and innovations in the 3D recapitulation of this unique

organ will be highlighted below.

The current gut-on-chip devices adopt the two-compartment principal of insert systems by
introducing fluid filled micro-channels on each side of the membrane (Figure 1.4 A). Most commonly
these types of chips are fabricated by fixing a semi-permeable plastic membrane composed of e.g.
polyethylene terephthalate or polycarbonate between two pre-structured sheets of
polydimethylsiloxane (PDMS) (Imura et al. 2009). One gut-on-chip device is additionally capable of
generating peristalsis-like motions via a stretchable PDMS membrane as culture surface, thereby
the motion is regulated by peripheral vacuum chambers (Kim et al. 2012) (Figure 1.4 B). The
intestinal microbiota plays a pivotal role in human health and disease (von Martels et al. 2017);
therefore, one design integrated an additional compartment for bacterial colonization (3-
compartment system) in a microfluidic bioreactor, where bacteria are separated from intestinal cells
by a nanoporous membrane (Shah et al. 2016) (Figure 1.4 C). The first artificial intestinal tract that
can be opened for simplified analysis of the inner tube after drug exposure was developed by Konishi
et al. (2015) (Figure 1.4 D). As well, the recreation of the 3D topography of the intestine is advancing
(Yu et al. 2014). An example is a 3D membrane for intestinal villi recapitulation that might be
integrated in microfluidic devises in the future (Figure 1.4 E) (Esch et al. 2012). The crypt region is
the physiological counterpart to the villus. It shelters stem cells at its basis and is of great
importance for cancer research (Zeuner et al. 2014). Microstructures composed of PDMS micro-
wells and matrigel micropockets successfully guided isolated primary crypts to form a 2D/3D hybrid

culture with distinct proliferative and non-proliferative zones (Figure 1.4 F) (Wang et al. 2014).
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Figure 1.4 Examples of human in vitro gut models from literature (2009-2016).

(A) Microfluidic system to evaluate intestinal absorption (from Imura et al. (2009)). (B) Human-gut-on-chip
that experiences intestinal peristalsis-like motions and flow (from Kim et al. (2012)). (C) Microfluidic-based
model of the gastrointestinal human-microbe interface (from Shah et al. (2016)). (D) Openable artificial
intestinal tract for drug evaluation (from Konishi et al. (2015)). (E) On chip 3D porous membrane to mimic
intestinal villi (from Esch et al. (2012)). (F) Generation of colonic epithelium guided by microstructures (from
Wang et al. (2014)).

All these models are pioneers for the recreation of a more physiological realistic intestinal
microenvironment. However, further innovations are desirable to enhance their applicability for
drug and toxicant absorption studies and physiological investigations. The first main improvement
needs to occur with regard to the permeable culture surface, which currently represents a major
limitation for permeation due to its relative thickness and low porosity (Jud et al. 2015, Geppert et al.
2016) (see following section, 1.2.5). Secondly, the measure of barrier tightness presents a
fundamental parameter for epithelial barrier functionality and requires new concepts for the
integration of adequate sensors into microfluidic channels and analysis of obtained data (see section

1.2.6).

1.2.5 Recreation of an artificial basement membrane

In vivo, epithelial cells are anchored to the basement membrane, a network of fibrous proteins that

act as mechanical support without hampering cellular transport processes (Kalluri 2003). For cell
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culture, the ideal membrane would feature basement membrane characteristics by being very thin
and highly permeable to allow realistic transport phenomena. In addition, membranes should be
robust for simplified handling, transparent to enable cell observation and cheap to fabricate.
However, standard cell culture membranes can only compete with their robustness and established,
low-cost manufacturing processes though being a rather poor reflection of the basement membrane
(Figure 1.5 A). Progress in micro-technology led to the development of ultrathin membranes of 1 um
or less in thickness by conventional cleanroom fabrication processes (Kuiper et al. 1998, Striemer et
al. 2007). Herein, silicon is the most commonly used substrate for membrane fabrication, because of
its simple, highly controllable and scalable manufacturing. Two types of ultrathin permeable

supports, realized in silicon chips, have been adopted for cell culture application.

The first type of membranes are composed of a thin layer of silicon nitride (SiN), which is deposited
by low pressure chemical vapor deposition on silicon wafer. Pore patterning is achieved by
photolithography to obtain pore sizes in the micrometer range (Kuiper et al. 1998). Thus far, SiN
membranes have been successfully used for co-culture models to reconstruct the blood-brain barrier
(Ma et al. 2005, Kenzaoui et al. 2012) and alveolar barrier (Jud et al. 2015) by culturing cells on
opposite membrane sides (Figure 1.5 B). This membrane type is transparent with a golden glimmer
from silicon nitride films and facilitates nanoparticle and cell translocation because pore sizes are
appropriately large. Membranes are costly but already commercially available within the traditional
insert format (http://simplinext.com). Fabrication of membranes with nanoscale pore diameters is
possible but requires more elaborate techniques such as laser interference lithography (Kuiper et al.
1998) or focused ion beam drilling (Tong et al. 2004). Membrane thickness is typically 500 nm for a
square membrane with an area of 1 mm?® (Jud et al. 2015). Size can be further tuned down but

diminishes the stable membrane size.

The second type of membrane consists of nano-crystalline silicon. Membranes are fabricated by a
rapid thermal annealing step of a three-layer film stack of SiO2 / amorphous silicon / SiO2 on silicon
wafer, which results in the formation of porous nano-crystalline silicon (pnc-Si). The membranes are
characterized by nanoscale pores with diameters from 5-100 nm, which allow size-dependent
separation of biomolecules and but also nanoparticles of appropriate size (Striemer et al. 2007,
Gaborski et al. 2010). Pnc-Si membranes have proven biocompatible (Agrawal et al. 2010) and able
to support in vivo like behaviour of endothelial cells (Figure 1.5 C) (Nehilla et al. 2014). This
transparent membrane has a fixed thickness of only ~15nm, but membrane area in turn is very

limited to ~0.04 mm? for square membranes (Striemer et al. 2007).
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A potential material for the creation of a third type of ultrathin membrane for barrier-forming cells is
anodized aluminium oxide (AAO). The anodization process, which is an electrochemical reaction,
leads to a self-ordering pore formation on the exposed metal surface. This is an inexpensive, highly
controllable process. Pore sizes can be tuned in a range of 10-400 nm, depending on applied voltage
and utilized electrolyte during anodization. Furthermore, AAO is characterized by regular pore
distribution and small inter-pore distances of only 5o-600 nm. For these reasons, AAO is a popular
nanomaterial with applications in numerous areas including molecular separation, photonics and
drug delivery (Poinern et al. 2011, Jani et al. 2013). Cell culture studies on AAO were conducted
recently, proving its biocompatibility (Hoess et al. 2007, Parkinson et al. 2009, Hoess et al. 2010,
Bruggemann 2013). Ultrathin AAO membranes are not yet established as cell culture interface.
However, Wu et al. (2012) developed the fabrication process for an ultrathin AAO diode membrane
to actively control the transport of ions (Figure 1.5 D), which can be further adapted to permit the

reconstruction of an epithelial barrier on this type of membrane.

AlzO3

OHy"
-OH
oH;"
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Figure 1.5 Porous substrates for cell culture application.

(A) Commercial insert membrane composed of polycarbonate (from Angeloni Suter et al. (2011)). (B) Silicon
nitride membrane (from Kenzaoui et al. (2012)). (C) Porous nanocrystalline silicon membrane (from Agrawal
et al. (2010)). (D) Nanofluidic diode membrane composed of anodic aluminum oxide and SiO, (from Wu et
al. (2012)).

Aside from their great potential to generate realistic, cell-based barrier models, ultrathin
membranes will also improve the evaluation of barrier functionality by microscopy of cells on these
highly transparent substrates and by increasing measure sensitivity of the trans-epithelial electrical
resistance (TEER) because the resistance of the permeable culture interface is decreased (see

section 1.2.6).

11



Chapter 1. Introduction

1.2.6 Impedance based monitoring of barrier function

Evaluating barrier properties of in vitro models of the gut plays an essential role to define tightness
and robustness of the intestinal epithelial layer (Le Ferrec et al. 2001). One frequently used method
is the evaluation of trans-epithelial electrical resistance (TEER) to determine barrier tightness
brought about by the formation of tight and adhesive junctions (Benson et al. 2013). It is a simple,
non-invasive and real-time measurement, preferably used prior to more labor intensive permeability
assays with fluorescently labelled molecules or endpoint-based methods such as
immunocytochemical staining of tight junctions. TEER measurements are based on determining
ohmic resistance or impedance by placing two electrodes on each side of a cell layer grown on a
permeable membrane. For TEER measurements generally a direct current (DC) voltage (U) is applied
to the electrodes and the resulting current (/) then allows to calculate the ohmic resistance (R) based
on Ohm’s law (R = U/ /). However, DC currents can damage both the cells and electrodes. To avoid
this issue, an alternating current (AC) voltage square wave with a frequency of 12.5 Hz is applied in
the widely used Epithelial Voltometer (EVOM) for TEER determination of cells cultured in inserts
(www.wpi-europe.com). The resistance of the cell monolayer (Ryssue) is obtained by subtracting the
ohmic resistance of the blank (membrane without cells; Rg ank) from the resistance of the cell layer
grown on the permeable membrane (Rrora). TEER values are typically normalized to Q * cm? by
multiplying the resistance of the cellular monolayer with the culture area (A) (Equation 1.1). The
obtained normalized TEER values are independent of the used porous membrane and culture area

and can be compared across platforms (Srinivasan et al. 2015).

TEER = (RTOTAL - RBLANK) * A Equation 1.1

For impedance based TEER evaluation, an applied AC signal is swept over a frequency range and the
amplitude and phase response of the resulting current is measured. Impedance (2) is defined as the

relation of a potential voltage drop (AV) to the applied current (/) (Equation 1.2).

Z = — Equation 1.2

The resulting impedance contains information not only about the resistive character of the cell layer

(i.e., TEER) but the capacitive behavior of the cell membrane is also included (Figure 1.6).

12
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Figure 1.6 Simplified equivalent circuit for impedance measurements.

This model accounts for an epithelial monolayer cultured on a permeable membrane. R represents resistors
and C represents capacitors.

The complex quantity of resistive and capacitive contributions are frequency dependent. At low
frequency, the lipid bilayer, forming the cell membrane, acts as insulator between the electrically
conductive culture medium and cytoplasm and thus TEER can be retrieved from measured
impedance values by applying Equation 1.1. The low frequency range is limited by the influence of
the electrode-electrolyte interface at very low frequencies and by the membrane relaxation process,
which takes place at higher frequencies (Heileman et al. 2013). Typically this range is below 100 kHz.
At high frequencies, generally above 100 kHz, the lipid bilayer is short-circuited (cell membrane is
relaxed) and cellular content has an effect on impedance (Ginzel et al. 2012, Heileman et al. 2013,
Xu et al. 2016). The contribution of the intracellular matter is less dominant, but measurable when
cells are directly cultured on electrode containing solid substrate (Meissner et al. 2011). For cells
cultured on permeable membranes and not being in direct contact with electrodes, the sensitivity of
the measurement is too low and only the resistance of the culture medium is obtained (van der Helm

2018).
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1.3 Research strategy

1.3.1 Problem definition

Summarizing the state of the art of cell-based intestinal barrier models of fish and human, it can be
stated that recreation of the intestinal microenvironment in vitro is an essential undertaking to
better mimic the functionality of the intestinal epithelium in vivo and thus enable reliability and
accuracy of obtained experimental data e.g. for chemical risk assessment. However, the standard of
current barrier models are conventional inserts, where a single cell type (such as enterocytes) is
cultured on a several micrometer thick semi-permeable membrane under static conditions.
Associated problems with this system include diminished or blocked transport between the lumen
and blood constituting compartments and that cells may remain in a rather undifferentiated state
due to a lack of physiological and mechanical stimulation. In light of this, the overall aim of the
thesis was to apply the concept of organs-on-chips by combining key elements of piscine intestinal
architecture and physiology within an artificially engineered microsystem housing rainbow trout

intestinal cells. This system will be referred to as fish-gut-on-chip.

1.3.2 Research objectives

The development of the first fish-gut-on-chip was sub-divided into three main objectives. The first
involved the creation of an artificial basement membrane analogue as physiologically realistic cell
culture interface based on microfabrication technology. The second included the combination of
epithelial cells and cells of a supporting lamina, namely fibroblasts, on the newly developed
membranes to allow for cellular crosstalk. The third objective focused on the application of
mechanical forces by fluid flow on the epithelial interface as found in vivo. The study was performed
with the well-established epithelial intestinal cell line RTgutGC and recently initiated fibroblast

intestinal cell cultures.
The conducted steps can be summarized as follows:

Step 1. Development of an ultrathin, highly permeable membrane
Step 2. Establishment and characterization of an intestinal fibroblast cell line
Step 3. Co-culture of epithelial cells and fibroblasts

Step 4. Engineering of a microfluidic bioreactor and shear stress application

14
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1.3.3 Thesis structure

The results of the conducted research are presented in three experimental chapters and summarized
and reflected in light of future research steps in a final chapter. A brief introduction to each

experimental chapter is given below.

Chapter 2 (Step 1): Ultrathin alumina membranes as scaffold for epithelial cell culture

from the intestine of rainbow trout.

Conventional cell culture membranes for initiation of in vitro barrier models hamper realistic
permeation among compartments and visual inspection of cells by microscopy as well as sensitive
TEER evaluation. This chapter describes the development of ultrathin and highly permeable
membranes composed of nanoporous aluminium oxide and the interaction with epithelial RTgutGC
cells. It was found that these membranes allow for fast diffusion of small molecules and encourage
the formation of a polarized cell layer with apical tight junction formation and a measurable

electrical resistance.

Chapter 3 (Step 2 & 3): Reassembly of the epithelial-mesenchymal interface of the fish

intestine in vitro.

The interaction of epithelial cells with its underlying mesenchymal tissue, mainly composed of
fibroblasts, is expected to be essential for a proper intestinal barrier development. In this chapter
the establishment and characterization of a fibroblast cell line from the intestine of rainbow trout,
and its interaction with epithelial RTgutGC cells, are described. The co-culture initiation on
previously developed ultrathin nanoporous alumina membranes emphasized its utility in the
recreation of a physiologically realistic intestinal barrier model and promoted improved barrier

tightness, which was evaluated with TEER measurement.

Chapter 4 (Step 1, 3 & 4): ‘Fish-gut-on-chip’: Development of a microfluidic bioreactor to

study the role of the fish intestine as environment-organism barrier in vitro.

In the intestinal microenvironment, epithelial cells lining the intestinal lumen, are exposed to fluid
shear stress, which is known to alter barrier function. This chapter focused on the development of a
microfluidic bioreactor with integrated ultrathin membranes composed of microporous silicon
nitride membranes. Epithelial RTgutGC cells alone and in combination with supportive fibroblasts

indeed adapted to realistic intestinal flow rates by increased barrier tightness as a measure of TEER.
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Chapter 2.  Ultrathin alumina membranes as scaffold for
epithelial cell culture from the intestine of rainbow trout

(Oncorhynchus mykiss)

Permeable membranes are indispensable for in vitro epithelial barrier models. However, currently
available polymer-based membranes are low in porosity and relatively thick, resulting in a limited
permeability and unrealistic culture conditions. In this study, we developed an ultrathin, nanoporous
alumina membrane as novel cell culture interface for vertebrate cells, with focus on the rainbow
trout (Oncorhynchus mykiss) intestinal cell line RTgutGC. The new type of membrane is framed in a
silicon chip for physical support and has a thickness of only 1 pm, with a porosity of 15% and
homogeneous nanopores (@ = 73 + 21 nm). Permeability rates for small molecules, namely Lucifer
yellow, Dextran 40 and bovine serum albumin, exceeded those of standard polyethylene
terephthalate (PET) membranes by up to 27 fold. With the final goal to establish a representative
model of the fish intestine for environmental toxicology, we engineered a simple culture set-up,
capable to test the cellular response towards chemical exposure. Herein, cells were cultured in a
monolayer on the alumina membranes and formed a polarized epithelium with apical expression of
the tight junction protein ZO-1 within 14 days. Impedance spectroscopy, a non-invasive and real
time electrical measurement, was used to determine cellular resistance during epithelial layer
formation and chemical exposure to evaluate barrier functionality. Resistance values during
epithelial development revealed different stages of epithelial maturity and were comparable with
the in vivo situation. During chemical exposure, cellular resistance changed immediately, when
barrier tightness or cell viability was affected. Thus, our study demonstrates nanoporous alumina
membranes as promising novel interface for alterative in vitro approaches, capable to allow cell
culture in a physiologically realistic manner and to enable high quality microscopy and sensitive

measurement of cellular resistance.
Carolin Drieschner, Matteo Minghetti, Songmei Wu, Philippe Renaud, Kristin Schirmer

This Chapter is mainly based on the paper:

Drieschner, C., Minghetti, M., Wu, S., Renaud, P. and Schirmer, K. (2017) 'Ultrathin Alumina Membranes as Scaffold for

Epithelial Cell Culture from the Intestine of Rainbow Trout', ACS Appl Mater Interfaces, 9(11), 9496-9505.
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2.1 Introduction

Fish play an important role in environmental toxicology to assess the risk of chemicals potentially
released into the aquatic environment and to test the quality of effluent samples (Leeuwen 2007,
Dempsey 2016). Alternative approaches to reduce the number of required fish and to prevent
ethically questionable and expensive animal experimentation, include the use of primary cells and
fish cell lines (Bols et al. 2005, Schirmer 2006, Minghetti et al. 2014). Like in human toxicology, a
goal is to establish realistic tissue models in order to predict organ specific interactions of hazardous

substances and to understand systemic effects (Marx 2012).

Organ-on-chip devices play a key role in the development of novel, physiologically realistic in vitro
systems. Moreover, the connection of these miniaturized organ analogues on a microfluidic
platform allows to combine different cell types to a human-on-a-chip bioreactor (Esch et al. 2011,
Huh et al. 20123, van der Meer and van den Berg 2012, Bhatia and Ingber 2014). In our research we

envision a similar development to achieve a fish-on-a-chip.

The cornerstone of each organ-on-chip device is set by microtechnological innovations. In this paper
we focus on the improvement of permeable membrane systems useful for epithelial cell cultures,
such as the RTgutGC cell line, established from the intestine of rainbow trout (Onchorynchus mykiss)
(Kawano et al. 2011). With the fish intestine being a major organ for chemical absorption from the
diet and partially from water (Streit 1998, Kelly et al. 2004), an adequate in vitro system will allow to
obtain insights in chemical uptake and defense mechanisms. Moreover, it will contribute to

knowledge expansion for this hardly accessible organ, useful for fish physiology and aquaculture.

In vivo, epithelial cells are underlined by the delicate basement membrane, which separates them
from the underlying tissue. The basement membrane is only a few hundred nanometer thick, elastic
with a 3 dimensional shape and highly permeable (LeBleu et al. 2007). In contrast, conventionally
used porous polyethylene terephthalate (PET) and polyester (PE) membranes for epithelial tissue
models are stiff, several micrometer thick and low in porosity, certainly influencing cell behavior,
translocation of soluble factors, particles and chemicals (Kenzaoui et al. 2012, Geppert et al. 2016).
Fabrication of an ultrathin, highly permeable and formable artificial membrane was not jet
demonstrated and remains a futuristic goal. Therefore, current customized membranes focus on the
improvement of one or a combination of two features of natural basement membranes. For
example, the first stretchable membrane, composed of polydimethylsiloxane (PDMS), was
introduced by Huh et al. (2010) and incorporated in a human-lung-on-a-chip (Huh et al. 2010) and

human-gut-on-a-chip (Kim et al. 2012, Kim and Ingber 2013) microfluidic bioreactor, allowing to
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simulate breathing or peristaltic motions. Another outstanding innovation is the development of 3-
dimensional membranes made of the photoresist SU-8, with the geometry of human intestinal villi,
to mimic key aspects of the intestinal epithelium (Esch et al. 2012). However, both types of

membranes cannot compete with the thinness and sponginess of the natural basement membrane.

Owing to the development of advanced micro- and nanotechnologies, several ultrathin porous
membranes have recently been fabricated for cell culture applications. Typically, these membranes
are integrated in silicon chips due to their fabrication process and for mechanical support. Until now,
membrane materials include silicon nitride (SiN,) and porous nanocrystalline silicon (pnc-Si).
Experiments with pnc-Si provide information on biocompatibility and cell behavior (Agrawal et al.
2010). With porous SiN, membranes, complex tissue models of brain and lung have been established

(Harris and Shuler 2003, Ma et al. 2005, Kenzaoui et al. 2013, Jud et al. 2015).

In search for novel, biocompatible materials and simple, inexpensive fabrication techniques for
ultrathin membranes, we here present the development of nanoporous aluminum oxide as unique
interface for epithelial intestinal cells from rainbow trout. The anodization of aluminum, resulting in
a highly ordered, nanoporous structure, is a well-known, low-cost and reproducible process (Poinern
et al. 2011). We applied this process to very thin aluminum layers, to obtain optically transparent and
mechanically robust permeable membranes. The membranes are integrated in silicon chips and
have a thickness of only 1 um and pore sizes in the nanometer range. A customized set-up for
standard cell culture multi-well plates was designed to facilitate culturing of RTgutGC cells on chip.
Microscopic monitoring of the cells reinsured the materials biocompatibility and revealed an
epithelial layer formation in a physiological manner. To further validate the system, we exposed the
artificial intestinal epithelium to chemicals and examined barrier integrity using cell-based

impedance spectroscopy (Brennan et al. 2012) as non-invasive and real time monitoring tool.
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2.2 Material and methods

Fabrication of nanoporous alumina membranes

Ultrathin alumina membranes were fabricated using standard microfabrication technology. The
process flow is depicted in Figure S 2.1 (see supplemental material). Briefly, 200 nm of low stress
silicon nitride (SiNx) was deposited on both sides of a 380 um thick silicon wafer by low pressure
chemical vapor deposition (LPCVD). The LPCVD was performed in a dedicated furnace, where the
SiNx is formed by a gas flow of dichlorosilane (SiH,Cl,) in presence of ammonia (NH,), at a
temperature of 820-850°C. Photolithography and reactive ion etching (RIE) were used to pattern
free-standing silicon nitride membrane arrays. Therefore, 300 um of silicon were etched vertically
with RIE from the wafers backside, followed by pyramidal chemical etching in potassium hydroxide
(KOH) solution, to release free-standing SiNx membranes with a final size of 800 um x 800 pm. SiNx
membranes serve as supportive layer for future alumina membranes. Next, a 1 um layer of
aluminum (Al) was deposited on the SiNx film on the wafer’s front side and then anodized in 6 wt%
phosphoric acid by applying 100 V. To subsequently remove phosphoric acid residue, the anodized
wafer was rinsed extensively with deionized water and dried under laminar flow. Finally, nanoporous
alumina membranes were released by selective dry etching of the SiNx supportive layer from the
wafers backside. Individual Si-chips of 9 mm x 9 mm were obtained upon manual cleavage along
cleavage lines. Each chip is composed of a micro-well array of 21 equal sized nanoporous alumina

membranes (800 pm x 800 um), with a total membrane area of 13.44 mm®.

For membrane inspection and pore size analysis, scanning electron microscopy (SEM) images were
taken randomly from independent anodization bates, using a Zeiss LEO 1550 scanning electron
microscope. In addition, spatial inspection of pose size (center, top-, bottom-, right- and left corner)
of the anodized wafer surface revealed no significant spatial pore size variation. The pore size and
density was analyzed with a MATLAB script (“pore-analyzer”), kindly provided by Stefano Varricchio

from microsystems laboratory 4 (LMIS4) at EPFL, Lausanne, Switzerland.

Experimental setup and chip preparation

Specifically designed plastic holders, made from 1 mm thick polymethyl methacrylate (PMMA)
sheets (Jauslin Plexacryl sa, Switzerland), allowed the use of nanoporous alumina supports in
standard 24-well cell culture plates (Greiner-bio-one, Germany) and ensured media availability from
both membrane sides. In the following, this system is referred to as one-compartment system. It

was used for cell culture establishment on alumina membranes and impedance based resistance
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measurement of the epithelial cell layer. In addition, a second set-up was developed to perform
permeability experiments in absence of cells for membrane characterization. For this set-up, Si-
chips were glued (Loctite M-121HP Hysol Medical Device Epoxy Adhesive, Henkel, USA) to
commercial inserts (ThinCert™ for 24 well plates, Greiner-bio-one, Germany) after PET membrane
removal and placed in 24-well cell culture plates. This set-up creates an upper (apical) and lower
(basolateral) compartment which are separated by the alumina membrane, creating a two-
compartment system. Prior to usage, Si-chips, plastic holders and modified inserts were sterilized by

incubation in 70° EtOH for 20 min and subsequent drying under a sterile bench.

Permeability assay

Membrane permeability of cell-free nanoporous alumina membranes was assessed in the two-
compartment system and compared to permeability of PET membranes (pore size = 0.4 pm; pore
density = 1 x 10° pores/cm?), which are integrated in the commercial insert system (ThinCert™ for 24
well plates, Greiner-bio-one, Germany). Two fluorescent dyes and one protein with different
molecular sizes were used: Lucifer yellow (LY, molecular weight = 444.25 g/mol; Molecular Probes,
Netherlands), dextran FD4o (FD4o, molecular weight = 40 0ooo g/mol; Sigma Aldrich, Switzerland)
and bovine serum albumin (BSA, molecular weight = 66 ooo g/mol; Sigma Aldrich, Switzerland).
Dyes or protein were dissolved in PBS to a final concentration of 5o pg/mL for LY, 1 mg/mL for FD4o0
and 200 pg/mL for BSA. Prior to experimentation, the chambers were filled with phosphate buffered
saline (PBS) and incubated for two hours at 19°C. Working volumes were 4oo pL for the apical
chamber and 1.4 mL for the basolateral chamber. Thereafter, the apical (= donor) chamber was
exchanged with the same volume of the previously prepared LY-, FD40- or BSA solutions and
incubated for up to 24 hours at 19°C. For the fluorescent dyes LY and FD4o0, samples of 2x10 pL were
withdrawn from the basolateral (= receiver) chamber after carful mixing at different time points
during the 24 hours of the experiment. The aliquots were transferred to a 384 well plate (Greiner-
bio-one, Germany) and the fluorescence was detected immediately using a multi-well plate reader
(Tecan, Infinite M20o, Switzerland) at the respective excitation and emission wavelengths
(LY excitationfemission = 450/520 NM, FD4O excitationjemission = 485/544 nm). After 24 hours (= end of
experiment), a sample from the apical compartment was taken to verify the stability of the dye
concentration in the apical compartment. The fluorescence data for LY, FD4o0 were transformed to
the amount of permeated dye, based on appropriate standard curves. For BSA, 200 uL samples
were only taken at the end of the experiment (24 hours) from the apical and basolateral chamber

and protein content was analyzed by performing the modified Lowry protein assay (Thermo
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Scientific, Switzerland). The apparent permeability Papp (cm/s) was calculated according to

Equation 2.1 (Hubatsch et al. 2007).

d .
Papyp [%] -4, 1 Equation 2.1

dt  AxCg

With % being the steady-state flux, A being the surface area of the membrane in cm? and C, being

the initial concentration in the donor compartment.

Cell culture

All experiments were performed with rainbow trout intestinal cells, RTgutGC (Kawano et al. 2011).
For routine culture, RTgutGC cells were grown in complete medium (L-15/FBS), composed of
Leibovitz L-15 medium (Invitrogen, Switzerland), supplemented with 5% fetal bovine serum (PAA;
Switzerland) and 1% penicillin/streptomycin (GIBCO, Invitrogen, Switzerland). Cells were
maintained at 19°C in the dark under normal atmosphere and culture medium was renewed once
per week. Cells were split every one to two weeks, when reaching confluency of 80-90%, with
trypsin (Sigma Aldrich, Switzerland) and sub-cultured in a 1:3 ratio in 75 cm?® cell culture flasks (TPP,
Switzerland). For experimentation, RTgutGC cells were grown on nanoporous alumina supports,
which were integrated in a 24 well-plate on simple plastic holders (see above). For comparison, PET
membranes, incorporated in commercially available transwell inserts (ThinCert™, 24-well, pore size
0.4 pm, transparent; Greiner-bio-one, Germany), were used to represent a commonly used
permeable cell culture interface. If not specified, the same protocols were applied to both, alumina
and PET membranes. Prior to seeding, alumina and PET membranes were coated with 5o ug/ulL
fibronectin (Roche, Germany) in PBS for two hours. Cells were seeded in L-15/FBS either at a low
density of 20 0oo cells/cm?® for individual cell observation or at a high density of 55 0oo cells/cm* for
confluent cell layer formation. Two hours after cell seeding, media was changed to remove
unattached cells in PET inserts. For alumina supports, the Si-chips were shortly washed in L-15/FBS
and placed in a new well on top of the chip holder in fresh medium. Working volumes of cell culture
medium were 1 mL for Si-chips on plastic holders, while transwell inserts were filled apically with
400 pL and basolaterally with 1.4 mL. Cells were cultured for up to 28 days at 19°C and under normal

atmosphere, with a media change every seven days.
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Scanning electron microscopy

Two preparation techniques were performed to obtain SEM images from the cell-alumina
membrane interaction. For top-view images, RTqutGC cells were cultured on alumina membranes
for 24 hours. Thereafter, cells were washed with PBS and fixed in 2.5% glutardialdehyde for one
hour, followed by post fixation in 2% osmium tetroxide for one hour and block staining with 2%
uranyl acetate for one hour with washing steps in between. Dehydration was performed in a graded
series of 30, 50, 70, 90, and 100% ethanol, followed by twice water-free 100% ethanol, 30 min each.
Then, alumina supports with cells were plunged into liquid nitrogen followed by freeze drying at -
110°C, -100°C, -80°C, -70°C and +20°C for 30 min each step. The alumina supports with the dried
cells were mounted on SEM aluminum stubs and sputter-coated with 5 nm of platinum. SEM images
were recorded at 5 kV with a Zeiss Gemini 1530 FEG (Zeiss, Germany). For cross-section images,
RTqutGC cells were cultured for two weeks on alumina supports. Sample preparation for fixation
followed the same protocol as described for top-view images. After dehydration in increasing
concentrations of ethanol, the alumina membrane with cells was impregnated first with 33% resin
(EMbed 812, Electron Microscopy Science, USA) and then with 66% resin in water-free ethanol for
one hour 30 min each. Thereafter, alumina support with cells was submerged in 100% resin twice for
two hours each. Allimpregnation steps were performed at room temperature in small plastic dishes.
The sample was completely submerged in the resin and then taken out of the resin bath. Excesses of
resin was allowed to drain in an upright position for another one hour 30 min at room temperature.
The sample was then transferred to the oven to be heated up slowly to 60 °C. Polymerization is
allowed to take place for two days at 60 °C. The polymerized alumina support with cells was cooled
to room temperature and directly mounted right-side-up onto SEM stubs with conductive carbon
cement. The specimen was sputter coated with 6 nm platinum. In the focused ion beam (FIB)-SEM
(FEI Helios 600i), the sample was screened with an electron beam at high accelerating voltage (30
kV) and imaged in the backscattered electron (BSE)-mode to select a region of interest. The sample
was brought to a stage position, where electron beam and ion beam coincide (stage tilt at 52°) and a
trench was milled with the FIB at 30 kV and 9.3 nA to open the sample. The resulting cross section
was polished at an ion current of 2,5 nA and then imaged with an electron beam of 2 kV and 0,34 nA.
Images were acquired in the BSE-mode at appropriate tilt correction and a dwell time of 30 ps.

Neighboring images were merged to full panorama views.

Light microscopy

Images were taken on a Nikon TMS inverted microscope with a Nikon Coolpix P6ooo digital camera.
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Fluorescence microscopy

For immunohistochemical staining, cells were fixed with 3.7% paraformaldehyde (Invitrogen,
Switzerland) in PBS for 10 min at room temperature. After washing in PBS, cells were permeabilized
for 15 min with 0.2% Triton X-100 in PBS. After a further washing step with PBS containing 0.1%
Triton X-100, cells were incubated in Image-iT (Invitrogen, Switzerland) for 30 min, rinsed with PBS
and primary antibody for tight junction staining (Alexa Fluor-coupled ZO-1 antibody, Invitrogen,
Switzerland) was applied overnight at 4°C at a concentration of 5pg/ml in 0.5% goat serum and
0.05% Triton X-100 in PBS. The next day, cells were washed with 0.1% Triton X-100 in PBS. For f-
actin staining, cells were incubated with FITC coupled phalloidin (1:100; Sigma-Aldrich, Switzerland)
for one hour at room temperature. Subsequently, after washing in 0.1% Triton X-100 in PBS,
samples were incubated with 10.9 uM DAPI (Invitrogen, Switzerland) in PBS for 5min. After
repeated washing in 0.1% Triton X-100 in PBS and PBS only, Si-chips were mounted on microscope
slides using ProLong® Gold antifade reagent (Life Technology, United States) and analyzed on a

Leica SP5 Laser Scanning Confocal Microscope (Leica, Switzerland).

Impedance spectroscopy

Alumina membrane holding Si-chips and PET transwell inserts were placed in an Endohm-6-
chamber (World Precision Instruments, Germany), which was connected to an impedance analyzer
(Gamry Instruments, Germany). For Si-chips, a specific holder was designed to avoid direct contact
of the chip with the basolateral electrode and to limit the sensing area to the region where cells were
cultured on alumina membranes. This set-up resulted in 20% leakage of the electrical current.
Impedance spectra were recorded from 1 to 300 ooo Hz at an amplitude of 20 mV, with highest

sensitivity at 1 5oo Hz (see supplemental material, Figure S 2.2).

Chemical exposure of epithelial cells

As proof of concept for the sensitivity of impedance measurements through alumina membranes,
we performed two chemical exposure scenarios with RTgutGC formed epithelia. First, a short-term
exposure of a barrier disrupting chemical and subsequent recovery was analyzed. Second, cells were
continuously exposed to a barrier destructing chemical and monitored for 24 hours. Therefore,
RTgutGC cells were cultured on nanoporous alumina supports until they reached impedance values
of 60-70 ohms at 1500 Hz (minimum 14 days), as a qualify measure for barrier maturity. Prior to
chemical treatment, cells were pre-equilibrated in L-15/ex for 30 min. L-15/ex is a simple buffer,

preferably used for chemical exposure scenarios in fish cell lines (Dayeh et al. 2002, Tanneberger et
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al. 2013). A schematic overview about the preparation of Lig/ex has been shown elsewhere
(Tanneberger et al. 2010). For the short-term exposure scenario, cells were treated for 5 min with 0.2
g/L ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, Switzerland), known to effect tight
junction tightness by sequestering Ca** via chelation. Thereafter, exposure medium was exchanged
with L-1g5/ex to allow recovery. For the continuous exposure scenario, cells were treated with
20 mg/L sodium dodecyl sulphate (SDS, Sigma-Aldrich, Switzerland), an anionic surfactant used in

many cleaning and hygiene products.

Atomic layer deposition of titanium

We deposited a thin film of titanium on the Si-chips to prevent aluminum release from membranes.
During the atomic layer deposition process, TiCl, (precursor of TiO,) and H,O were sequentially
exposed as vapor at 200°C; a final thickness of 2, 5 or 7 nm of TiO, on the whole surface of the

alumina membrane was obtained.

Metal analysis

For determination of aluminum and titanium release from alumina and titanium coated (2, 5, or
7nm) alumina membranes, we incubated the appropriate Si-chips in 1 mL L-15/FBS in the one-
compartment system for seven days. Thereafter, medium was collected and diluted 1:10 in
deionized water for high resolution inductively coupled plasma mass spectrometry (HR ICP MS,
Element2, Thermo, Switzerland). The total aluminum mass was measured using isotope *’Al. The
total titanium mass was measured using isotope “Ti and “Ti, due to calcium interference with the
more sensitive and otherwise preferred isotope “*Ti. To control the reliability of quantification, water
references (PlasmaCal 33 MS, SCP, Courtaboeuf, France) with a known aluminum and titanium
content were measured. Aluminum speciation in L-15 medium was performed with visual MINTEQ

version 3.0.
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2.3 Results and discussion

The vast majority of current in vitro epithelial cell models relies on commercially available two-
compartment insert systems, where epithelial cells are cultured on a polymer-based permeable
membrane, dividing the system into an upper and a lower chamber. However, these membranes are
several micrometer thick and often low in porosity. This almost certainly limits the translocation of
molecules through the barrier system, affects epithelial architecture, influences microscopic
imaging and restricts sensitive measurement of, e.g., changes in cellular resistance by trans-

epithelial electrical resistance (TEER) or impedance monitoring.

Characterization of alumina membranes

Ultrathin, nanoporous alumina membranes were developed with the aim to improve current
epithelial barrier models, like that of the fish intestinal epithelium. The 1 um thick, transparent
membranes are surrounded by a Si-chip for mechanical support (size: 9 mm x 9 mm) and arranged
as array of 21 centered squares (Figure 2.1 A). Each membrane is 0.8 mm x 0.8 mm, yielding a total
membrane area of 13.44 mm?. The silicon chip has a total thickness of 380 um. The membrane
holding side (top side) is flat, while the bottom side is characterized by 21 micro wells, which were
formed during the silicon etching process and terminate into the 21 free-standing membranes. For
simple and reproducible cell culture application, the Si-chip is places on top of specially designed
plastic holders. These holders are compatible with common 24-well cell culture plates and allow for
media availability from both sides of the alumina membranes (Figure 2.1 B). In this way, a one-
compartment system is created, allowing to follow cell growth and epithelial barrier formation by
microscopy and impedance spectroscopy. In addition, we generated a two-compartment system to
perform permeability studies. For this purpose, the chip is attached to commercial insert holders
(Figure 2.1 C) and placed in 24-well cell culture plates. For future applications, the chip could also be
integrated in a different insert concept, which makes use e.g. of a clamping mechanism to facilitate
mounting and unmounting of the chip (Jud et al. 2015). Moreover, chip design and membrane shape
is flexible, and could be adapted for organ-on-chip applications. For example, a single elongated
alumina membrane could build the permeable interface between an upper and a lower microfluidic

channel within a PDMS based bioreactor.
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Figure 2.1 Ultrathin nanoporous alumina supports.

(A) Silicon chip (Si-chip) holding 21 square and transparent alumina membranes (chip: 9 mm x 9 mm). (B)
One-compartment cell culture set-up: Si-chip is placed on a simple holder within a 24 well plate to allow
media supply from both sides of the membrane. (C) Two-compartment permeability set-up: Si-chip is glued
onto commercially available 24 well cell culture inserts after PET-membrane removal.

The fabricated alumina membranes are characterized by densely packed nanopores, which span
straight through the aluminum layer. Pore diameters range from 10 — 140 nm for the top (Figure 2.2
A) and bottom (Figure 2.2 B) side of the membrane. The mean diameter for the top side of the
membrane is slightly bigger (82 + 26 nm) compared to the bottom side (73 + 21 nm). Moreover,
marginally more pores were counted on the top side (top: 43 = 2 pores/um?®; bottom: 36+ 1
pores/um?). This phenomenon is attributed to the anodization process, which creates the typical,
highly-ordered nanoporous structure into the aluminum layer. During anodization, pores are
propagated from the top to the bottom side (Poinern et al. 2011). For anodization of thin films of
aluminum, it was observed that pore channels frequently evolve a branched shape and that not all
initiated pores finally reach the bottom (Wu et al. 2012). According to these findings, a
corresponding membrane porosity of 15% was calculated, based on bottom results. Compared to
other fabrication techniques for ultrathin membranes, the anodization of thin aluminum films
represents a fast and cost-efficient option to obtain a nanoporous material (Poinern et al. 2011). This
is different from crafting of SiNx thin films with photolithography techniques, which rather yield
microporous membranes with pore sizes starting from 1 pm upward (Kenzaoui et al. 2013, Jud et al.
2015). On the other hand, fabrication of SiNx membranes with nanopores relies on time consuming
and cost intensive techniques like e-beam lithography (Vlassiouk et al. 2009). The choice of
nanoporous or microporous membranes is strongly dependent on the final application and has to be

considered in advance to experimentation.
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Figure 2.2 Pore size histograms of alumina membrane.

(A) From top side and (B) from bottom side of membranes. For each histogram, three representative
scanning electron microscopy images from independent anodization batches, as depicted in the graph,
were analyzed. Shown are the mean values and standard deviation.

Permeability of nanoporous alumina was evaluated in the two compartment insert system in
absence of cells and compared to that of PET membranes (Figure 2.3 A). The absolute amount of
permeated dye (Lucifer yellow or Dextran FD40) or protein (bovine serum albumin) from the apical
to the basolateral chamber was evaluated over 24 hours and showed faster rates for the alumina
membrane (Figure 2.3 B). For Lucifer yellow, the smallest molecule analyzed, an P,,(alumina) =
6.2%10° cm/s and P,,,(PET) = 7.5*10‘6 cm/s was calculated. For Dextran FD4o we obtained the
following values: P,p,(alumina) = 2.3*10° cm/s and P,,,(PET) =8.5*107 cm/s. These values
correspond to the linear section of the kinetic curves recorded for both dyes (see supplemental
material, Figure S 2.3); the calculation incorporates membrane area, whereby permeable alumina
membrane area is about half the size of PET membrane area. For bovine serum albumin, we
estimated P,p,(alumina) = 1.7%10™ cm/s and P,,,(PET) =3.2*1o'6 c¢m/s from the 24 hour time point.
The P, values for alumina membranes clearly show that membrane permeability decreases with
molecule size, but is still much faster compared to PET membranes. These findings underline the
great potential of alumina membranes in improving current in vitro epithelial barrier models for
transport or co-culture studies, where the mechanical cell support is not supposed to act as barrier
itself. At this point we would also like to add that alumina membranes are not suitable for
nanoparticle transport studies. This type of research obviously requires bigger pore sizes, which are

above the diameter of nanoparticles or nanoparticle agglomerates (Geppert et al. 2016).
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Figure 2.3 Comparison of membrane permeability between commercial PET and custom made alumina
membranes in the absence of cells.

(A) Depiction of experimental set-up for both membranes: the apical chamber of the insert system was
filled with 400 pl of PBS containing either Lucifer yellow (LY), starting concentration (CStart) = 55 pug/mL;
Dextran FD4o (FD40), CStart = 1000 pg/mL; or bovine serum albumin (BSA), CStart = 200 pg/mL. The
basolateral chamber was filled with 1.4 mL of PBS only. The experiment was started at time point o hours
(T=0). Over an unknown period of time (T=e) the concentration between the apical and basolateral
chamber reached an equilibrium due to diffusion. (B) After 24 hours (T=24) concentrations of LY, FD4o0 and
BSA were determined in the apical and basolateral chamber and the percentage of reached equilibrium was
calculated for the basolateral chamber. The dark grey dashed line indicates Cstart and the light grey dotted
line shows predicted CEquilibrium based on complete diffusion between apical and basolateral chamber.

29



Chapter 2. Ultrathin alumina membranes as novel scaffold for piscine intestinal cell culture

Alumina membranes as cell culture interface

With regard to their application as culture interface for epithelial fish cells, alumina membranes
were used to investigate the interaction of RTgutGC cells with the nanoporous surface. As shown by
SEM investigations after one day of culture (Figure 2.4 A), cells are adherent to the substrate and
exhibit a normal, flattened morphology. On the membrane, each cell is in contact with abundant,
homogeneously distributed pores (~36 ooo pores/cell). Due to the small pore diameter, cells do not
penetrate into the pores with their membrane protrusions (filopodia). Filopodia pore penetration
has been observed for pore diameters of 240 nm and bigger (Hoess et al. 2012, Geppert et al. 2016).
A cross-section TEM image of RTgutGC cells cultured for two weeks on alumina membranes (Figure
2.4 B) provides an impression of the ratio between epithelial layer thickness and permeable support,
which is around 5:1. In addition, the magnified detail of the membrane highlights the straight pores,
spanning through the aluminum layer and connecting the apically located cells with the basolateral
media supply. These findings make the alumina membrane a physiologically realistic support for

epithelial barrier systems, such as the fish intestine.

Figure 2.4 Alumina membranes as cell culture interface for rainbow trout intestinal epithelial cells.

(A) Cells were seeded at a low density (20 ooo cells/cm2) and cultured for 24 hours prior to scanning
electron microscopy. (B) Cells were seeded at a high density (55 ooo cells/cm2) and cultured for two weeks.
Cross-sections were prepared with focused-ion-beam and images were taken with transmission electron
microscopy.

Alumina membranes are optically transparent, allowing for routine monitoring of cell growth and

morphology by light microscopy. As depicted in Figure 2.5 A, the cells show excellent cell-growth

behavior on the membrane. Cells attach within two hours after seeding and start to spread. Already
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after one day of culture, cells form a confluent monolayer when seeded at a high density of
55 000 cells/cm?®. During the next 14 to 28 days, cells proliferate and become smaller and more
homogeneous in size and morphology. Cellular polarization, which is a key feature of epithelial cells,
was demonstrated by immunofluorescent imaging of cells stained against tight junction protein ZO-
1, cytoskeleton (f-actin) and nuclei (DAPI) (Figure 2.5 B). At day one, cells showed a highly flattened
morphology with actin stress fibers and weak tight junctions on the same optical plane. During a
culture period of 14 days, tight junctions continuously move toward the apical cell boarder and
staining intensity becomes stronger, while actin stress fibers remain located basolaterally. Cross-
section analysis (z-stack assembly) revealed that long culture periods, i.e., = 4 weeks, resulted in
undesired multilayer formation on the alumina supports due to continued cell proliferation. Thus,
we conclude that RTqutGC cells form a mature epithelium, which is ready for experimentation
within 14 days of culture. In addition, we could show that alumina membranes are suitable for
confocal imaging through the ultrathin membrane (cells cultured on bottom side) with the same
quality (see supplemental material, Figure S 2.4). This can be beneficial for imaging of co-cultured
cells. Next, cell-based impedance spectroscopy was assessed to allow non-invasive monitoring of
epithelial barrier formation over time (Figure 2.5 C). Therefore, cellular impedance of RTgutGC was
measured every 3-4 days over the culture period of 28 days. During the first 24 hours, impedance
values strongly increased to 16 ohms/cm? due to cell attachment. Thereafter, values increased
steadily to 26 ohms/cm® at day 28. These results are in accordance with trans-epithelial electrical
resistance (TEER) measurements reported for RTqutGC cells cultured in commercial transwell
inserts (Geppert et al. 2016). In addition, resistance values agree with the leaky nature of the fish
intestinal epithelium in vivo (Sundell et al. 2003) and are thus quite different from the epithelial
resistance of the frequently used human intestinal cell line Caco-2, where TEER values range from
500-1000 ohms/cm?® (Liang et al. 2000). Low epithelial resistance can have a strong influence on
measure accuracy. For RTqutGC cells cultured on PET membranes, we observed high variation
among replicates (see supplemental material, Figure S 2.5). Alumina supports, in contrast, exhibit
much lower background values due their thinness and high porosity, and thus offer low set-up
related variation among samples, improving measure accuracy substantially (Figure 2.5 C). Finally,
impedance values were compared with microscopical findings and additionally normalized to the
resistance of day 14, where cells formed a mature epithelium (Figure 2.5 D). According to this
evaluation, the epithelial barrier formation of RTqutGC cells can be divided in 4 stages: 1) cell
attachment; 2) cell spreading and formation of a confluent monolayer; 3) polarization and 4) further

proliferation and multilayer formation.
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Figure 2.5 Cell growth, polarization and epithelial resistance of rainbow trout intestinal epithelial cells
(RTgutGC) cultured on alumina membranes.

(A) Light microscopy of cells cultured for two hours, 1, 14 & 28 days. (B) Confocal microscopy of cells
stained for tight junction protein ZO-1 (green), cytoskeleton f-actin (red) and nuclei (blue). Day 1: Tight
junctions and actin stress fibers are found on the same optical plane. Day 14: Tight junctions migrate to the
apical cell boarder while actin stress fibers remained basolateral (distance between apical and basolateral
images was 4 pm). Cross-section: Assembly of z-stack images (staining for ZO-1 and nucleus) show
unpolarized cells at day one, polarized monolayer at day 14 and multilayer formation at day 28. (C & D)
Epithelial resistance was measured using impedance spectroscopy for 28 days at a frequency of 1500 Hz. (C)
Ohmic resistance is depicted as function over time. Presented are the means of three biological replicates
and standard deviation. (D) Resistance values are normalized to day 14, where cells formed a polarized
epithelial monolayer. According to culture periods, the epithelial development can be arranged in four
stages: Stage | (~o-5 hours): Cell seeding and attachment; Stage Il (~5 hours — 3 days): Cell spreading and
formation of a confluent monolayer; Stage Ill (~3— 21 days): Cell growth and polarization; Stage IV (~21 —
28 days): Further cell division and multilayer formation.
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Impedance-based toxicity testing on piscine intestinal epithelia

Hazardous substances, taken up into the fish intestine, e.g., via diet, may influence the epithelium’s
role in acting as selective barrier towards food, pathogens and other toxins. We used impedance
spectroscopy to monitor the RTgutGC epithelial resistance, while performing two chemical
exposure scenarios. First, a short-term exposure of a barrier disrupting chemical, namely EDTA, was
carried out and subsequent recovery was monitored (Figure 2.6 A). The cellular resistance rapidly
declines during the exposure period, with normalized resistance values (normalized to control)
dropping rapidly from 100% to 60%. Transfer of the epithelium to chemical-free medium resulted in
total recovery of 100% within 5o min. For the second exposure scenario, cells were continuously
exposed to the barrier destructing chemical SDS, and monitored for 24 hours (Figure 2.6 B, left
graph). Normalized resistance values showed the greatest changes within the first four hours, where
values dropped from 100% to 60%. Thereafter, normalized values declined gradually to 44%.
Control and SDS exposed cells were stained after the 24 hours treatment, confirming a changed
morphology of the actin cytoskeleton for exposed cells, which is likely induced by cellular apoptosis
(Figure 2.6 B, right images). Impedance spectroscopy was shown previously to be a suitable sensing
method for water quality analysis by using the rainbow trout gill cell line, RTgill-W1, cultured directly
on electrodes (Brennan et al 2012). With the conducted experiments, we demonstrate the
applicability of the method for the RTqutGC epithelial barrier system, where measurement is

conducted through the alumina membrane.
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Figure 2.6 Impedance-based toxicity testing on mature epithelia.

(A) Normalized impedance during short-term exposure (5 min) to EDTA (Ethylenediaminetetraacedic acid)
and subsequent recovery. (B) Long-term exposure (24 hours) to SDS (Sodium dodecyl sulfate). Left:
Normalized impedance; Right: Cytoskeletal changes after 24 hours SDS exposure. Immunocytochemical
staining of cytoskeleton f-actin (red) and nucleus (blue) revealed a fiber-like network of f-actin in untreated
samples (control) and less organized f-actin fibers, dominantly present at the cell periphery, in SDS exposed
samples. Normalized impedance of (A) & (B): Presented are the means of at least three biological replicates
and standard deviation. Each value was normalized to control. Colored area indicates chemical exposure
period.
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Surface modification of alumina membranes

Alumina (Al,O,) is the oxidized form of aluminum, which is formed during the anodization process.
We tested the release of aluminum ions from alumina membranes into fetal bovine serum
containing cell culture medium, to verify unbiased usage of this metal surface for cell culture
applications and toxicological studies. However, we found 717 pug/L of aluminum released from a
single Si-chip into amL of cell culture medium during an incubation time of 7 days (Figure 2.7 A).
Using visual MINTEQ we predicted aluminum to be present in the form of aluminum hydroxide
(~90%) or bound to Glutamate & Glycine (~10%). In general, aluminum is classified as non-priority
pollutant (US EPA) due to its low toxicological impact found in humans, mammals, in vitro cell
cultures and bacteria (Organization 1998). For fish, aluminum can be extremely toxic when exposed
under acidic (pH < 6) or alkaline conditions (pH > 8), by impairing the ion regulation of the gills,
leading to a respiratory dysfunction (Wilson 2012). From these findings we conclude that alumina
membranes can be used as cell culture interface without influencing cell viability and vitality, but
care should be taken if pH shifts are to be expected. In addition, the released aluminum may
interfere with metal exposure experiments, which are of interest in environmental toxicology (Ojo
and Wood 2007, Minghetti et al. 2014). Thus, in order to prevent aluminum release from the
membranes, we tested a surface modification by depositing a thin film of TiO, with atomic layer
deposition (ALD) on the total membrane surface. A deposition of 2 nm TiO, decreased the
aluminum release to 89 pg/L. For 5 and 7 nm TiO, films, the Al release was below 5 ug/L (Figure 2.7
A). The ALD surface modification results in smaller pore sizes according to layer thickness, which
might affect permeability. However, for frequently studies molecules, such as Lucifer yellow,
Dextran 40 or bovine serum albumin, with diameters < 4nm, we would not expect a significant
change in permeability due to the stable, high pore density. Figure 2.7 B demonstrates membrane

morphology before and after ALD with 5 nm TiO,. Release of titanium was not observed.
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Figure 2.7 Al release from membranes and prevention.

(A) Al concentrations found in cell culture medium after incubation with alumina membranes for seven days
at 19°C (2 mL/chip). Tested were untreated membranes (Al203) and membranes with an atomic layer
deposition (ALD) of different TiO2 thicknesses (2, 5 & 7 nm). (B) Changes in membrane morphology before
and after ALD with 5 nm TiO2.
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2.4 Conclusion

We developed a novel type of ultrathin alumina-based membrane to serve as permeable support for
an in vitro tissue model, focusing on the fish intestine. Due to their unique nanoporous structure, the
new membrane was found to overcome some issues of current polymer-based membranes, which
are part of commercial transwell inserts. Unlike their commercial counterpart, alumina membranes
closely mimic features of the basement membrane in terms of thinness, porosity and permeability.
The established piscine intestinal barrier model, based on RTqutGC cell culture on alumina supports,
has proved epithelial characteristics, such as the formation of a confluent polarized cell-monolayer.
In future studies, it might be interesting to include a second cell type in the system. This could be a
fibroblast or endothelial cell line grown on the opposite membrane side in order to mimic the
physiological complexity of the intestinal barrier. In addition, the alumina supports could be adapted
for microfluidic bioreactors, which would allow mechanical stimulation of intestinal cells as found in
vivo. For optimal analysis of epithelial barrier function, we introduced cell-based impedance
spectroscopy to measure changes in cellular resistance upon chemical exposure in real time. This
bio-sensing method, in combination with alumina membranes, was found to be a sensitive endpoint
for the in vitro piscine intestinal barrier, which naturally has a low resistance and therefore ideally
mimics the leaky nature of the fish intestine. A limitation of alumina membranes can be seen in its
release of aluminum ions. The released concentrations had no effect on cell growth or cellular
behavior, but might interfere with metal exposure or other types of experiments. A solution to the
problem was found by a surface modification with titanium dioxide, which drastically decreased the
undesired release. Overall, we developed a novel and innovative culture system for barrier forming
epithelial cells, which is applicable for physiological-, permeation- and toxicological studies, and not

restricted to the RTqgutGC cell line.
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| performed all the experimental work and wrote the paper manuscript. Songmei Wu was involved in
the development of ultrathin alumina membranes for cell culture application. Matteo Minghetti
contributed to the experimental design of fish cell culture on alumina membranes. Kristin Schirmer

and Philippe Renaud were supervising the project.
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2.5 Supplemental material
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Figure S 2.1 Fabrication process of ultrathin anodic aluminum oxide membranes.

(A) Standard microfabrication tools are used to define the size of the free standing, low stress, silicon
nitride (SiNx) membrane, which serves as support for further processing. (B) An Al layer of 1um is
deposited on the SiNx film. (C) Anodization of Al creates self-organized nanopore structures. (D) The
alumina membrane is released from SiNx by backside etching.
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Figure S 2.2 Impedimetric characterization of RTgutGC cells grown on alumina supports.

(A) Frequency scan of cells cultured for 28 days. (B) Absolut impedance over the whole frequency range,
demonstrating highest sensitivity at 1 500 Hz, as indicated by the grey dashed line.
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Figure S 2.3 Membrane permeability of alumina versus commercial PET membrane.

(A) For Lucifer yellow and (B) for Dextran 4o0. Depicted are measured concentrations in the basolateral
chamber over time. Membrane area of alumina membrane was 13 mm?® and of PET membrane 33.6 mm”.

Basolateral

Figure S 2.4 Microscopy through alumina membrane.

Cells were seeded on the bottom side of the membrane, cultured for 14 days and stained for tight junction
protein ZO-1 (green), cytoskeleton f-actin (red) and nucleus (blue). Confocal microscopy was performed
from the top side of the membrane.
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Figure S 2.5 Epithelial resistance of RTgutGC.

Cells were cultured for 28 days on commercial transwell inserts and resistance was determined by
impedance spectroscopy at 1 500 Hz. Presented are the means of three biological replicates and standard

deviation.
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Chapter3. Characterization of a fibroblast-like cell line
from the intestine of rainbow trout and its potential role in

an advanced intestinal barrier model

An in vitro model of the fish intestine is of interest for research and application in diverse fields such
as fish physiology, aquaculture and chemical risk assessment. The recently developed epithelial
barrier model of the fish intestine relies on the RTqutGC cell line from rainbow trout (Oncorhynchus
mykiss), cultured in inserts on permeable membranes. Our aim was to extend the current system by
introducing intestinal fibroblasts as supportive layer in order to reconstruct the epithelial-
mesenchymal interface as found in vivo. We therefore initiated and characterized the first fibroblast
cell line from the intestine of rainbow trout, which was termed RTgutF. Co-culture studies of
RTgutGC and RTgutF were performed on commercially available electric cell substrate for
impedance sensing (ECIS) and on newly developed ultrathin, highly porous alumina membranes to
imitate the cellular interaction with the basement membrane. Cellular events were examined with
non-invasive impedance spectroscopy to distinguish between barrier tightness and cell density in
the ECIS system and to determine trans-epithelial electrical resistance (TEER) for cells cultured on
the alumina membranes. We highlight the relevance of the piscine intestinal fibroblasts for an
advanced intestinal barrier model, particularly on ultrathin alumina membranes. These membranes
enable rapid crosstalk of cells cultured on opposite sides, which led to increased barrier tightening in

the fish cell line-based epithelial-mesenchymal model.

Carolin Drieschner, Nguyen Vo, Hannah Schug, Michael Burkard, Niels Bols, Philippe Renaud,

Kristin Schirmer
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3.1 Introduction

Rainbow trout (Oncorhynchus mykiss) cell lines have been established from a variety of different
tissues and organs and are indispensable for mechanistic investigations in fish based research (Bols
and Lee 1991, Castano et al. 2003, Bols et al. 2005, Bols et al. 2017). Great success was achieved in
the past years in demonstrating the potential of fish cell lines as alternatives for the replacement of
animal testing in environmental risk assessment (Schirmer 2006, Tanneberger et al. 2012). The
attractiveness of rainbow trout cell lines as economic and easy to handle source for reliable and
reproducible output is further increasing with the development of functional tissue analogues
(Malhdo et al. 2013, Geppert et al. 2016, Minghetti et al. 2017), technical innovations in label free bio
sensing (Brennan et al. 2012, Curtis et al. 2013, Widder et al. 2015, Tan and Schirmer 2017) and
computational modelling (Stadnicka et al. 2012, Stadnicka-Michalak et al. 2014, Stadnicka-Michalak

etal 2015).

An organ of manifold interest is the fish intestine. It takes up nutrients from the diet while
attenuating the trespass of pathogens and potentially hazardous chemical substances. Moreover, it
regulates ion homeostasis of the whole organism and quickly mobilizes immune reactions if required
(Grosell et al. 2011). The main interest in this unique organ is easily discernible for three branches:
fish physiology, aquaculture and environmental risk assessment. However, accessibility of the gut is
limited to short-lived and difficult to prepare in vivo or ex vivo gut sac preparations. Yet, such
preparations have been used, for example, to study the uptake of contaminants, such as
hydrophobic chemicals (Sandvik et al. 1998, Kelly et al. 2004), metals (Hoyle and Handy 2005,
Kwong and Niyogi 2009, Leonard et al. 2009) and nanoparticles (Handy et al. 2008); understand
mechanisms of seawater adaptation (Sundell and Sundh 2012, Whittamore 2012); and refine fish

culture conditions and fish feeds (Brunt and Austin 2005, Merrifield et al. 2009).

A novel in vitro model of the fish intestine is based on the epithelial-like cell line RTgutGC (Kawano
et al. 2011). Herein, the cells are cultured in commercial transwell inserts on a permeable membrane
and form a barrier between two compartments, representing the intestinal lumen on one side and
the inner of the organism on the other (Geppert et al. 2016, Minghetti et al. 2017). Sophisticated
inventiveness has led to the creation of the “transfer chamber”, a lockable reactor for inserts with
permeable membranes, to trace intestinal permeation and bioaccumulation of very hydrophobic
substances (Schug et al. in preparation). Furthermore, our research has led to the development of
ultrathin alumina membranes as novel scaffold for RTqutGC cells. By being at least 10 times thinner
and more porous and thus much better permeable, these membranes indeed overcome some of the

shortcomings of conventional membranes (Drieschner et al. 2017)(Chapter 2).

42



Chapter 3. Fibroblast characterization and co-culture with epithelial cells

Given these advances, a next step for the development towards a representative organ analogue of
the fish intestine is to improve the creation of a physiologically realistic microenvironment. Hence,
the tissue composition and interplay of various cell types needs to be considered. In vivo, the
intestinal epithelium is underlined by fibroblasts as supportive layer (Powell et al. 2011). Fibroblasts
originate from the mesenchyme and have diverse functions in the organism, including production of
extracellular matrix, immune stimulation and wound healing (Sorrell and Caplan 2009, Ingerslev et
al. 2010). Notwithstanding, prior to our research, a fibroblast counterpart to the epithelial RTgutGC

cell line did not exist.

The crosstalk between epithelial cells and fibroblasts is expected to be essential for epithelial barrier
development and functionality (Yasugi 1993, Simon-Assmann et al. 2007, Shaker and Rubin 2010).
Lately, 2D and 3D in vitro models of the human intestine have been developed with the aim to
remodel the epithelial-mesenchymal interface. These examinations report improved wound healing
(Seltana et al. 2010), induced differentiation and proliferation of epithelial cells (Visco et al. 2009),
changed sensitivity patterns towards drug exposure (Hoffmann et al. 2015) and more in vivo like

TEER values (Pereira et al. 2015).

Thus, to initiate further development of an increasingly realistic in vitro analogue of the fish
intestinal microenvironment, we developed and characterized the first fibroblast-like cell line from
the intestine of rainbow trout. Furthermore, we established co-cultures with the epithelial-like cell
line RTgutGC on commercial, planar electrode containing solid supports and on the recently
developed ultrathin, highly porous alumina membranes. Cellular behaviour was monitored for both

systems using impedance spectroscopy and frequency dependent analysis.
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3.2 Material and methods

Cell culture

The initiation and characterization of the intestinal fibroblast cell line, RTqutF, is described in detail
below. The rainbow trout intestinal epithelial cell line, RTgutGC (Kawano et al. 2011), was routinely
cultured in Leibovitz's L-15 medium (Invitrogen, Switzerland), supplemented with 5% fetal bovine
serum (FBS; PAA, Switzerland) and 1% gentamycin (GIBCO, Invitrogen, Switzerland) at 19+1°C

under normal atmosphere in the dark.

Establishment of the RTgutF cell line

Initiation

The RTgutF cell line was developed from tissue fragment cultures of the anterior intestine of a
sexually mature male rainbow trout in Dr. Bols’ laboratory in the Department of Biology at the
University of Waterloo (Waterloo, ON, Canada). After euthanizing the fish with an overdose of the
anaesthetic MS222 (Syndel, Canada), the anterior part of the intestinal tract was removed and
placed in a petri dish. The exterior surface of the excised tissue was gently rinsed with the rinsing
solution: Mg** and Ca**-free Dulbecco's phosphate-buffered saline (DPBS; Lonza, Canada) with
300 U/mL penicillin and 300 pg/mL streptomycin. A bulb transfer pipette filled with the rinsing
solution was inserted into one open end of the intestinal tube to flush the lumen content; this cycle
was repeated ten times. Then, the gut was cut open longitudinally and rinsed with the rinsing
solution for five more times, as previously done to establish the RTqutGC cell line (Kawano et al.
2011). A scalpel blade was used to scrape off the internal intestinal folds to mechanically remove as
much epithelial cell mass as possible. The tissue was then immersed sequentially in several petri
dishes filled with the rinsing solution to clean the tissue. The resulting tissue was minced into small
pieces of about 1 mm?®. The tissue fragments were rinsed again for three more times and then placed
in 25.cm? tissue culture flasks (Falcon, Canada) in L-15 medium with 10 % FBS (Sigma Aldrich,
Canada), 200 U/mL penicillin, and 200 pg/mL streptomycin at 20°C+1°C under normal atmosphere

in the dark.

Propagation

Medium was renewed daily during the first week and then every three days afterwards during the
two following weeks. Primary cultures that had epithelial cells were discarded. The original flask that
eventually gave rise to the RTqutF cell line had extensive networks of fibroblastic cells outgrowing

from the explanted gut tissues. The fibroblastic cells were sub-cultured with trypsin/EDTA solution
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(Lonza, Canada) for the first time after two months in culture. The passaged cells were transferred
into a new cell culture vessel and kept in L-15 medium with 15% FBS with antibiotics to expand the
cell progeny population. Subcultures were initiated by rinsing with trypsin/EDTA solution and

splitting into new flasks every two weeks gave rise to the RTqutF cell line.

RTqutF cultures at passage 6 were sent to Dr. Schirmer's laboratory in the Department of
Environmental Toxicology at Eawag, the Swiss Federal Institute of Aquatic Science and Technology
(DUbendorf, Switzerland), where cellular characteristics and functional properties of the cell line

were studied.

Growth characteristics

At Dr. Schirmer laboratory, RTgutF cells were routinely maintained in L-15 medium, supplemented
with 15% FBS and 1% gentamycin at 19+1°C under normal atmosphere in the dark. Culture medium
was renewed once per week and cells were split every one to two weeks, when reaching confluency
of 80-90%, in a 1:3 ratio in 75 cm” cell culture flasks (TPP, Switzerland). For the proliferation assay,
RTQutF cells at passage 22-25 were seeded at a density of 15’000 cells/cm? in L-15 medium
supplemented with different serum concentrations and 1% gentamycin in 12-well plates (Greiner-
bio-one, Switzerland). Plates were incubated for 5hours at 19+1°C in the dark to assure cell
attachment. Thereafter, medium was aspirated and replaced with 2 mL of L-15 containing o, 5, 10 or
20% of FBS and the antibiotics. The cell number was determined at day 1, 3, 7, 10, 14 and 17 after

seeding.

On the respective day, three wells per FBS concentration were washed twice with Versene followed
by trypsinization. Cells were resuspended in the trypsin solution and trypsin reaction was stopped by
adding L-15/FBS (15%). The cell number was determined using a Casy TTC cell counter. The
doubling time was determined by fitting an exponential growth equation (Equation 3.1) and
calculating the rate constant (Equation 3.2), where k is the rate constant expressed in reciprocal of

the x axis time units.

Cell number = cell number, » ek*time) Equation 3.1

In(2)

Doubling time = Equation 3.2
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Cryopreservation

RTgutF cell cultures have been successfully cryopreserved in L-15/FBS (10%), supplemented with
10% (v/v) dimethyl sulphoxide (DMSO; Sigma Aldrich, Switzerland) in liquid nitrogen. Success was
judged by the straight forward recovery of the cell cultures upon thawing at different passages (13,

26, 52).

Telomerase activity

As an indicator of cell culture longevity, telomerase activity was assessed using Telo TAGGG
Telomerase PCR ELISA (Roche, Germany) following manufacturer’s protocols. In brief, RTgutF cells
(2 x 10° cells) were harvested at different passages, lysed and telomeric repeat amplification was
performed with provided substrate primers (20 minutes elongation, 5 minutes inactivation and 30 x
amplification cycles). Products were denatured and hybridised with Digoxigenin (DIG), followed by
immobilisation with biotin and streptavidin coating. Samples were semi-quantitatively assessed
using the internal standard and horseradish peroxidase (Anti-DIG-HRP), which is sensitive to
Tetramethylbenzidine. The limit of detection was considered as the two-fold background activity.
Protein content was assessed by bicinchoninic acid protein assay kit (Pierce, USA) following the
instructions of the manufacturer. Relative telomerase activity was normalized to 1 mg/mL total

protein.

RTgutF and RTqutGC cell cultures on solid support with integrated electrodes

RTgutF and RTqutGC cells were cultured either as mono- or as co-cultures directly on electric cell
substrate for impedance sensing (ECIS), specifically on 8-well chips, each with 20 inter-digitated
finger electrodes (8W2oidf PET, Applied BioPhysics, ibidi, Germany) to measure the electrical
properties of approximately 4’000 to 8000 cells. For monitoring growth kinetics, RTqutF or
RTqutGC cells were seeded at a density of 25’000 cells/cm® each. For monitoring barrier formation,
cells were seeded at a concentration of 55’000 cells/cm® each. For co-culture initiation, RTgutF
seeding was performed three days prior to RTgutGC seeding on top. During experimentation, the

medium was fully changed every one to two days.

RTgutF and RTqutGC cell cultures on ultrathin permeable alumina membranes

Ultrathin alumina membranes were fabricated, prepared and used as previously described
(Drieschner et al. 2017) (Chapter 2). According to the fabrication process, the membranes are
realized within a silicon frame for support, the entire unit will be referred as alumina chip. Alumina

chips feature a flat side (top) and a micro-structured side (bottom) with a microwell array to access
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the nanoporous membrane. For preparation, alumina chips were sterilized in 70% ethanol for 20 min
and membranes were coated with 5o pg/pL fibronection (Roche, Germany) in distilled autoclaved
water for two hours on each membrane side and placed in L-15/FBS (5%) for one day prior to cell
seeding. For monocultures, either RTqutGC cells were seeded on top of the membrane or RTqutF
cells on the bottom side, each with a density of 55’000 cells/cm?. Co-cultures were established in two
ways: 1) RTgutGC cells were seeded on top of RTgutF cells and 2) RTgutF and RTqutGC cells were
seeded on opposite sides of the membrane. For 1) RTqutF cells were pre-cultured on the top side of
the membrane for three days, followed by seeding of RTqutGC, each at a density of 55000
cells/cm?. For 2) RTqutF cells were pre-cultured on the bottom side for three days, followed by
seeding of RTgutGC on the top side, each with a seeding density of 55’000 cells/cm®. After cell
attachment, which occurred within two hours after seeding, the alumina chips were placed on
specifically designed polycarbonate holders (Drieschner et al. 2017) (Chapter 2) in 24 well plates to
allow media supply from both sides of the membrane and media was exchanged every one to two

days.

Impedance spectroscopy

Impedance (Z) spectroscopy involved two steps: determining the baseline in the absence of cells and
determining the signal in the presence of cells. For baseline analysis, both types of chips
(commercial ECIS and self-made alumina chips) were first pre-equilibrated in L-15/5% FBS for one
day. The ECIS chip was then directly connected to the impedance analyser (Gamry Instruments,
Germany). The alumina chip was placed in an Endohm-6 chamber (World Precision Instruments,
Germany), which was then connected to the impedance analyser. Impedance spectra were recorded
from 75 to 300 kHz and an amplitude of 10 mV for ECIS chips and from 6 to 300 kHz and an
amplitude of 20 mV for alumina chips. Impedance profile and corresponding phase angle were

analysed for each system to select optimal frequencies for further analysis as described below.

For ECIS chips, cells are directly cultured on the interdigitated finger electrodes, which provides very
high measure sensitivity. This arrangement allows to adapt the principal of low and high frequency
analysis, as characterized and applied by Meissner et al. (2011) and Benson et al. (2013), to
distinguish between paracellular and transcellular resistance. In brief, at low frequency (LF), the cell
membrane acts as insulator and the ionic current predominantly flows paracellular. Thus, measured
resistance values provide information on cell-substrate / cell-cell adhesion. At high frequency (HF),
the cell membrane capacitor is short-circuited and resistance of intracellular matter has the main

effect on impedance. Figure 3.1 A demonstrates selection criteria for LF and HF. At the lower end of
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the frequency range, the impedance spectrum is dominated by the capacitance of the electrodes
(top graph). Hence, the region of interest starts at around 1 kHz. Further, the phase angle (bottom
graph), indicating if a system behaves like a resistor (= 0°) or capacitor (= 90°), is used to
determine LF and HF. The highest measurement sensitivity for LF is achieved at the maximal phase
angle difference (Pmax) within the low frequency range (< 12 kHz; crossing curves). Thus, a LF of
3 kHz for ECIS was chosen. HF is selected where the phase angle is close to 0° (P close to 0°) and the
membrane capacitor is short-circuited (end of spectra). Therefore, we have chosen 300 kHz. It is
important to keep in mind that neither LF or HF-based resistance values are purely indicative for
paracellular or transcellular events (phase angle profile). Yet, for simplification, we refer to LF

obtained values as paracellular resistance and to HF obtained values as transcellular resistance.

Impedance measurement for cells cultured on permeable membranes is less sensitive because
counter electrodes are located on opposite membrane sides and resistance of the culture membrane
and the media have a dominating effect at the higher frequency range and thus do not allow to
retrieve information about the transcellular resistance (Figure 3.1 B). In this set-up the region of
interest is limited by the capacitance of the electrodes at the LF end and by stray capacitance at the
HF end (top graph). Resistance values to calculate trans-epithelial electrical resistance (TEER) are
obtained at the frequency with the greatest difference of impedance between the presence and
absence of cells (van der Helm et al. 2017). In the phase-angle plot (bottom graph) this frequency
often correlates with the crossing of curves from cell and blank measurements. This resistance was
determined at 3 kHz. For TEER calculation, resistance values were multiplied with the membrane

area.
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Figure 3.1. Impedance spectra and corresponding phase angle analysis.

RTqutGC cells were grown as high density cultures on solid, electrode containing supports (ECIS) (A) and on
ultrathin permeable alumina membranes (B).

Microscopy

Light microscopy
Phase-contrast images were obtained with cells cultured in 24 well plates (Greiner-bio-one,

Switzerland) using Leica DMI60oo inverted microscope.

Fluorescence microscopy

Immunocytochemical staining was applied to visualize collagen and vimentin as fibroblast markers,
Z0-1 as indication of tight junction formation, and cell nuclei. To initiate staining, cells were cultured
on coverslips (Thermanox, Thermo Fisher, Switzerland) or four-chamber tissue culture Lab-Tek

slides (Nunc, Thermo Fisher, Canada) and left to attach and spread out overnight.

For collagen (type |, alpha 1; COL1A1, antikorper-online.de, Switzerland) immunostaining, cells were
fixed with 3.7% paraformaldehyde (Invitrogen, Switzerland) in PBS for 10 min at room temperature.
After washing in PBS, cells were permeabilized for 15 min with 0.2% Triton X-100 in PBS. After a
further washing step with PBS containing 0.1% Triton X-100, cells were incubated in Image-iT

(Invitrogen, Switzerland) for 30 min, rinsed with PBS and primary antibody (diluted 1:40 in 0.5% goat
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serum and 0.05% Triton X-100 in PBS) for COL1A1 was applied overnight at 4+1°C. The next day,
cells were washed with 0.1% Triton X-100 in PBS and the secondary antibody, Alexa Fluor 488@®-
conjugated goat-anti-rabbit IgG (Invitrogen, Switzerland), was applied at a dilution of 1:1000 for one
hour at room temperature. Samples were washed in 0.1% Triton X-100 in PBS and incubated with
10.9 UM DAPI (Invitrogen, Switzerland) in PBS for 5 min. After repeated washing in 0.1% Triton X-
100 in PBS and PBS only, coverslips were mounted on microscope slides using ProLong® Gold
antifade reagent (Life Technology, United States). Imaging and analysis was performed on a Leica

SPs5 Laser Scanning Confocal Microscope (Leica, Switzerland) using the LAS AF Lite 2014 software.

The vimentin immunostaining followed the same procedure as previously described (Bloch et al.
2016). Briefly, cells were fixed in 100% ice-cold methanol for 15 minutes at 4+1°C, followed by a
quick wash in PBS to rehydrate cells. Fixed cells were incubated for one hour in a blocking buffer
containing 10% goat serum, 3% bovine serum albumin, and 0.1% Triton X-100 in PBS and then
probed with mouse monoclonal anti-vimentin antibody (Sigma Aldrich, Canada) diluted at 1:200 in
blocking buffer for one hour at room temperature. The secondary antibody was Alexa Flour 488®-
conjugated goat anti-mouse IgG used at 1:1000 dilution in PBS for one hour. Cells were then washed
five times with PBS, allowed to dry and mounted in Fluoroshield medium containing DAPI (Abcam,
Canada). Fluorescence images were taken with a Zeiss LSMg10 laser-scanning microscope and

confocal images were acquired and analyzed using the ZEN lite 2011 software.

Scanning electron microscopy

For cross-section images, RTgutF and RTqutGC cells were cultured on opposite sides of alumina
membranes for 10 days. Thereafter, cells were washed with PBS and fixed in 2.5% glutardialdehyde
for one hour, followed by postfixation in 2% osmium tetroxide for one hour and block staining with
2% uranyl acetate for one hour with washing steps in between. Dehydration was performed in a
graded series of 30, 50, 70, 90, and 100% ethanol, followed by twice water-free 100% ethanol, 30
min each. Subsequently, alumina membranes with cells were impregnated, first with 33% resin
(EMbed 812, Electron Microscopy Science, USA) and then with 66% resin in water-free ethanol for
1.5 hours each. Thereafter, alumina chips with cells were submerged in 100% resin twice for two
hours each. All impregnation steps were performed at room temperature in small plastic dishes. The
sample was completely submerged in the resin and then taken out of the resin bath. Excess of resin
was allowed to drain in an upright position for another 1.5 hours at room temperature. The sample
was then transferred to the oven heated up to 60°C, where polymerization of the resin proceeded
for two days. The polymerized alumina chip with cells was cooled to room temperature and directly

mounted right-side-up onto SEM stubs with conductive carbon cement. The specimen was sputter
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coated with 6 nm platinum. In the focused ion beam (FIB)-SEM (FEI Helios 600i), the sample was
screened with an electron beam at high accelerating voltage (30 kV) and imaged in the
backscattered electron (BSE)-mode to select a region of interest. The sample was brought to a stage
position, where electron beam and ion beam coincide (stage tilt at 52°) and a trench was milled with
the FIB at 30 kV and 9.3 nA to open the sample. The resulting cross section was polished at an ion
current of 2,5 nA and then imaged with an electron beam of 2 kV and 0,34 nA. Images were acquired
in the BSE-mode at appropriate tilt correction and a dwell time of 30 ps. Neighbouring images were

merged to full panorama view.
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3.3 Results and discussion

Focusing on the recreation of basic intestinal architecture, the aim of this study was to combine
absorptive epithelial cells, which face the intestinal lumen in vivo, and supportive fibroblasts, which
are the main cell type in the underlying connective tissue. In order to achieve this, we followed three
lines of investigation. First, a novel fibroblast cell line from rainbow trout, RTqutF, was initiated and
characterized. Second, this cell line was used alone or in combination with the intestinal epithelial
cell line RTgutGC on solid, non-porous supports to evaluate their electrical properties. Third,
ultrathin nanoporous alumina membranes were used as basement membrane analogue to allow

separation of the two cell types on one hand, while still promoting cellular cross-talk on the other.

The RTgutF cell line

Based on the explant outgrowth technique, which was previously applied for the establishment of
cell lines from various organs and tissues of different teleost species (Kawano et al. 2011, Vo et al.
2015, Semple et al. 2017), we succeeded in establishing the first intestinal fibroblast cell line from

rainbow trout. Cells have been passaged more than 60 times with effective cryopreservation.

Primary cultures initially generated fibroblastic and epithelial cell populations; however, fibroblastic
cells were successfully separated. Early passages (< 6) of RTgutF cells showed heterogeneous cell
morphology, with a majority of thin elongated cells forming a network like structure and a minority
of plump outspread cells (see supplemental material, Figure S 3.1). From passage 6 onwards, RTgutF
cell populations changed to a uniform morphology. At low densities cell bodies are spread out
(Figure 3.2 A top) while at high densities the cell shape becomes elongated with centred nuclei. If
left to grow upon confluency, cells start to form multiple cell layers (Figure 3.2 A bottom - inset) and
detach within 14 to 21 days after reaching confluency. In contrast, RTqutGC cells remain in
monolayer for up to several month after reaching confluency. This reflects a specific behaviour of
the individual cell types, and is coherent with the fact that close contact among in vitro normal
epithelial cells leads to contact inhibition and cell cycle arrest (Puliafito et al. 2012). Fibroblasts, on
the other hand, are known to freely move within the 3D arrangement of connective tissue and are

thus less strongly adherent to their culture surface in vitro (Hay 1995).
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General characterization of RTgutF
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Figure 3.2 General characterization of RTgutF cultured on conventional support.

(A) Phase contrast image of cells at low density (top) cultured for 1 day and cells at high density (bottom)
cultured for 14 days. At high densities, RTqutF cells partially formed multiple layers (inlay, bottom image).
(B) Growth kinetics of RTgutF cultured in L-15 supplemented with different FBS concentrations. Depicted
are mean values of three biological replicates and SD. (C) Relative telomerase activity at different passages.
Represented is the mean of three biological replicates and SD. (D) Confocal images demonstrate positive
staining of RTgutF cells for collagen 1A1 (top image, green staining) and vimentin (bottom image, green
staining). Cell nuclei were counterstained with DAPI (blue).

RTgutF cells respond to increased concentrations of serum by an acceleration of proliferation
(Figure 3.2 B). Doubling times calculated from the growth curves ranged from 6 ¥2 days for 5% to 5
days for 10%, to 4 Y2 days for 20% FBS. In contrast, in the absence of serum, no cell proliferation
occurred; yet, RTgutF cells remained attached to the culture surface. For routine cell culture, an
reduced FBS concentration of 10% can be recommended. This concentration supports normal
fibroblast morphology and optimal proliferation rates, which are comparable to the proliferation

profile of RTqutGC cells (Kawano et al. 2011).

The RTgutF cell line appears to be infinite based on the number of passages achieved today. In
support of this observation, cells express stable levels of telomerase (Figure 3.2 C), an enzyme
known to extend cell longevity by extending the chromosome termini, which are otherwise
shortened with each cell cycle (Dey and Chakrabarti 2018). In some species, including rainbow trout,
telomerase activity is not limited to stem cells, but was detected in all somatic cells (Klapper et al.
1998). Indeed, telomerase activity in RTgutF cells was comparable to that of other normal fish cell

lines and one telomerase transfected mammalian cell line (see supplemental material, Figure S 3.2).
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Further evidence that supports the notion that RTgutF cells are fibroblasts was provided by
immunocytochemical staining of collagen 1 (Col1A1) and vimentin. Both proteins are abundantly
expressed throughout the cell body of RTgutF cells (Figure 3.2 D). In mammalian cell culture, these
proteins are frequently used markers of fibroblasts (Franke et al. 1982, Burkard et al. 2015). In
rainbow trout, no finite biochemical markers are defined yet for cell type identification (Bols et al.
2005). However, fibroblast specific expression of collagen 1 has been verified for rainbow trout
dermal skin cell cultures and tissue samples (Rakers et al. 2011), which supports the potential use of
collagen 1 expression as marker for rainbow trout cell line classification. Vimentin expression in
rainbow trout is less clear and expression patterns have been described as significantly different
from mammals (Herrmann et al. 1996). Thus, the information of positive vimentin expression in
RTqutF cells should be rather seen as an enrichment of the literature of the notoriously complex

expression patterns of vimentin in fish than as a definite fibroblast marker.

With the establishment of RTgutF, the first intestinal fibroblast-like cell line from rainbow trout, it
was possible to extend the current RTgutGC model. The supportive function of fibroblasts was

analyzed by co-culture initiation on solid substrate and on porous supports, respectively.

Impedimetric characterization of intestinal cells on solid support

In a first approach, epithelial RTgutGC and fibroblastic RTqutF cells were cultured on electric cell
substrate for impedance sensing (ECIS), which provides a solid, non-porous cell culture interface and
allows evaluation of electrical properties of cells. The electrical properties were examined by non-
invasive impedance measurements and permitted to evaluate paracellular resistance at low
frequency, which is indicative of cell connections and cell adhesion, and transcellular resistance at

high frequency, providing information on cell viability.

In the process of forming a confluent monolayer, RTgutF and RTqutGC cells revealed starkly
different paracellular resistance profiles (Figure 3.3 A). RTqutGC presented a gradual increase in
resistance values, which was at all times greater compared to RTgutF, with the maximum difference
in resistance being about four-fold. Distinctly different profiles were also observed for RTgutF and
RTgutGC cells seeded as densely packed monolayer with a confluency of 100% (Figure 3.3 B). Here,
the paracellular resistance of RTqutGC was about two-fold higher than of RTgutF, which indicates
stronger cell-cell and cell-substrate connections of RTqutGC and is typical for epithelial cells (Hay
1995). Indeed, the formation of tight junctions between adjacent cells has a strong effect on the

paracellular resistance profile (Benson et al. 2013) and was previously verified for RTgutGC cells by
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staining of ZO-1, a protein of the tight junction complex (Geppert et al. 2016, Drieschner et al. 2017,
Minghetti et al. 2017) (Chapter 2) and transmission electron microscopy (Minghetti et al. 2017). In
comparison, RTgutF do not form a continuous line of ZO-1 around the cell boarder when in contact
with each other (see supplemental material, Figure S 3.3), which is typical for the movable
fibroblasts (Sorrell and Caplan 2009). For co-culture initiation, RTgutGC was seeded directly on top
of RTgutF. The paracellular resistance of co-cultures was above that of RTgutF monolayer, but
below that of RTgutGC monolayer (Figure 3.3 B). This result is explainable by the likely mixture of
the two cell lines, resulting in non-continuous tight junction formation between epithelial cells and
fibroblasts. Thus, the formation of a natural basement membrane between the two cell types, as
demonstrated in a co-culture model of primary rat intestinal endodermal cells and fibroblasts
(Simon-Assmann et al. 2007), is unlikely and makes the physical separation of RTgutGC and RTgutF,

e.g. through a permeable membrane, necessary.
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Figure 3.3 Frequency dependent impedimetric monitoring for cultures on electric cell-substrate for
impedance sensing (ECIS).

(A & C) Monolayer formation of fibroblasts (RTgutF) versus epithelial cells (RTgutGC) seeded at a moderate
density (25’000 cells/cm?; confluency 50%). (B & D) Monitoring of tightly packed monolayer of individual
cell types and co-cultures seeded at high density (55000 cells/cm®; confluency 100%). Paracellular
resistance (A & B) was determined at a low frequency and reflects cell adhesion and formation of cell-cell
contacts. Transcellular resistance (C & D) was measured at high frequency and represents intracellular
matter, overall indicative of cell viability and in this specific case of cell density. Data represent the mean of
four biological replicates and the error bars represent the SD.
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Following the transcellular resistance profile during monolayer formation (Figure 3.3 C) it was found
that RTgutF and RTgutGC exhibit almost identical resistance values with a steady increase over the
culture period. The increase correlated with the doubling time of 4-5 days for both cell lines. Further,
the transcellular resistance of co-cultured cells (Figure 3.3 D), which comprises two cell layers, is
almost double compared to the confluent monolayers of RTgutF and RTqutGC. For all three
approaches, transcellular resistance values remained stable between day 1 till day 7 of culture,
reflecting the stagnant or slow cell growth of high density cultures. Thus, the transcellular resistance
is not only capable to inform about cell viability and cell death as shown by Meissner et al. (2011),
but also about cell proliferation and cell density. Notwithstanding, the decline of transcellular
resistance for co-cultures at day 10 may indicate the start of a critical shortage of nutrients
accompanied with decreasing cell viability due to nutrient undersupply and hypoxia for the lower

cell layer.

The comparison of electrical properties of RTgutF and RTgutGC provided further evidence of the
fibroblast nature of RTgutF. Co-culture initiation on solid support was not beneficial for the overall
resistance of the epithelial-fibroblast cell arrangement, which was used as quality control for a
functional co-culture model. Therefore, the next step comprised the culture of epithelial cells and

fibroblasts on permeable membrane supports.

Reconstruction of the intestinal barrier on ultrathin, porous membranes

Previous established ultrathin and highly permeable alumina membranes (Drieschner et al. 2017)
(Chapter 2) were used as artificial basement membrane analogue to support co-culture of epithelial

RTgutGC and fibroblastic RTgutF cells in a physiologically realistic manner.

Cells were either cultured as monolayer or in two distinct configurations, with RTgutF and RTgutGC
in direct contact (co-culture contact) or separated via the alumina membrane (co-culture separate).
Trans-epithelial electrical resistance (TEER) analysis was used to determine the effect on barrier
tightness (Figure 3.4 A). RTgutF monocultures developed the lowest resistance with ~13 Q*cm?
during the whole culture period. RTgutGC and co-cultures with RTgutGC seeded on top of RTqutF
(contact) exhibited slightly higher resistance values of 15-18 Q*cm?, which remained stable from
day 1 to day 10 of culture. These values are equivalent with previously reported resistance values of
RTgutGC monolayer cultured on alumina membranes (Drieschner et al. 2017) (Chapter 2). Only

when RTgutGC and RTgutF cells were cultured on opposite sides of the membrane (separate) a
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positive effect on barrier tightness with an almost two-fold increase in TEER, compared to RTqutGC
monolayer, was observed. This supports two ideas: i) physical separation of epithelial cells and
fibroblasts in vitro is beneficial for maintaining the functional architecture of the intestine as found in
vivo; ii) the cellular cross-talk at the epithelial-mesenchymal interface improves barrier function by
enhancing barrier tightness. The role of the permeable support, to act as artificial basement
membrane analogue, is clearly fundamental for the success of this model. Ultrathin alumina
membranes can thus be seen as superior interface for co-culture initiation by supporting fast
communication of different cell types through the straight and abundant nanopores. In addition,
these membranes allow for sensitive evaluation of TEER, even in the lower resistance range with
changes of a few Q, which is not possible with conventional cell culture membranes (Drieschner et

al. 2017) (Chapter 2).
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Figure 3.4 Mono- and co-cultures on ultrathin alumina membranes.

(A) Impedimetric monitoring of barrier function of single cultures of RTgutF or RTqutGC, Co-culture with
RTgutGC being seeded on top of RTqutF (contact), Co-cultures with RTguF and RTgutGC being cultured on
opposite sides of the membrane (separate). Depicted are resistance values at a low frequency (paracellular
resistance) and at a high frequency (transcellular resistance). Data represent the mean of at least four
biological replicates and the error bars represent the SD. (B) Cross section of a co-culture where cells are
separated via membrane (10 days). The sample was prepared with focused-ion-beam and imaged with
transmission electron microscopy. The inlay is a simplified drawing of the cross section.
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For further investigation of cellular morphology of separate co-cultures of RTgutF and RTqutGC
cells, a transmission electron microscopy image of a cross-section of 10 day old cultures was
prepared (Figure 3.4 B). The image demonstrates cellular monolayer on both sides of the highly
porous membrane. Moreover, cells exhibit a flattened morphology, with a cell height of ~ 5 um for
RTgutGC and ~3 um for RTgutF. The difference in cell height among the two cell lines, even when
being small, is an additional hint for their origin from different tissues. Fibroblasts are typically thin
and elongated in shape (Ossum et al. 2004), while absorptive epithelial cells, lining the intestinal
lumen, have a columnar shape with a height of up to ~30 pm (Merrifield et al. 2009). The flattened
shape of RTqutGC cells, however, is a typical adaptation of in vitro cell cultures, because cells lack
important physiological stimulation, such as mechanical forces from fluid flow occurring on the

apical surface of epithelial intestinal cells (Kim et al. 2012).

The developed co-culture model of intestinal epithelial cells and fibroblasts on ultrathin alumina
membranes opens new possibilities to study the physiological function of the fish intestine in vitro.
One interesting application of this model is the investigation of immunological defence mechanisms
of the fish intestine because fibroblasts represent an immune competent cell type (Sorrell and
Caplan 200g9). Further refinement of the model could be achieved by exposing epithelial RTqutGC
cells to realistic flow conditions by implementing ultrathin membrane chips into a microfluidic
bioreactor. Eventually, the novel barrier model of the fish intestine is attractive for its physiological

realism and opens new doors for fundamental piscine intestinal research.
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3.4 Conclusion

In conclusion, we established the first intestinal fibroblast cell line from rainbow trout to initiate
research on the role of epithelial-mesenchymal interaction in the fish intestine. It is important to
note that cell lines offer plethora of biological research material on an economic and ethical
justifiable basis and thus help to overcome the current restricted research on the fish intestine due
to difficult and limited access. With the extension of the current epithelial barrier model to a deeper
layer of the intestinal wall — the connective tissue, we found a positive effect on barrier tightness
when individual cell types were separated by newly developed ultrathin alumina membranes. This
reflects the importance of the active role of fibroblasts in modulating epithelial barrier functionality
by producing and releasing extracellular matrix proteins and growth hormones. Further, it
demonstrates the great potential of microtechnological innovations for the rearrangement of the
cellular microenvironment in vitro, which plays a central role for the recreation of true organ
analogues that are capable to offer reliable insights in physiological functions. Thus, the newly
developed intestinal barrier model, accommodating epithelial and mesenchymal cells, is a first
approach to mimic fish gut complexity and further narrow the gap between in vitro and in vivo

models.

Contributions

The RTqutF cell line was initiated and cultured till passage 6 by Nguyen Vo, in the laboratory of Niels
Bols at University of Waterloo in Canada. RTqutF characterization was performed by Hannah Schug
(growth curve), Michael Burkard (telomerase activity), Nguyen Vo (vimentin staining) and me
(morphology & collagen 1A1 staining). All experimental work completed on ECIS and alumina
membranes was performed by me. | wrote the manuscript of this chapter with help in the material
and methods section from Nguyen, Hannah and Michael for their experimental work. Kristin

Schirmer and Philippe Renaud were supervising the project.
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3.5 Supplemental material

Figure S 3.1. Morphology of RTgutF cells at passage 3.

Cells were stained with May-Grunward/Giemsa.

Method applied: May-Grunward/Giemsa Staining
Cells were stained with May-Grunward/Giemsa to help visualize their organization and shapes in

culture as previously demonstrated by Bloch et al. (2016).
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Figure S 3.2 Relative telomerase activity of three fish- and one mammalian cell line.

Fish cell lines were established from rainbow trout and include RTgutF (intestinal fibroblasts), RTqutGC
(intestinal epithelial cells) and RTL-W1 (liver cells). The mammalian cell line was analyzed before and after
immortalization with TERT.

Method applied: Telomerase activity

Telomerase activity was assessed as described for RTqutF in material and methods.
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Figure S 3.3 Expression of tight junction protein ZO-1 in RTgutF and RTqutGC cells.

Z0-1is stained in green and nuclei in blue.

For RTgutF cells ZO-1 is scattered around the cell, while for RTgutGC ZO-1 form a solid line around

the cell.
Method applied: Fluorescence Microscopy

RTqutF and RTqutGC cells were cultured on coverslips (Thermanox, Thermo Fisher, Switzerland)

and stained as described in Drieschner et al. (2017)(Chapter 2).
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Chapter 4. ‘Fish-gut-on-chip’: Development of a
microfluidic bioreactor to study the role of the fish

intestine as environment-organism barrier in vitro

Intestinal barrier function is brought about by specialized epithelial cells that regulate complex and
dynamic processes including nutrient uptake, ion regulation, immune system stimulation and
defense against pathogens. Mimicry of the intestinal microenvironment in gut-on-chip devices has
primarily been explored with human cells to better predict drug absorption and understand
pathophysiological diseases. In this study, we present the first fish-gut-on-chip microfluidic
bioreactor, to shed light on the role and function of the fish intestine as environment-organism
barrier. In vitro piscine intestinal barrier models are in great need to study basic fish physiology, for
the refinement of fish feed in aquaculture and for predicting chemical uptake and bioaccumulation
in fish for risk assessment. The newly developed fish gut analogue combines intestinal cell cultures
from rainbow trout (Oncorhynchus mykiss), namely the epithelial-like cell line, RTgutGC, and the
fibroblast-like cell line, RTgutF, on ultrathin, porous silicon nitride membranes within a user-friendly
micro-well plate based reactor, that is equipped with an open microfluidic perfusion system.
Epithelial barrier function was confirmed with positive staining of the tight junction protein ZO-1
and trans-epithelial electrical resistance (TEER) measurements using impedance spectroscopy.
Imitating intestinal passage on the luminal side by applying a physiological flow rate (200 pL/h)
produced moderate shear stress (0.02 dyne/cm?) that resulted in doubling of TEER values from ~30
to ~60 Q*cm?®. This functional adaptation better mimics the intestinal epithelium in vivo than cells
cultured under static conditions. Thus, the fish-gut-on-chip recapitulates basic intestinal
architecture and physiology of the living piscine intestine within a controlled microfluidic
environment and hence has the potential to bridge traditional 2D cell culture models and in vivo

animal experiments.

Carolin Drieschner, Sarah Kénemann, Kristin Schirmer, Philippe Renaud
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4.1 Introduction

Fish intestinal epithelia are important gatekeepers and communicators between fish and the
surrounding environment. They regulate the interaction with fresh- or saltwater milieus, food,
microorganisms and xenobiotics (Grosell et al. 2011). As fish are early indicators for aquatic
ecosystem health (Harris 1995), understanding compromised intestinal barrier function has
significant implications for the field of environmental toxicology and aquaculture industry (Jutfelt

2011).

Our current knowledge of the fish intestine largely originates from in vivo experiments (James et al.
1997) or ex vivo gut sac preparations to study e.g. intestinal absorption of iron as essential metal
(Kwong and Niyogi 2009). However, difficult accessibility and the trend towards ethically justifiable,
low cost and simplified in vitro systems (Schirmer 2006) call for the development of fish cell line

based intestinal barrier models.

The RTqutGC cell line, derived from the epithelium of the intestine of rainbow trout (Kawano et al.
2011), has previously been implemented in commercial trans-well inserts. This allows to study the
physiological and toxicological response of the cells e.g. during simulated seawater adaptation and
silver exposure (Minghetti et al. 2017), as well as intestinal uptake of potential hazardous

nanomaterial (Geppert et al. 2016) and hydrophobic chemicals (Schug et al. in preparation).

Yet, commercial inserts have limitations, such as low permeability of the polymeric cell culture
membrane and reduced visibility of cells (Kenzaoui et al. 2012, Jud et al. 2015). This has led to the
development of ultrathin nanoporous alumina membranes (Drieschner et al. 2017)(Chapter 2), which
provided impetus for the establishment of an intestinal co-culture model of epithelial RTgutGC and
newly developed fibroblastic RTgutF cell lines to partially reconstruct the complexity of the
intestinal wall for improved barrier functionality (Chapter 3). However, culture conditions are

stagnant which is not reflective of in vivo.

Here, we report on the development of the first prototype fish-gut-on-chip device that provides in
vivo like culture conditions for rainbow trout intestinal cells. The open-microfluidic platform
combines established culture ware with an engineered microsystem to enable facilitated handling
on one side and a controllable microenvironment for cells on the other side. Our study explored the
potential of ultrathin silicon nitride membranes for epithelial-barrier-remodeling under flow
conditions. Barrier function of RTgutGC monolayer or RTqutGC/RTgutF co-cultures were verified

with staining of the tight junction protein ZO-1. Flow shear stress associated modulation of cell
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proliferation and cell height were assessed with cell nuclei and cell membrane staining. Changes in
barrier tightness were monitored with trans-epithelial electrical resistance (TEER), measured
through device integrated platinum electrodes. Overall, the fish-gut-on-chip platform incorporates
several innovations compared to previously described gut-on-chip designs and provides a novel

system for investigating the role and function of the fish intestine.
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4.2 Material and methods

Reactor design and fabrication

The fish-gut-on-chip device consists of a number of different components. Their fabrication and

integration is described below. The final design is presented in the results.

Silicon nitride (SiN) porous supports were manufactured for microfluidic applications and are the
centerpiece of the fish-gut-on-chip device. In the following they will be termed SiNgow chips.
SiNgLow chips were fabricated by applying the procedure outlined by Kuiper et al. (1998). Briefly, a
5oo nm thick layer of low stress SiN was thermally grown by low pressure chemical vapor deposition
on both sides of standard (@ 100 mm, 380 um thick, <100> oriented, double side polished) silicon
wafers. Standard photolithography and reactive ion etching were used to pattern silicon nitride films
on both sides of the wafer. The pattern on the bottom side defined the pore size (& 1.2 um) and pore
arrangement on the permeable membrane. The structures on the top side specified the chip size by
formation of cleavage lines and openings to form an etch mask for the membrane formation
process. In a subsequent step, anisotropic chemical etching in potassium hydroxide (KOH) solution
was used to release free-standing SiN membranes from silicon. Individual chips (24 per wafer,
dimensions: 22.5 mm x g mm) were obtained by manual cleavage along the cleavage lines. Each
chip contains two parallel rectangular cavities that culminate into the porous SiN membrane (10 mm
x 1mm) and serve as future upper microfluidic channels with a pyramidal geometry that resulted
from KOH etching. A square opening, culminating into a non-porous SiN membrane (1 mm x 1 mm),
is located at each end of the channels. The non-porous SiN membranes are removed with scotch
tape, thus the openings clear the path for microfluidic connection to the bottom side of the chip.

Membrane images were taken using a Zeiss LEO 1550 scanning electron microscope.

Polydimethylsiloxane (PDMS) sheets are attached on both sides of SiNgow chips to confine
microfluidic channels. The sheets were fabricated by spin coating of PDMS. Therefore, PDMS based
agent and curing agent (Sylgard 184, Sigma Aldrich, Switzerland) were mixed in a 10:1 weight ratio.
After degassing, this mixture was spin coated onto a silanized silicon wafer (& 100 mm, single side
polished) at 100 rpm for 60 sec. Silanization was performed by evaporation of chlorotrimethylsilane
(TMCS, Sigma Aldrich, Switzerland) to form a passivation layer on the wafer surface that allows
simple PDMS detachment. Subsequently, PDMS was cured for at least 2 h at 80°C. A thickness of
1mm of the PDMS layer was determined with a digital measuring slide. The PDMS sheets were cut
to shape by using pre-manufactured aluminum templates, a scalpel and a puncher. The top PDMS

sheet is characterized by 10 holes: 4 for inlets, 4 for outlets and 2 for electrode access. This sheet
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was used to define the upper microfluidic channel, which is integrated in the SiNgow chip
(dimensions: height: 0.38 mm, base area: 10 x 1 mm, wall angle from pyramidal KOH etching:
35.26°, volume: 5 pL). The bottom PDMS sheet contains two rectangular openings to serve as lower

microfluidic channels (dimensions: height: 1 mm, width: 1.5 mm, length: 20 mm, volume: 30 pL).

A modified micro-well plate was used as platform for reactor assembly on the plates bottom and
perfusion from top micro-wells. A 384 well polystyrene microplate and associated lid (Greiner Bio-
One, Switzerland) were adapted by hole drilling for microfluidic and electrode connections and for
sampling of microchannel eluates. Milling of micro-well walls, to connect individual wells, was
performed to create a down-grade slope from in- to outlets to allow for an open microfluidic circuit
and to generate a drainage. In detail, outlet well and adjacent drainage well were connected via
partial milling (6 mm) of the well wall and drainage wells were interconnected by total milling
(9 mm) of connecting well walls. The drain was integrated in the side wall of the microplate by hole
drilling and gluing of a shortened flow connector (@ 8 mm, NORMAPLAST, Tecalto, Switzerland)
with two-component epoxy adhesive (Loctite M-21HP Hysol, Henkel). A tubing (@ 7.5 mm, silicone,
Fisher Scientific, Switzerland) was fixed to the drain connector on one side and to a collection
reservoir (50 mL falcon tube, TPP, Switzerland) on the other. For open microfluidics, tubings (PTFE,
inner @: 1.06 mm; Fischer Scientific, Switzerland) were fixed into appropriate holes within the lid
using short pieces of flexible tygon tubing (Sigma Aldrich, Switzerland) as adapters. For perfusion,
the micro-well plate was closed with the lid and tubings were connected to medium filled syringes
(Once/Codan, Huber, Switzerland), which were installed on a microfluidic pump (NE-1000,

SyringePump, Switzerland).

Electrodes for impedance sensing were integrated in the fish-gut-on-chip device. The top electrode
was created by implementing a platinum (Pt) wire @ 0.3 mm (Advent research material, England) in
the center of the upper microfluidic channel via a hole in the bottom of the micro-well plate. The
wire was glued (Adhesive silicone CAF3, Bluestar Silicones, Silitech, Switzerland) into the
appropriate well of the microplate to avoid leakage and wire dislocation during measurements. The
bottom electrode was manufactured using standard photolithography lift-off technique to obtain a
planar Pt electrode (2 mm x 8 mm) on glass substrate. Electrodes composed of a 20 nm thick
titanium adhesion layer and a 200 nm thick Pt layer were sequentially evaporated on a float glass
wafer (@100 mm, 525um thick) (LAB 600oH evaporator, Leybold Optics). Individual electrode
platelets (18 mm x 22 mm) were obtained by dicing of the wafer. The active electrode sensing area
(2.5 mm?) was determined by attaching the glass platelet to the bottom PDMS sheet, which forms

the lower microfluidic channel. Electrode connection for impedance sensing was realized with spring
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contacts (3A 24.64 mm Round Head and 9o° Concave, Distrelec, Switzerland) mounted from the top

of the micro-well plate.

Polycarbonate (PC) platelets (3.4 mm X 4.9 mm x 2 mm) were obtained by trimming of PC plates

(Rohm, Switzerland) and hole drilling for screw connection.

Prior to reactor assembly, PDMS sheets were cleaned from dust using Scotch tape and all reactor
parts were sterilized with ethanol (70%) for 120 min, dried under a sterile bench, and exposed to UV
light for 30 min. Microfluidic tubings and syringe connectors (Rotilabo, Roth, Switzerland) were
autoclaved. For reactor assembly, all parts were aligned to the modified bottom of the microplate in
the following order: upper PDMS sheet — SiNg ow chip — lower PDMS sheet — electrode platelet — PC
platelet. Individual parts, besides PC platelet, stuck together by the adhesive nature of PDMS. The
installation of the PC platelets was done to avoid leakage and to strengthen assembly of the whole

composition.

Cell culture

Cell lines and culture conditions: Experiments were performed with the epithelial cell line RTgutGC(A.
Kawano et al. 2011) and the fibroblast cell line RTgutF (Chapter 3), both established from the
intestine of rainbow trout. Cells were routinely grown in Leibovitz's L-15 medium (Invitrogen,
Switzerland), supplemented with 5% fetal bovine serum (FBS; PAA, Switzerland) for RTgutGC and
10% FBS for RTqutF, and 1% gentamycin (GIBCO, Invitrogen, Switzerland). Cells were maintained at

19+1°C under normal atmosphere in the dark.

Prior to cell seeding in the fish-gut-on-chip device, microfluidic channels were filled with ethanol (70
%), incubated for 5 min and replaced stepwise by sterile milliQ water to avoid the formation of air
bubbles. Then, the upper channel was flushed thrice with 100 pL of coating solution, containing
5o pg/pL fibronectin in sterile water and incubated for 4 h. Thereafter, coating solution in the
channel was replaced by L-15/FBS (5%). For the co-culture setting, the lower channel was coated
subsequently with the same procedure, but during coating the in- and outlet wells were closed with
a sterile sealing foil (Fisher Scientific, Switzerland) and the whole fish-gut-on-chip assembly was
placed upside down. It is important that solutions are never removed from microfluidic channels but
that liquids are gently replaced by adding the new solution through inlet wells, which results in

flushing of the channels.

68



Chapter 4. ‘Fish-gut-on-chip’: Development of a microfluidic bioreactor

Cell seeding of monocultures of RTqutGC was obtained by flushing the upper channel with 2 x
100 PL of cell suspension containing 1.4 x 10° cell/mL in L-15/FBS (5%). After cell attachment,
occurring within 30 min, the upper channel was flushed thrice with 100 pL of L-15/FBS (5%) to
remove unattached cells. For co-culture establishment, RTqutF cells were seeded first in the lower
channel by filling the channel with cell suspension containing 55’000 cell/mL in L-15/FBS (10%),
closing the in- and outlet wells with foil, and placing the reactor upside down to allow cell settling on
the membrane. After 30 min, the reactor was turned back, the lower channel flushed thrice with
100 pL of L-15/FBS (10%) and RTgutGC cells were seeded as described above. After the mono- or co-
culture seeding procedure, cells were incubated at 19+1°C under normal atmosphere in the dark for

two days prior to flow application.

For flow application, the upper channel was perfused at various flow rates (20 pL/h, 200 pL/h,
600 pL/h), resulting in very low to moderate shear stress of, respectively, 0.002 dyne/cm?
0.02 dyne/cm? and 0.06 dyne/cm?, on the apical surface of RTqutGC cells. Perfusion of the lower
channel (200 pL/h) ensured fresh media supply from the basolateral side of RTqutGC cells and, if
present, sustained cell viability of RTgqutF cells, while creating only minimal, unavoidable shear
stress (0.002 dyne/cm?). For static cultures, serving as control, channels were flushed with new

medium (2 x 100 pL) on a daily base.

Epithelial barrier measurements

Impedance spectroscopy was performed to determine trans-epithelial electrical resistance (TEER) of
RTguGC monolayer and co-cultures with RTgutF. Baseline resistance (membrane without cells) was
obtained prior to cell seeding and subtracted from the resistance generated by cells cultured on the
membrane prior to calculation of TEER (in Q*cm?). Impedance spectra were recorded from 100 Hz -
5MHz at an amplitude of 20mV using an impedance analyser (MFIA, Zurich Instruments,

Switzerland).

Triton exposure

A proof-of-principal experiment for detecting changes in impedance due to chemical stress was
performed on two days old RTqutGC cultures which were kept under static conditions in the fish-
gut-on-chip device. To accomplish this, cells were exposed to different concentrations of Triton X-

100 (Sigma Aldrich, Switzerland) in L-15/FBS (5%) ranging from 0.125% - 0.2%.
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Characterization of cellular features

Phase-contrast images of cells cultured on silicon nitride membranes were taken with Leica DMI6oo

inverted microscope.

Immunocytochemical staining of plasma membrane (cell mask) and cell nuclei (DAPI stain) of live
cells was applied to determine cell density and cell height after exposure to various shear stress
conditions. Cellular polarization was analyzed by staining of the tight junction protein ZO-1,
cytoskeletal f-actin (phalloidin) and cell nuclei (DAPI stain) on fixed cells. Prior to staining, SiNg ow
chips accommodating cultured cells on SiN membranes were disassembled from the microfluidic

reactor.

For live staining, cells were washed thrice in phosphate buffered saline (PBS) and cell mask deep red
plasma membrane stain (7.5 pg/mL in PBS, ThermoFisher, Switzerland) was applied together with
DAPI stain for 8 min at room temperature. Subsequently, cells were washed thrice in PBS and

SiNrLow chips were mounted onto microscope slides.

Fixed staining of ZO-1, f-actin and DAPI followed the same procedure as described previously
(Drieschner et al. 2017). Briefly, cells were fixed in 3.7% paraformaldehyde (Invitrogen, Switzerland)
in PBS for 10 min, followed by a quick washing step and permeabilization with 0.2% Triton X-100 in
PBS for 15 min. After a further washing step with PBS, containing 0.1% Triton X-100, cells were
incubated in Image-iT (Invitrogen, Switzerland) for 30 min, washed with PBS and primary antibody
for tight junction staining (5 pg/mL, Alexa Fluor-coupled ZO-1 antibody, Invitrogen, Switzerland)
was applied together with FITC coupled phalloidin (1:100; Sigma-Aldrich, Switzerland) in 0.5% goat
serum and 0.05% Triton X-100 in PBS overnight at 4 °C. The next day, cells were washed with 0.1%
Triton X-100 in PBS and subsequently incubated with 10.9 pM DAPI (Invitrogen, Switzerland) in PBS
for 5 min. After repeated washing in 0.1% Triton X-100 in PBS and PBS only, SiN ow chips were
mounted on microscope slides using ProLong Gold antifade reagent (Life Technology, United

States).

Imaging and analysis was performed on a Leica SP5 Laser Scanning Confocal Microscope (Leica,

Switzerland) using the LAS AF Lite 2014 software.
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Statistics

Statistical analysis was performed for TEER measurements on normal distributed data using two-

way ANOVA.
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4.3 Results and discussion

Design and characterization of the fish-gut-on-chip model

The fish-gut-on-chip device was designed to recapitulate the microenvironment of the piscine
intestine by mimicking flow phenomena within the lumen and rapid crosstalk between absorptive
epithelial cells lining the intestinal wall and supportive fibroblasts present in the underlying
connective tissue. The device has the typical “epithelium-on-chip” geometry, which consists of two

parallel microfluidic channels separated by a permeable membrane.

In contrast to many microfluidic barrier models, which use non-physiological, several micron thick
permeable membranes as support for cell growth (Kim et al. 2012, Griep et al. 2013, Ramadan et al.
2013, Shah et al. 2016), we developed the fish-gut-on-chip device by integrating an ultrathin, highly
permeable silicon nitride (SiN) membrane (Figure 4.1). The membranes are framed in silicon chips
and fabricated as array on silicon wafers. Individual chips are termed SiNg,,, chip and comprise two
experimental units for separate handling, where each unit incorporates a rectangular SiN membrane
for cell culture and two square openings for perfusion of the bottom channel. The SiN membranes
feature a thickness of only 5oonm, a pore size of ~1.2 pm diameter and a porosity of 24%. This
makes SiN membranes more comparable to the highly permeable basement membrane, which is
found in vivo between different biological compartments, such as epithelium and underlying
connective tissue in the intestine (Kalluri 2003). Moreover, SiN membranes are optically transparent
and allow perfect visibility of cells during phase contrast imaging and fluorescence microscopy, even
when imaging is performed through the membrane. Previous studies demonstrated the utility of
thin SiN porous supports for nanoparticle translocation studies on static in vitro models of the
human blood-brain-barrier (Kenzaoui et al. 2013) and human alveolar barrier (Jud et al. 2015), which
is problematic with conventional permeable cell culture membranes due to their thickness (= 10 um)
(Kenzaoui et al. 2012, Jud et al. 2015). Indeed, the production of SiN membranes, requiring clean
room fabrication processes, is more expensive than production of PDMS (Le-The et al. 2018) or
conventional polymeric culture membranes composed of e.g. polyethylene terephthalate (PET) or
polycarbonate (PC). However, SiN porous supports are very robust and can be reused several times

by applying the cleaning method outlined by (Kenzaoui et al. 2013).
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Figure 4.1 Silicon nitride porous supports.

Silicon nitride (SiN) membranes are fabricated within individual chips (SiNg,, chip) in silicon wafers. Each
chip is composed of two experimental units. Membranes are characterized by high porosity (scanning
electron microscopy image, bottom left), transparency for cell monitoring (light microscopy, top right) and
a thickness of only 500 nm that allows fluorescence microscopy of cells through the membrane (bottom
right, membrane in green from laser reflection, cells are stained for cell nucleus in blue, cytoskeleton in red
and tight junction protein ZO-1 in green).

Cell culture and flow application on the newly developed SiNg,,, chips is achieved by integration of
the chip within the fish-gut-on-chip device. The device combines several novelties; an overview of its
assembly and working principal are depicted in Figure 4.2. Conceptually, the fish-gut-on-chip
system is assembled on the bottom of a modified micro-well plate to allow for simplified reactor
handling through the micro-wells from the top, which includes coating, cell seeding, microfluidic
and electrode connection and sampling of microchannel outflow (Figure 4.2 A). Microfluidic
channels are defined by sandwiching the SiNgow chip between two sheets of patterned PDMS.
From the bottom side the assembly is closed by a glass platelet with integrated planar electrodes for
TEER evaluation and a polycarbonate platelet for fixation to the micro-well plate. The thickness of
the modular stack on the bottom of the micro-well plate is less than 5 mm and allows for
microscopic investigation of cells cultured on the SiN membrane from the bottom. For
rearrangement of the piscine intestinal mucosal architecture, epithelial RTgutGC and fibroblastic
RTgutF cells can be cultured on opposite membrane sides. This allows to create asymmetric
exposure conditions: one channel simulates realistic flow rates and a medium composition as found
in the intestinal lumen; and the other mimics the steady renewal of nutrients from the blood

circulation.
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Figure 4.2. The fish-gut-on-chip model.

(A) The device is composed of a modular stacked assembly of the SiNg,,, chip sandwiched between two
sheets of PDMS and an electrode platelet from the bottom. This arrangement is screwed to the bottom of a
modified 384 well plate using a polycarbonate platelet. The micro-well plate format allows for simplified
perfusion of the upper and lower microfluidic channels from the top micro-wells and connection to reactor
integrated electrodes with spring contacts. Membrane magnification depicts conceptual cell culture of
epithelial RTgutGC and fibroblastic RTqutF cells on opposite membrane sides. (B) Working principal of open
microfluidic circuit sketched for the lower microfluidic channel on a partial cross-section of the micro-well
plate. (C) Photographs of bottom and top side of the reactor. Bottom view: 3 SiNg,,, chips are assembled on
the well plate. Top view: The middle chip is connected with tubing’s for perfusion and cables for impedance
spectroscopy. (D) Effect of varying concentrations of Triton X-100 on barrier tightness of RTgutGC
monolayer.

For flow application, an open microfluidic circuit was implemented in the fish-gut-on-chip device
(Figure 4.2 B). The drop-wise filling of the inlet wells from syringe-connected tubings results in
perfusion of the upper and/or lower channel. Subsequently, the outlet wells are filled with liquid,
which flows over to the drainage wells due to gradient driven forces along the down-grade slope of
interconnected micro-wells. The outflow is finally collected in an installed reservoir. This perfusion
strategy prevented air bubble formation in the microfluidic channels, which is a serious obstacle for
long-term cell-culture in microfluidic systems (Sung and Shuler 2009, Zheng et al. 2010). Open
microfluidics can be applied for low- to midrange flow rates, as required to simulate fluid flow in the

intestine (Kim et al. 2012). Very high flow rates, as applied for in vitro blood vessel models (Morigi et
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al. 1995), might not be possible because the pressure to force fluids through the microfluidic

channels is limited.

For parallelization of experiments, which is a major goal for facilitated organ-on-chip application
(Rogal et al. 2017), each microplate was equipped with three SiNgow chips, with each being
composed of two experimental units (Figure 4.2 C). Thus, a total of six experimental conditions can
be tested simultaneously. Connection to microfluidic tubings and electrodes for impedance-based
TEER measurements were established through the micro-plate lid (Figure 4.2 C), which can be
removed during experimentation. This facilitates manipulation of individual chips, e.g. for

microscopy of samples at different time points.

The functional formation of an epithelial barrier by RTgutGC cells within the fish-gut-on-chip device
was verified with TEER measurements. Impairment of the cellular barrier through exposure to
different concentrations of Triton X-100, a non-ionic surfactant known to permeabilize the cell
membrane (Schnaitman 1971), was performed as proof-of-principal to test the reliability of
measurements obtained through reactor integrated platinum electrodes (Figure 4.2 D). During
Triton X-100 exposure, RTgutGC cells showed a concentration dependent decline in TEER,
expressed in percent of the resistance prior exposure. Effects for concentrations between 0.05-0.2%
were observed immediately within the first minutes of exposure and resulted in a rapid decline of
resistance within 5-40 minutes down to ~30%. The 30% threshold most likely represents the
resistance of dead cells, which remained attached to the culture surface. Indeed, Triton X-100
concentrations of 0.1% and 0.2% are used for cell membrane permeabilization within 15 minutes
during immunocytochemical staining (see protocol in materials and methods). The excessive
membrane permeabilization at these concentrations, in turn, results in cell death (Dayeh et al.
2004). Lower concentrations of 0.0125 and 0.025% showed a steady but less steep decline to 7o-
80% within the exposure time of 8o min. These values are in the same range as previously reported
EC,, values for 2 h exposure of fish and mammalian cells obtained from viability assays (Dayeh et al.
2004). Hence, we demonstrated the successful application of on-line TEER evaluation by impedance
spectroscopy in order to monitor barrier tightness of the RTgutGC epithelial cell layer. Further
improvement of TEER recording might be obtained by the 4-point impedance measurement
approach, which requires the integration of four electrodes, two on each side of the permeable
membrane. This could be wire electrodes inserted in channel in- and outlets (van der Helm et al.
2016) or micro-fabricated, planar and preferentially semi-transparent electrodes on solid support
(Henry et al. 2017) to still allow for visual inspection of cells. The 4-point technique makes TEER

evaluation more robust by reducing variations of non-biological origin, e.g. from small changes in
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temperature or medium composition (van der Helm et al. 2016). In addition, a more accurate
representation of TEER would be obtained upon application of a fitting algorithm according to

equivalent circuit modeling (Douville et al. 2010).

Response of the gut-on-chip to shear stress and supportive fibroblasts

To explore the physiological relevance of mimicking shear stress, epithelial RTgutGC cells were
grown at first as monocultures under different flow conditions, followed by initiation of co-culture
with fibroblastic RTqutF cells at one selected flow rate. For experimentation, the upper channel was
lined by RTgutGC intestinal epithelial cells and culture medium was perfused at 20, 200 or 600 plL/h,
resulting in a shear stress of 0.002, 0.02 or 0.06 dyne/cm” respectively, after two days of pre-culture
under static conditions. These shear rates have been selected to simulate the broad range of
physiological flow occurring in the intestine (Kim et al. 2012). Perfusion of the lower channel
mimicked the basolateral supply with nutrients from the blood stream. The applied constant flow
caused very low shear stress of 0.002 dyne/cm? on intestinal RTqutF fibroblasts, if present. The
response of the epithelial cells was compared to cells cultured under static conditions within the
fish-gut-on-chip device and was evaluated by measuring TEER, a common marker for tight junction
integrity (Srinivasan et al. 2015), by microscopic analysis of (i) cell density by nuclei staining, and (ii)

cell height by cell membrane staining (Figure 4.3).
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Figure 4.3. Impact of shear stress on epithelial barrier organization.

Effect of shear stress on the artificial fish gut was evaluated with TEER analysis (A), proliferation
assessment (B) and cell height determination (C). Flow rates of 20 — 600 pL/h were tested, resulting in shear
stress of 0.002 — 0.06 dyne/cm® on the apical surface of RTqutGC cells. Experiments with RTqutGC
monocultures were performed with 3 biological replicates for TEER and 2 biological replicates for cell
number and cell height determination. Co-culture experiments were performed once.

TEER analysis of RTgutGC monolayer revealed a significant increase from ~ 30 Q*cm? for static
cultures to ~55 Q*cm? for cultures under a flow of 200 uL/h already after day 3 of culture (Figure 4.3
A). The resistance of flow-exposed cells (200 pL/h) remained stable until the end of the culture
period of g days. Resistances for flow rates of 20 pL/h and 600 pL/h were comparable with static
conditions. Co-cultures exposed to 200 pL/h had resistance values similar to RTgutGC monocultures
at the same flow rate. The resistance values of RTgutGC monolayer cultured under static conditions
in the microfluidic bioreactor are in accordance with previously reported values obtained in cell
culture inserts (Geppert et al. 2016, Minghetti et al. 2017) and on ultrathin alumina membranes
(Drieschner et al. 2017). For freshwater adapted Atlantic salmon (Salmo salar), TEER values between
30 and 150 Q*cm? have been reported (Sundell et al. 2003); thus RTqutGC cell cultures under static
and flow conditions generally closely reflect the in vivo TEER in salmonids. Notwithstanding,
RTqutGC cells exposed to moderate flow (0.02 dyne/cm®) seem to adapt to that flow rate by an
increase in barrier tightness. Likewise, an increase in TEER upon the same shear stress of 0.02

dyne/cm?® has been reported for human intestinal cells, suggesting that mechanical distortion might
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alter the formation of tight junctions (Kim et al. 2012). The effect of a supportive lamina of
fibroblasts in the co-culture composition was less evident under flow conditions when compared to
the static co-culture system established on ultrathin alumina membranes (Chapter 3). Further
investigation would be required to single out if this is an artefact or if the difference originates from
the changed culture substrate to silicon nitride membranes or if the combination of flow and co-

culture has simply no additive effect on barrier tightness.

For cell seeding of RTgutGC we chose a density that allowed formation of a tightly packed
monolayer. This leads to contact inhibition and cell cycle arrest in normal epithelial cells (Puliafito et
al. 2012). Indeed, RTgutGC cells showed no or very low proliferative activity when compared to day
one of the static system (Figure 4.3 B). In addition, proliferation was not modulated by any of the
treatments, which makes the system more robust for further experimentation during the test
period. These results are consistent with previous studies demonstrating that RTqutGC remain in
monolayer for at least 14 days when seeded at a similar density on permeable membranes

(Drieschner et al. 2017, Minghetti et al. 2017)(Chapter 2).

In the fish-gut-on-chip device, RTgutGC cells possessed a height of ~6 um at day 1. During the
culture period of g days, cells increased only marginally in height to 7-9 pm, which was independent
of flow and co-culturing (Figure 4.3 C). The flattened morphology is a typical adaptation of static in
vitro cell cultures, however, introduction of physiological stimuli, i.e. though fluid flow, is considered
to promote cellular re-adaptation to their original morphology (van der Meer and van den Berg
2012). In the fish intestine in vivo, enterocytes possess a columnar shape and a height of ~30 pm
(Ostaszewska et al. 2005). In the human-gut-on-chip model by Kim et al. (2012), the mechanical
stimulation of human intestinal epithelial (Caco-2) cells with fluid shear stress of 0.02dyne/cm® was
sufficient to increase cell height from 6 pm to 30 pm. The continued flattened morphology of
RTgutGC cells during exposure to the same shear stress conditions might indicate a general lower
potential to differentiate into functional enterocytes, at least under the thus far explored conditions.
Caco-2 cells, in contrast, were found to express strong tight junctions and to form microvilli for
apical surface enlargement, even when cultured under static conditions, for an extended culture

period of 21 days (Press and Di Grandi 2008).

The co-culture of epithelial RTgutGC and fibroblastic RTgutF cells is an advanced approach to better
mimic the complexity of the intestinal wall (Chapter 3). Having established fluid flow now allowed to
examine the expression of the tight junction protein ZO-1, orientation of cytoskeletal f-actin and

general cellular organization under realistic shear flow conditions (0.02 dyne/cm® on RTgutGC cells)
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(Figure 4.4). As demonstrated previously, RTqutGC cells express ZO-1 as continuous line on the
apical cell boarder already at day 1 (Drieschner et al. 2017, Minghetti et al. 2017) (Chapter 2) and
expression remains stable until day 9. In contrast, RTgutF cells exhibit only scattered ZO-1 patterns,
which is coherent with the basic characterization of the RTgutF cell line (Chapter 3) and the fact that
fibroblasts do not form functional tight junctions (Sorrell and Caplan 200g9). Clear differences were
found in actin skeleton organization in RTgutF over time under flow: while actin fibers formed an
unorganized network at day 1, they were found to be aligned and tightly packed at day 9.
Furthermore, RTgutGC cells remained in a monolayer over the culture period, whereas RTqutF cells,
originally seeded as monolayer (day 1), proliferated and formed a multilayer of 2-3 levels (day 9)

(Figure 4.4, cross-section, DAPI stain).

RTgutGC

Cross-
section

RTgutF

Figure 4.4. Co-culture of piscine intestinal epithelial (RTgutGC) and fibroblast (RTgutF) cell lines.

Cells were cultured for g days in the fish-gut-on-chip device, with RTgutGC exposure to a shear stress of
0.02 dyne/cm’. Cells were stained for the tight junction protein ZO-1 (green), cytoskeletal f-actin (red) and
nuclei (blue) and analyzed with confocal microscopy.

The fact that the fibroblasts proliferate while the epithelial cells do not, adds a dynamic component
that needs to be considered when doing time-resolved analysis. The established co-culture model is
particularly valuable for understanding the role of the fish intestine as immunological barrier.
Herein, fibroblasts present an immune competent cell type, which releases cytokines to attract
other cell types of the intrinsic immune system e.g. upon stimulation through bacterial toxins

(Sorrell and Caplan 2009).
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4.4 Conclusion

The fish-gut-on-chip device provides a controllable innovative microfluidic platform to study critical
barrier functions in the presence of relevant physiological cues, including fluid flow and coexistence
of supporting fibroblasts. Characterization of the model revealed that physiological realistic fluid
flow and shear stress, as experienced in the living intestine, is sufficient to promote stable intestinal
epithelial tightening, which is enhanced compared to static piscine intestinal barrier models. The co-
culture of epithelial cells and fibroblasts in order to reconstruct basic intestinal architecture, is
supported particularly through the ultrathin and porous silicon nitride membrane, which serves as
cell culture interface. The fish-gut-on-chip device may therefore facilitate studies of, e.g., xenobiotic
uptake or immunological defense mechanisms. Given the modularity of the device and the flexibility
of its set-up, other epithelial barrier systems of fish or other organisms, including humans, might

also be modelled with this device.
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Chapter5.  Conclusion and future perspective

This thesis gathered information on the behavior of fish intestinal cells in an artificial, engineered
microenvironment. It lays the ground for new strategies of reconstructing and monitoring in vitro
epithelial barrier function using the organ-on-chips principal. The main conclusions from this

dissertation can be summarized as follows:

e Ultrathin aluminum oxide and silicon nitride membranes are superior in their great
permeability and thinness, which makes them an excellent culture substrates for barrier-
forming cells

e Co-culture of piscine intestinal epithelial cells (RTgutGC) and fibroblasts (RTgutF) has a
positive effect on barrier function

e Moderate shear stress enhances barrier tightness of RTgutGC cells

In the following part, these outcomes are discussed and set into perspective for future research.

5.1 Ultrathin permeable membranes as novel culture interface

The first part of this dissertation (Chapter 2) focused on the development of a new type of ultrathin
membrane composed of anodized aluminum oxide as culture interface for barrier forming cells
which closely mimics the highly permeable basement membrane. The anodization of aluminum is a
low-cost and well characterized process and its application to thin alumina films resulted in self-
formation of densely packed nanopores. The thus created membranes were demonstrated as
favorable porous substrates for piscine intestinal cell culture by supporting epithelial monolayer
formation, polarization and barrier tightening. Further, these membranes facilitate the initiation of
co-cultures of epithelial and fibroblast cells by adopting the role of the basement membrane that
acts as physical support for epithelial cell anchoring and separation from underlying fibroblasts in a
physiological realistic manner. Not reported previously for cell culture application was the release of
aluminum ions, which might limit their application range for physiological and toxicological studies.
The deposition of a passivation layer of titanium dioxide on the membranes, in turn, prevented the
aluminum ion release, but also diminished pore size. Another method to improve thermal stability

and resistance against acid, base, and other corrosive chemicals of the AAO surface could be a high
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temperature treatment (Lee and Park 2014). In conclusion, this membrane type is an interesting
alternative to conventional, several micrometer thick cell culture membranes, when a transparent
and highly permeable substrate with pores in the nanometer range is beneficial. Given the
extraordinary permeability of AAO membranes, specifically for small molecules, a future application
is the mechanistic investigation of intestinal transport mechanisms during acclimation of the piscine
intestinal epithelium to increasing concentrations of salinity, which would mimic the journey of
rainbow trout from fresh- to seawater. A first approach in this direction was already performed for
RTqutGC cells cultured in commercial inserts, supporting the notion that epithelial cells acclimatize
by barrier tightening, as verified with TEER measurements (Minghetti et al. 2017). In a follow-up
approach, with the physiologically more relevant AAO membranes, the barrier tightening could be
further examined with transport studies of small fluorescent molecules, such as Lucifer yellow and
Dextran of different sizes. A model of seawater acclimatized piscine intestinal epithelia would
indeed be useful to understand e.g. chemical uptake mechanisms not only for fresh- but also for

saltwater adapted fish.

To create of the fish-gut-on-chip microfluidic bioreactor (Chapter 4), a second type of ultrathin
membranes, composed of silicon nitride, was explored. These membranes were fabricated
according to established protocols with pore sizes in the micrometer range, but also fabrication with
nanopores is possible (Kuiper et al. 1998). Characteristic epithelial features of piscine intestinal cells
were supported equally as when cultured on commercial insert- or ultrathin aluminum oxide
membranes. In addition, membranes can be re-used and were fabricated thinner and with a higher
porosity than aluminum oxide membranes because of better stability. Thus, this type of membrane,
even when fabrication is still associated with high costs, has enormous potential to replace
conventional cell culture membranes to enable realistic permeation studies. As such, nanoparticle
translocation, which is often hampered by commercial membranes (Kenzaoui et al. 2012), can now
be performed without limitations for epithelial and endothelial in vitro barrier models. Another
application area are specific microscopy techniques, such as X-ray, scanning and transmission
electron microscopy, where investigations of cells, cultured on thin, non-porous silicon nitride
membranes is already established, and in favor because it can be coupled to correlative light
microscopy (Finney et al. 2007, Nishiyama et al. 2010, Ring et al. 2011). As such, these microscopy
techniques could be applied to barrier forming cells on porous silicon nitride membranes to unravel

physiological and toxicological mechanisms.

Ultrathin permeable membranes provide an innovative new cell culture substrate for biomimetic

epithelial tissue models. This thesis for the first time explored their potential to fish cells and is the
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first work, to our knowledge, that integrated ultrathin membranes within a microfluidic device for
creation of an optimal physiological environment through the inclusion of flow. This approach offers
a unique opportunity to improve current in vitro barrier models of fish or other organisms, including

humans.

5.2 Role of cellular complexity of the intestinal barrier in vitro

The attempt to reconstruct basic intestinal architecture comprised the combination of piscine
intestinal epithelial cells and fibroblasts on ultrathin membrane chips (Chapter 3 & 4). The resulting
increase in barrier resistance, compared to epithelial monolayers, can be interpreted as enhanced
barrier tightness, which indicates better mimicry of the in vivo counterpart. The inclusion of a second
cell type in the barrier model, on the other hand, decreased simplicity because the system now
consists of more ‘parts’, which in turn diminishes robustness and throughput. As example, the
continuous proliferation of fibroblasts adds a dynamic component to the intestinal barrier model,
which needs to be considered well during experimentation to obtain reliable and repeatable results.
Consequently, the simpler one-cell-type approach, using only absorptive epithelial cells, might be
preferable for conventional uptake studies e.g. of chemicals. On the contrary, specific research
questions, e.g. on the immune responsiveness of the intestinal barrier, would clearly benefit from
the co-culture system because fibroblasts are an immune competent cell type (Sorrell and Caplan
2009) and are thus involved in immunological defense mechanisms of the intestinal barrier (Dezfuli
et al. 2008). Further investigations in this direction would require the confirmation of established
piscine intestinal fibroblasts (RTgutF) as immune active cell type, as done for a rainbow trout
fibroblast cell line from the hypodermis (Ingerslev et al. 2010). Other important cellular protagonists
involved in intestinal barrier function are mucus secreting goblet cells scattered within the
epithelium, immune cells such as macrophages and lymphocytes, and endothelial cells lining blood
vessels that supply the intestine (Grosell et al. 2011). Replicating the entire architecture as occurring
in the living tissue in vitro may not be desirable or even feasible as discussed above, but
understanding the role of each single ‘part’ is essential for a better in vitro to in vivo extrapolation

and can be performed in a step wise manner.

5.3 Potential of the perfused fish-gut-on-chip

The developed fish-gut-on-chip device mimics physiological realistic fluid shear stress on the
epithelial-lumen interface and continuously supplies nutrients from the mimicked blood

compartment. A positive effect on epithelial resistance was found when cells were exposed to
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moderate shear rates. This effect needs to be further investigated by permeation studies with
fluorescent marker molecules as done by (Minghetti et al. 2017). The continuous perfusion of the
microfluidic channels within the fish-gut-on-chip is beneficial for physiological and toxicological
investigations. Bacterial — epithelial co-culture models are now possible, because an overgrowth of
bacteria and associated epithelial cell death, as found under static conditions, is prevented because
bacterial numbers are diminishes on a regular base (Kim et al. 2012). Xenobiotic exposure scenarios
benefit from the continuous supply of the exposure medium, which will facilitates to maintain
constant chemical concentrations, which is difficult for hydrophobic and/or volatile compounds
under static conditions (Tanneberger et al. 2010). As a vision, the development and combination of
further miniaturized organ analogues, represented by rainbow trout derived cell lines, could be
combined to a whole fish-on-chip microfluidic platform, to study systemic effects of chemical

pollutants.

In conclusion, this thesis offers a strategy for the reconstruction of the piscine intestinal
microenvironment in vitro by combining rainbow trout derived cell cultures with engineered and
perfused microsystems. It provides fundamental information on the interaction of intestinal
epithelial RTqutGC cells with novel permeable substrates, a supportive cell layer of fibroblasts and
fluid shear stress. The newly developed models and methods, including protocols for ultrathin
porous membrane fabrication in microchip format, a fibroblast cell line from the intestine of rainbow
trout (RTqutF) specifically established and characterized in this study, and design parameters for
fabrication of a microfluidic bioreactor are useful advances and can be applied to future

investigations on the role and function of the fish intestinal barrier.
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AAO
AC
ALD
BCF
BSA
Caco-2
Col1A1
DAPI
DC
EC,,
ECIS
EDTA
EVOM
FBS
GIT

HF
KOH
L-1g5

LF
LPCVD
LY
PBS
PC
PDMS
PET
pnc-Si
Pt
REACH
RTgutF
RTgutGC
SDS
SEM

Anodized aluminum oxide
Alternating current

Atomic layer deposition
Bio-concentration factor

Bovine serum albumin

Human colon carcinoma cell line
Collagen1A1

4 -Diémidin-2-phenylindol
Direct current

Half maximal effective concentration
Electric cell substrate for impedance sensing
Ethylenediaminetetraacetic acid
Epithelial Voltometer

Fetal bovine serum

Gastrointestinal tract

High frequency

Potassium hydroxide

Leibovitz's L-15 medium

Low frequency

low pressure chemical vapour deposition
Lucifer yellow

Phosphate buffered saline
Polycarbonate

Polydimethylsiloxane

Polyethylene terephthalate

Porous nanocrystalline silicon
platinum

Registration, Evaluation, Authorization and Restriction of Chemicals
Rainbow Trout gut Fibroblast
Rainbow Trout gut Germany Canada
Sodium dodecyl sulfate

Scanning electron microscopy
99



Glossary

Si-Chip Silicon chip with integrated aluminum oxide membrane
SiN Silicon nitride

SiNgow Chip  Silicon chip with integrated silicon nitride membrane for flow application

TEER Trans-epithelial electrical resistance
TEM Transmission electron microscopy
y4 Impedance

Z0-1 Zonula Occludens-1
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