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General introduction



Chapter 1

At present, the golden standard in the field of toxicological risk and safety assessment is
still the use of animal models. However, within the field of toxicological research efforts are
made to develop and implement in vitro models to predict human hazards following
exposure to compounds. The potential of in vitro models for the intestine for both
biokinetic and biodynamic studies is increasingly recognized by regulatory bodies [1-4].
However formal incorporation of these models in regulatory toxicology is still limited
[5-7]. Ideally, intestinal in vitro models must be easy to implement, relevant, cost effective,
accurate, and predictive to the human situation. In this thesis, the development and
characterization of an in vitro gut-on-chip as a model for the small intestine, in which
dynamic condition and cell culture are combined, is presented. Before describing the
state-of-the-art of developments in in vitro models for the intestine, the anatomy and
functions of the intestine will be discussed.

Introduction to the small intestine

The small intestine is a crucial component of the digestive system allowing the digestion
of food and absorption of nutrients to supply the body with energy to function properly.
The length of the small intestine varies from 10 to 33 feet (3-10 metres, with an average
length of approximately 6.5 metres in an adult) [8] and it is divided into three sections
(Fig.1). The first section is the duodenum, which is the shortest section, on average
measuring from 20 cm to 25 cm in length. It is the most proximal section of small
intestine which is connected to the antrum of the stomach, separated by the pylorus. Bile
and pancreatic enzymes are secreted in the duodenum via the duodenal papilla. The
second section is the jejunum which is roughly 2.5 meters in length. In the jejunum the
typical small intestinal macroscopic structure appears consisting of a highly folded
mucous membrane containing villi at the top protruding into the lumen, which are much
longer than those in the duodenum or ileum. This results in an enlarged surface that
facilitates the absorption of the products of digestion. The last section is the ileum, which
is approximately 3.5 meters in length and absorbs nutrients that got past the jejunum. The
ileum terminates at the ileocecal junction and continues as the large intestine [9, 10].
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General introduction

Figure 1. An illustration of the small intestine anatomy (downloaded from BasicPhysiology .com;
http://www.basicphysiology.com/index.html with permission)

The lumen-facing surface of the small intestine is also called the mucosa. Together
with the underlying submucosa, muscularis externa, and the serosa it forms the intestinal
tissue (Fig 2). The mucosa itself is composed of three distinct layers, 1) epithelium: a
monolayer of different types of cells, each with a specific function, which lines the interior
lumen of the gastrointestinal tract, 2) lamina propria: connective tissue supporting the
epithelial cells with a dense vascular and lymphatic network, 3) muscularis mucosae: a thin
layer of smooth muscle playing an important role in intestinal peristalsis and contraction [10,
11]. In the intestinal epithelium at least eight cell types have been identified. Besides
enterocytes, these include cup cells, enteroendocrine cells, goblet cells, M cells, Paneth cells,
tuft cells and stem cells, (Table 1), where enterocytes are the major cell type involved in
nutrient absorption [12-15]. Enterocytes are polarized columnar cells that contain a brush
border at the luminal side consisting of approximately 3000 microvilli per cell that further
increases the absorptive surface of the small intestine.
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Figure 2. Anatomy of the small intestine. The duodenum, jejunum, and ileum are shown in relation to other GI tract
organs; the enlarged views show the structure of villi and microvilli in the duodenum (exported form Principles of

human physiology, global edition, page 603, Stanfield, C. L. (2017) with permission form Pearson Education
Limited and Copyright) [16].
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Table 1. Intestinal epithelial cell types and function

Cell Structure and Function

Enterocytes Columnar cells: Most abundant absorptive cells of
the small intestine that are located along the crypt-
villus axis

Paneth cells Pyramid-shaped cells: Secretory cells that reside in
the crypts and secrete lysozyme and antibiotic
proteins

Enteroendocrine cells Basal-granulated cells: Hormone producing cells (i.e.

somatostatin, serotonin, glicentin) that represent up to
1% of all cells in the epithelium and are embedded
between enterocytes

Goblet cells Goblet cells: Mucin-secreting cells that are located
between the enterocytes

M cells Epithelial cells without microvilli: Specialized
intestinal epithelial cells that sample antigens and
pathogens through endocytosis, these cells are found
in the Peyer's patches

Cup cells Wine glass-shaped cup cells: Still unknown function

Tuft cells Epithelial cells with unique microfilaments:
Chemoreceptor cells that represent approximately
0.5% in the epithelial cell lining

Stem cells Columnar cells: progenitor cells of epithelial cell

lineages that are located in the crypt base

Basic functions of the small intestinal epithelium

The intestinal epithelium is a critical interface between the organism and its environment.
The structural properties of the enterocytes provide a physical and immunological barrier that
limits access of substances or antigens to the systemic circulation. The barrier regulates the
absorptive capacity, the primary function of the small intestine, and local responses of
intestinal epithelial cells which both are of most relevance for the work described in this
thesis.

Absorption and transport

Epithelial cells form a barrier that offers limited passage of materials in both directions. Cell-
cell adhesion is ensured by tight junctions, desmosomes and adherens junctions. Transport
across epithelial cells can occur through different pathways, either through the cells
(transcellular) or through the cell junctions (paracellular) and with or without the expense of
free energy. Which pathway is preferred depends on the size, hydrophobicity and other
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General introduction

chemical characteristics of the molecule to be transported [17-19]. The main routes of
transport are:

- Passive transport: This form of transport is non-energy dependent and can be
transcellular or paracellular. Chemicals can only be transported along the
concentration gradient.

e Transcellular transport can be simple diffusion, in which chemicals directly
pass through the hydrophobic membrane, or facilitated diffusion, in which
diffusion is facilitated by transport channels or carriers.

e Paracellular transport is based on diffusion of small hydrophilic chemicals
trough the cell junctions.

- Active transport: This form of transcellular transport requires an energy source
to drive molecules or ions through the cell membrane.
e Transporter mediated transport requires a dedicated transporter and is
molecule specific.
e  Vesicular transport is based on cellular internalization of compounds by
engulfing them with the cell membrane resulting in an intracellular vesicle
(i.e. endocytosis, pinocytosis, phagocytosis and receptor-mediated
endocytosis).

Innate mucosal immunity

The epithelium in the small intestine allows selective absorption of nutrients while
simultaneously protecting against penetration of antigens and pathogens. The defence against
pathogens and antigens is a combination of the physical barriers of the epithelium and the
immunological function of the barrier [20]. Besides the physical barrier function, imposed
by tight junctional complexes allowing only passage of small molecules that are generally
not immunogenic, the enterocytes are able to detect pathogens through pathogen recognition
receptors (i.e. Toll-like, Nod-like receptors) leading to the activation of three major signalling
pathways: the nuclear factor (NF)-xB, the mitogen-activated protein kinases (MAPKs) and
the interferon regulatory factor (IRF) mediated pathways [21, 22]. Activation of these
pathways regulates the production of inflammatory and homeostatic cytokines such as TNF,
IFN-y, interleukins, IL-4 and TGF-f, which orchestrate and coordinate trafficking of mucosal
inflammatory and immune effector cells and affect barrier permeability [23]. The barrier
function of the enterocytes is completed by the glycocalyx which is composed of mucin
proteins forming chemical or physical barriers and anti-microbial peptides (AMP), such as
B-defensins.

Aim of this thesis

The complex anatomy and physiology of the human small intestine poses a challenge when
defining alternative testing strategies to characterise intestinal absorption and toxicity. The
present research aimed to characterise the potential of an alternative in vitro gut-on-chip
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model with a continuous liquid flow to study intestinal absorption and toxicity. This resulted
in the following research objectives:

- To optimize and characterize a gut-on-chip model in terms of
morphology, selective compound barrier functions, and gene
expression profile.

- To determine the potential of the optimized gut-on chip-model as an
in vitro model for human intestinal permeability and toxicity studies.

- To compare the characteristics and functionality of the developed
gut-on chip with those of a static Transwell model and human
intestinal tissues.

To achieve these objectives, a glass-based chip was used to culture epithelial cells under the
optimized dynamic conditions. Upon morphologic characterization a selected range of model
compounds were used for transport studies including 17 dioxin congeners with different
physicochemical properties that are well known food contaminants, and selected
pharmaceuticals (i.e. antipyrine, ketoprofen, digoxin, amoxicillin) with well-known uptake
profiles from traditional static in vitro models and from human in vivo studies. These studies
were followed by a comparative gene expression study of cells cultured in the gut-on-chip
and in Transwells and human intestinal tissues. Finally, a comparative gene expression study
was performed evaluating the effects on gene expression profiles of a nanomaterial (TiO, and
Zn0) exposure in the gut-on-chip versus the Transwell model.

Compounds/materials relevant to this thesis

Dioxins

To assesses the barrier properties of the gut-on-chip model, dioxins were selected as an
important class of food contaminants, which can enter the human body via the oral exposure
route. Dioxins, also called polychlorinated dibenzodioxins, are persistent organic pollutants
(POPs) which are a cause of concern for environmental and human health, due to a range of
reported adverse effects including reproductive impairment, skin lesions, immune system
modulation, hormonal imbalance, and an increase in cancer risk [24, 25]. Because of their
lipophilic properties (i.e. log P values ranging from ~ 6 to 8) dioxins accumulate in fatty
tissues of animals in the food chain and ingestion is the primary source of dioxin exposure to
the human body [26, 27]. About 20 congeners of dioxins may be absorbed through daily
meals and 17 of them are present in a reference mixture used for the food monitoring
programme of the EU [28]. This mixture is used for the work in this thesis as well. Since the
gut epithelium acts as an important barrier to protect the body from exogenous substances
present in food, the barrier properties of cells cultured in the gut-on-chip system towards
dioxin exposure were evaluated and compared with those of cells cultured in the static
condition.

Pharmaceuticals
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Some pharmaceuticals (i.e. antipyrine, ketoprofen, digoxin and amoxicillin) were selected as
model compounds to determine the barrier function of the gut-on-chip model based on the
available information on their in vitro permeability and in in vivo bioavailability. It was
assured that selected compounds fell in high and low permeability compound classes
(according to the Biopharmaceuticals Classification System-BCS). These compounds pass
the intestinal epithelium employing different absorption mechanisms. Antipyrine, ketoprofen
and digoxin are high permeability compounds (Class I and II), whereas amoxicillin is a low
permeability compound (Class III) [29, 30]. With regard to the absorption mechanism,
antipyrine is absorbed passively and transcellularly [31], while amoxicillin is mainly actively
transported via a carrier-mediated system [32]. Ketoprofen is reported to be transported by
both active transport and passive transcellular absorption [33, 34] and digoxin is actively
transported, as it is a substrate for the efflux pump P-glycoprotein (P-gp). Thus the variety of
compounds will show whether or not the gut-on-chip model can be used in studies on
absorption and bioavailability of a wide range of substances.

Nanomaterials

Nanomaterials are materials with at least one dimension sized between 1 and 100 nm. They
are intensively used in several areas, including food production. Due to their increased use
safety concerns for human health have been raised [35, 36]. TiO; and ZnO nanomaterials are
among the most popular food-related nanomaterials used in the food industry. E171 is a food
grade TiO; which contains particles in the nano-size range and is authorized to be used in
food [37]. ZnO nanomaterials do not have authorization to be used in food, but micro-sized
ZnO is considered to be a ‘GRAS’ (generally recognized as safe) substance by the U.S. Food
and Drug Administration (FDA) for use in biomedical applications [38]. In addition the two
nanomaterials cover extreme physicochemical properties, where TiO, remains as a particle
in suspension [39, 40], ZnO nanomaterials readily dissolve [41]. Recent studies indicated that
E171 regulated genes encoding proteins involved in oxidative stress, inflammation and DNA
repair [42, 43] and ZnO nanomaterials regulated genes encoding proteins involved in
inflammation and metal responses [44, 45]. The comparative gene expression of these
nanomaterials in the gut-on-chip model was investigated to further characterise the potential
of the model to provide insight in cellular responses towards these nanoparticles underlying
their effects on human health.

Intestinal models to study absorption and local effects
In vivo/ex vivo/in situ models
There is a wide variety of animal models that may be used to assess the bioavailability and
(intestinal) toxicity of compounds including mice, rats, dogs and pigs [46-48].

Rodents, like rats and mice, are commonly used in vivo animal models, due to their
small size and low costs. However, the physiology of the rodent gastrointestinal tract is
different from that in humans (e.g. lower intestinal pH and shorter intestinal transit time in
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rodents compared to human). This might affect the behaviour and absorption of the
compound of interest differently leading to inadequate predictions for humans. For instance,
pH sensitive compounds tend to dissolve and be absorbed in the human distal small intestine
and colon, where the pH is greater than 7.0, might be insoluble in the rat intestine [49-51].
On the other hand, there is a similarity in gene expression levels of many transporters between
human and rats. With the except for P-gp, multidrug resistance protein 3 (MRP3), glucose
transporter 1 and glucose transporter 3, the overall drug transporters share similar expression
levels in both human and rat. This allows correlation of intestinal permeability between rats
and humans for both carrier-mediated and passive absorption. However, the first-pass
metabolism is different between rats and humans, so a rat model may be used to study
compound absorption in the small intestine, but it could be poorly predictive for compounds
that are sensitive to intestinal metabolization [49, 52]. Besides in compound absorption
studies, rodents, epically mice and rats are generally used to investigate intestinal lesions
[53], and acute and chronic inflammation, because of similarities to human in gene
homology, immune and intestinal function [54].

Dogs are also considered an appropriate animal model to predict the human
absorption of compounds. This is attributed to the gross similarity in biochemistry and
physiology of their gastrointestinal tract compared to humans. Like rodents, dogs are not a
good model for the absorption of pH-sensitive compounds, due to a higher gastric pH in dogs
than in humans. Additionally, dogs show more similar metabolic activity (intestine and liver)
to humans than rats [55]. Although dogs are reported as the most frequent models used in
preclinical studies to determine absorption-related interactions, primarily between food and
drugs [49], recent studies indicated the differences in intestinal distribution of transporters
(e.g. P-gp , ABCG2) in dogs compared with humans which may contribute to the differences
in detected compound bioavailability [56, 57]. The intestinal transit times are also different
between dogs and humans which might result in a lower fraction absorbed of some drugs or
compounds in dogs compared to in humans [58, 59]. For toxicological studies, dogs are the
nonrodent species that is frequently used as intestinal disease model such as for the IBD study
because of the similarity to human pathological development [60].

Pigs are another frequently used non-rodent animal model. This is because of their
gastrointestinal tract similarities compared to humans in terms of the intestinal length per
bodyweight ratio, epithelial cell composition, intestinal absorptive surface area, villus
structure, intestine transit time and pH pattern in the intestine. Especially the pH pattern is
one distinct advantage of pig models compared to dog models, especially for absorption
studies of drugs that are likely to be influenced by the pH [48, 61, 62]. However, the rate of
compound absorption in pigs tends to be slower compared to that in humans. Compared to
the more common rat and dog models, studies reporting expression levels of intestinal
transport/metabolising enzymes in pigs are limited [48]. Pigs, are considered the preferred
model to study the mechanisms involved in acute and chronic intestinal injury and
inflammation because of structural and functional similarities, and comparable microbial
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fermentation with human. Nonetheless, the size, slow growth rate and relatively slower
reproductive rates of the pig are unfavourable aspects compared to rodent animal model
species [54].

Besides the animal models discussed above, where the compound of interest is
applied orally and the effects are studied in the intact animal, several alternative approaches
have been developed. Examples are the so-called in situ approaches, like intestinal single-
pass perfusion, intestinal recirculating perfusion and Loc-I-Gut [63], and ex vivo approaches,
like Ussing chambers and precision-cut intestinal slices [64-66]. In these approaches,
experiments are conducted in or on tissues obtained from an organism and maintained under
optimal conditions resembling the in vivo conditions as much as possible. While the in situ
and ex vivo models might be attractive for specific research questions, these models are
technically and instrumentally demanding and still demand the use of animals.

Static in vitro models

Even though animal models can resemble the physiology of an entire human organism, the
main disadvantages of in vivo models are the ethical considerations, high costs and the
difficulties in extrapolating results to humans due to differences between species. In vitro cell
culture models for the intestine have been widely used in bioavailability, metabolic and
toxicological studies in both food and pharmaceutical fields of research. In traditional in vitro
cell culture models, suitable for high-throughput screening, cells are grown as two-
dimensional (2D) monolayers on a flat surface, or on permeable membranes (Transwell
inserts). The latter design is suitable for permeability studies, where the apical and basolateral
compartments represent the intestinal lumen and systemic compartments, respectively. To
date, several different intestinal cell types can be cultured separately or in co-cultures aiming
to represent the complex functions and morphology of the intestinal epithelium. These cell
types range from cell lines to primary cells, while more recently also stem cell-based models
are being developed.

Primary human intestinal epithelial cells are obtained from the small intestine or the
colon and express all intestinal epithelial cell types. These cells can form a monolayer, as
confirmed by TEER measurements, and express intestinal cell-type specific markers.
Primary human intestinal epithelial cell models are suitable as cell-based in vitro assays to
study the intestinal transport of compounds and other endpoints (e.g. immune responses,
cytotoxicity) [67-69]. Nonetheless, difficulty to obtain cells, low reproducibility and the short
life span of primary tissue cultures are the main drawbacks of the model.

Due to drawbacks of primary cell cultures of small intestinal tissue, cell lines derived
from gastrointestinal tumours have been commonly utilized. Cell lines are preferable over
complex models if applicable for the research question, because of their easy accessibility,
handling and maintenance, which makes them suitable for mechanistic studies or high-
throughput screening approaches. A number of different intestinal immortalized cell models
exist. Caco-2 cells, a cell line obtained from a human colon adenocarcinoma, are the most
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regularly used cells as a model for the intestinal epithelium. They behave similarly to
enterocytes after a differentiation period, including absorptive functionality and brush border
enzyme expression. Although, there are several apparent differences between the Caco-2 cell
model and the in vivo tissue, such as higher TEER than those described in vivo [70], lack of
a mucus layer and lack of other cell types than enterocytes [71], they have been accepted as
a standard model for prediction of intestinal drug permeability in humans by pharmaceutical
companies and regulatory authorities [72, 73]. The coculture model of Caco-2 and mucus
producing HT29-MTX cell lines has been developed to mimic both enterocytes and goblet
cells and reported to form a mucus layer as in vivo [74, 75]. In addition, more complex models
using cell lines have been created by co-culturing with immune cells (Raji, THP-1,
RAW264.7 cells) to represent components of the local immune system [76-78].

More recently, adult stem cell and induced pluripotent stem cell (iPSCs) based
intestinal models are being explored as an alternative for the use of primary intestinal cells
(and cell line models) for intestinal transport and toxicity studies. To date, only a limited
number of studies have been performed in which adult stem cells or iPSCs were differentiated
into intestinal cells and cultured as a (mono) layer to study drug transports and drug-
metabolizing enzymes. In the study of Komada et al., for instance, iPSCs were differentiated
to enterocyte-like cells and were able to accurately predict the oral absorption of
paracellularly absorbed compounds [79]. Intestinal epithelial cells differentiated from iPSCs
also exhibited drug-metabolizing enzymes (i.e. CYP 3A4, CYP2C9, carboxylesterase) more
similar to the human small intestinal cells than what was detected in Caco-2 cells [80-82].
The conditions for the long-term culturing of adult intestinal stem cells and their
differentiation into enterocytes as a monolayer for compound permeability studies have been
also established. It was shown that this cellular model was a superior alternative to the Caco-
2 monolayer with respect to expression of a sodium-dependent transporter (SLC28A3) [83].
In addition, an attempt has been made to establish a two-dimensional model for culturing
Lgr5+ intestinal stem cells differentiating them into intestinal epithelium cells to enable drug
transport studies [84]. However, despite the physiological relevance, the current protocols do
not give sufficiently high purity of enterocyte populations which are needed for drug
evaluation studies [85]. The costs and time necessary for stem cell differentiation are also
major disadvantages of using stem cell models.

Dynamic in vitro models

A recent development in the field of in vitro models is the introduction of microfluidic
technology that is used to develop novel cell culture chips. This novel field is coined as organ-
on-chip research. Numerous microfluidic systems or organ-on-chip systems have been
published by now. It has been suggested that organ-on-chip platforms will provide important
innovations in the field of drug discovery and toxicity testing by enabling high-throughput
screening and real-time analysis [86-89]. Uniquely, microfluidic chips accommodate a fluid
flow, an important physiological condition in vivo that is not present in static culture models,
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providing researchers the capability to develop more physiologically relevant models.
Improving the physiology and biology of in vitro models would ideally lead to models with
a higher predictive power than current static in vitro models where the behaviour and
morphology of the cells is not similar to cells in vivo. This could lead to a significant
reduction of the use of animal experiments.

Gut-on-chip models

Gut-on-chip devices have been developed in various designs with different dimensions of
cell culture chambers including for example circular shapes as seen in conventional culture
plates [90, 91], straight channels or tube-like designs [92, 93]. The flow in gut-on-chip
devices is generally generated by a pump system; a motor driven (syringe) pump [92], a
pressure driven (pneumatic) pump [94] or a peristaltic pump [95]. Another method of
generating a flow is by generating a gravity driven flow in alternating directions using a
rocker platform [96]. The gut-on-chip (or dynamic intestinal) models described in literature,
as well as their applications and the study findings, that are relevant to the work in this thesis
are presented in Tables 2 and 3.

At present, most gut-on-chip devices are fabricated using Polydimethylsiloxane
(PDMS), which has some advantages and limitations. PDMS is attractive because of its low
costs, ease of use, high compliance, microscope compatibility and fast fabrication properties.
However, PDMS has a number of important limitations regarding its use in biomedical
studies. One of those limitations is adsorption of various molecules (particularly small
hydrophobic molecules) by PDMS because of its permeable and hydrophobic properties
which could dramatically affect (reduce) free compound concentrations and hence the
exposure concentration and subsequent effects [97, 98]. Furthermore, the high permeability
of PDMS allows gas exchange, indicating that evaporation can occur during an experiment
which could greatly affect the cell microenvironments at micro- and nanolitre fluid volumes
[99]. Although techniques have been developed to reduce these issues, like coating of the
microchannel surface, they could only partially prevent adsorption which makes PDMS an
undesired material for cell biology applications [100, 101]. Given these limitations,
alternative materials have been used for organ-on-chip models, such as polylactic acid (PLA)
[102], polymethyl methacrylate (PMMA) [103], polycarbonate [104] to avoid non-specific
binding. Therefore, in this thesis use was made of a commercially available chip device made
from glass consisting of an upper apical (AP) and lower basolateral (BL) chamber separated
by a porous membrane on which intestinal epithelial cells can be cultured. The device allows
separate flows through the apical and basolateral chamber.

The flow of fluid across the cell surface is directly proportional to the velocity of
the surrounding fluid, and causes shear stress on the cells [105]. Variations in the flow rate
or pattern (e.g. laminal or turbulent flow) and variations in microfluidic chip geometries
result in different shear stress levels on the cells, which is critical in the context of cell culture,
as shear forces can alter the cellular behaviour and functions. Literature revealed the potential
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of gut-on-chip models to simulate the in vivo intestinal physiology and provide improved
culturing conditions compared with static models. For example, acceleration of cell
differentiation and promotion of microvilli formation and cytochrome P450 expression
compared with cells cultured under static conditions have been described, as presented in
Table 3. Besides shear stress also peristalsis-like mechanical stress has been incorporated in
a gut-on-chip model in order to closely mimic the physiological environment which increased
aminopeptidase activity and paracellular permeability of the epithelial cells [92] (Table 3).
Gut-on-chip models have the potential to be used to evaluate compound permeability and
toxicity. The results described in literature, however, are currently inconclusive. Permeability
characteristics varied versus conventional static models. For example, the permeability of
compounds has been described to be both lower and higher in comparison with a static model
depending on the compound used in studies and the experimental setup (Table 2). For the
toxicity study of chemicals, there is no literature revealing a result in comparison between
epithelial cells cultured under a dynamic and static model. Another potential advantage of
utilizing dynamic gut-on-chip devices is the possibility to combine them with other organ-
on-chip platforms, which increases the capability to mimic the in vivo situation

Since the field of organ-on-chip technology is still in its infancy with no standard
accepted model, the most of the past work on model development has been carried out in
academic laboratories generally without good manufacturing practice (GMP) or good
laboratory practice (GLP) certifications, which may lead to inconsistencies between different
manufacturing batches or biological testing. To bring the most benefit to the development of
this technology in terms of biological testing, it is important to focus on the qualification of
the devices and the identification of well-defined contexts of use. The typical qualification
process applied to organ-on-chip models is to make a comparison between data derived from
conventional in vitro approaches and human clinical data if available [106], as proposed in
this thesis.

Linking in vitro models to in silico models

Combinations of in vitro and in silico approaches are increasingly employed in toxicological
studies. There are several reasons why the combination of in vitro and in silico testing
methods are heavily studied. First of all, the direct use of in vitro toxicity data in risk
assessment remains challenging. To extrapolate the in vitro obtained concentration-response
curves to in vivo dose-response curves, physiologically based kinetic (PBK) modelling-based
reverse dosimetry is used [107]. In PBK modelling approaches physicochemical data of the
compounds and in vitro obtained uptake and metabolism data are combined [108-110]. A
second reason, and closer to the topic of this thesis, is to include in silico modelling into a
testing strategy to predict the bioavailability parameters based on physicochemical
information of the compounds. Such approaches can provide fast predictions for a large set
of compounds. Several theoretical methods for the prediction of bioavailability have been
implemented based on molecular structure information of a compound such as in quantitative
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structure-activity relationship (QSARs) [111]. These computer programs using QSARs relate
various molecular descriptors and physicochemical properties of a compound (e.g.,
lipophilicity, the logarithmic acid dissociation constant pKa, hydrogen bonds, molecular
mass) to crucial pharmaceutical processes [112]. QSAR models evolve in so-called read-
across approaches. Then computer-based approaches are used to predict endpoint
information for one substance (target substance) by using the available experimental data of
(an)other substance. The bioavailability and toxicity of non-tested compounds (or conditions)
could be predicted based on information collected from structurally similar compounds that
were conducted [113, 114]. Thus depending on the research question several powerful
approaches are available to integration of in vitro assays with in silico models, which are
important developments for future studies.
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Chapter 1

Thesis overview

Many gut-on-chip models have been developed and characterized, but almost all chip devices
are based on PDMS (as shown in Table 2 and 3), which limits their use for biological studies
and large scale manufacturing. Therefore, the objective of this thesis was to optimize and
characterize a commercially available glass-based chip which has excellent chemical
resistant properties. To this end a novel gut-on-chip model to culture intestinal epithelial cells
under fluid flow was optimized, extensively characterized and compared with respect to its
functionality for permeability and effect studies to traditionally used static models.

Chapter 1 contains background information about human small intestinal physiology and
functionality and about the existing in vivo and vitro models that are used to mimic the
functionality of the human small intestine, with a focus on dynamic culture conditions. In
Chapter 2, a gut-on-chip model was developed, characterized (e.g. cell barrier integrity and
differentiation) and used in a biokinetic study of an important class of environmental
contaminants: dioxins (17 congeners). For this, the exposure conditions were optimised for
very lipophilic compounds and the results were related to congener specific structural
properties using Quantitative Structure-Property Relationship modelling. The development
and characterization of the gut-on-chip model was further explored in Chapter 3 by
performing a biokinetic study of drug model compounds (i.e. antipyrine, ketoprofen, digoxin
and amoxicillin). The impact of engineering factors on the outcome of experiments was also
studied in this chapter. In Chapter 4 and 5 an increased shear stress on the epithelial cells
was applied and the consequences of this shear stress on epithelial cells were characterized.
The impact of the fluid flow, and thus the shear stress, on cells was evaluated using
transcriptomics analysis and compared with results obtained for cells cultured under static
conditions and for in vivo duodenum, jejunum, ileum and colon tissues in Chapter 4. Effects
on gene expression were analysed at both the individual gene level and at the biological
pathway level. In Chapter 5, the potential nanomaterial toxicity to the small intestine was
assessed using the optimized gut-on-chip model and compared to static culture conditions.
Gene expression profiles upon E171 (TiO2) and NM110 (ZnO) exposure of Caco-2 cells were
analysed at the single gene and biological pathway level. Lastly, Chapter 6 and 7 present a
general discussion and a summary of the findings obtained throughout this thesis along with
the future perspectives.
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Chapter 2

Abstract

Novel microfluidic technologies allow to manufacture in vitro organ-on-a-chip systems that
hold great promises to adequately recapitulate the biophysical and functional complexity of
organs found in vivo. In this study, a gut-on-a-chip model was developed aiming to study the
potential cellular association and transport of food contaminants. Intestinal epithelial cells
(Caco-2) were cultured on a porous polyester membrane that was tightly clamped between
two glass slides to form two separate flow chambers. Glass syringes, polytetrafluoroethylene
tubing and glass microfluidic chips were selected to minimize surface adsorption of the
studied compounds (i.e. highly lipophilic dioxins), during the transport studies. Confocal
microscopy studies revealed that, upon culturing under constant flow for 7 days, Caco-2 cells
formed complete and polarized monolayers as observed after culturing for 21 days under
static conditions in Transwells. We exposed Caco-2 monolayers in the chip and Transwell to
a mixture of 17 dioxin congeners (7 polychlorinated dibenzo-p-dioxins and 10
polychlorinated dibenzofurans) for 24 h. Gas chromatography-high resolution mass
spectrometry was used to assess the cellular association and transport of individual dioxin
congeners across the Caco-2 cell monolayers. After 24 h, the amount of transported dioxin
mixture was similar in both the dynamic gut-on-a-chip model and static Transwell model.
The transport of individual congeners corresponded with their number of chlorine atoms and
substitution patterns as revealed by Quantitative Structure-Property Relationship modelling.
These results show that the gut-on-a-chip model can be used, as well as the traditional static
Transwell system, to study the cellular association and transport of lipophilic compounds like
dioxins.
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Introduction

Determination of the oral bioavailability of compounds after ingestion is a crucial element in
the toxicological risk assessment of food chemicals and environmental contaminants. Caco-
2 cells, a cell line established from human epithelial adenocarcinoma cells, grown in
Transwells® have been widely used as a general in vitro model for the prediction of in vivo
intestinal food chemicals and drug absorption and to investigate local effects on the intestinal
epithelium [1-3]. However, grown under static conditions, such a model may not fully capture
the physical and extracellular complexity found in vivo. Two main shortcomings of this
model are the relatively long culture period that is needed for these cells to differentiate [4],
and the static culturing conditions which fail to mimic the luminal and blood plasma flows
as observed in vivo.

Recent advances in micro engineering and microfluidics have led to unprecedented organ-
on-a-chip models that recapitulate not only in vivo fluid flows, but also the structure and
function of human tissues [5-9]. For this reason, microfluidic technology has been introduced
into the field of drug discovery. This already now has resulted in a variety of models
recapitulating specific organ functions, including the small intestine, in so-called gut-on-a-
chip models [5, 6, 10, 11]. In a limited number of studies, drug transport has been reported
on Caco-2 cell-based microfluidic devices to evaluate the permeability potential of these
models [12, 13]. However, for the purpose of gut-on-a-chip model development and
optimization, its efficiency for compound permeability should not only be investigated for
drugs, but also for chemical substances in general. The gut epithelium acts as the important
barrier in defence to protect the body from exogenous substances as present in food.
Therefore we assessed the barrier properties of the gut-on-a-chip model for dioxins which
are an important class food contaminants. Furthermore, the predictive capacity of a gut-on-
a-chip model should be evaluated in terms of the comparison to the Transwell system that
has been used in the past decades for this type of studies.

The term dioxins, also called polychlorinated dibenzodioxins, refers to two groups of
compounds: polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) (see
Fig. 1). These are a group of chemically-related compounds (i.e. congeners) that are classified
as persistent organic pollutants (POPs) and cause concern over environmental and human
health impact. Dioxins are highly toxic and longer term exposure can cause reproductive and
developmental problems, skin lesions, damage to the immune system, interference with the
hormonal balance, and lastly dioxins may also cause cancer [14, 15]. Because of their
lipophilic properties, or high logP values (the partition coefficient of a molecule between an
aqueous and lipophilic phase, usually octanol and water; Table 1), dioxins accumulate in the
food chain, mainly in the fatty tissue of farm animals. Consumption of contaminated food,
like contaminated beef and dairy products, is the primary source of dioxin entry into the
human body [16-18]. In fact, more than 90% of human dioxin exposure occurs through food
ingestion [14, 19]. About 20 congeners of dioxins can be absorbed through daily meals, [20,
21] 17 of these congeners are present in a reference mixture in the legal food monitoring
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programmes of the EU [22]. The molecular composition (i.e. degree of chlorination),
solubility, and molecular size of each congener influences its absorption rate, toxicity, tissue
distribution, and elimination [23].

In this study, we aimed to compare the transport of 17 different dioxin congeners (7 PCDDs
and 10 PCDFs) in a dynamic microfluidic Caco-2 model with their transport in a traditional
static Transwell Caco-2 model. For this, we developed a dynamic in vitro microfluidic gut-
on-a-chip model with Caco-2 cells for the purpose of mimicking the in vivo conditions.
Quantification of the dioxin mixture in the cellular fraction as well as the amount transported
across the intestinal monolayers was performed using gas chromatography-high resolution
mass spectrometry (GC-HRMS). The GC-HRMS method is considered a highly sensitive
method suitable for dioxin measurements at low concentration (0.08-0.30 pg/mL) ranges
(Table 1) [24]. The resulting cellular association and transport of dioxins were not only
compared between the two models, but we also performed Quantitative structure-property
relationship modelling to explain different biological behaviour of the dioxin congeners.
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Figure. 1 Structures of investigated compounds

Table 1. The predicted LogP values of dioxin congeners,[25] and limit of quantification (LOQ) by GC-HRMS

LOQ
Congeners LogP (pg/mL)

2,3,7,8-TCDF 6.5 0.086
1,2,3,7,8-PeCDF 6.9 0.201
2,3,4,7,8-PeCDF 6.9 0.185
1,2,3,4,7,8-HxCDF 6.9 0.137
1,2,3,6,7,8-HxCDF 6.9 0.161
2,3,4,6,7,8-HxCDF 7.1 0.186
1,2,3,7,8,9-HxCDF 7.4 0.212
1,2,3,4,6,7,8-HpCDF 7.9 0.165
1,2,3,4,7,8,9-HpCDF 7.5 0.133
OCDF 8.5 0.210
2,3,7,8-TCDD 6.4 0.095
1,2,3,7,8-PeCDD 6.6 0.184
1,2,3,4,7,8-HxCDD 8.4 0.175
1,2,3,6,7,8-HxCDD 7.4 0.185
1,2,3,7,8,9-HxCDD 7.4 0.145
1,2,3,4,6,7,8-HpCDD 7.5 0.147
OCDD 8.1 0.300
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Experimental

The gut-on-a-chip device

The microfluidic gut-on-a-chip device consists of three resealable glass slides, with the same
width (15 mm) and length (45 mm), upon assembly resulting in two flow chambers separated
by a middle layer that contains a cell culture membrane (Fig. 2). In more detail, a polyester
(PET) membrane fixed on a glass slide, with a 0.4 pm pore size, 12 pm thickness, 1.6 x 10°
pore density and 1 cm? surface area, separates the upper apical (AP) and the lower basolateral
(BL) chambers (Micronit, Enschede, The Netherlands). Both the upper and lower glass slides
were spaced from the middle layer membrane by 0.25 mm thick silicone bands resulting in a
volume of 110 mm? and 75 mm? for the AP and BL side respectively, which makes the total
volume of the device 185 mm? (uL). The distance between the middle layer and the top layer
was 0.25 mm and 0.65 mm for the glass and membrane section, respectively. The distance
between the middle layer and bottom layer was 0.25 mm. The chip was mounted with a quick
locking mechanism in the chip holder constructed for connecting external tubing to the chip
via specific ferrules to ensure tight connections and a leak-free system. Constant flow was
carried out using a microsyringe pump (NE-4000, New Era Pump Systems, Inc.) equipped
with two glass syringes (5 mL, Luer lock tip, Fortuna®, Sigma), with each syringe connected
to either the AP or the BL compartment of the chip with PTFE (Teflon) tubing (0.25 mm
inner diameter, 14.5 cm length). On the outlets of the chip the same tubing was used and
connected with glass collecting reservoirs. Before starting experiments, all tubing and chip
parts were sterilized by autoclave and 70% ethanol and the tubing was filled with medium in
order to eliminate air bubbles in the microfluidic system. The entire system was put in an
incubator at 37 °C to maintain cell culture conditions. All experiments were performed at a
constant flow rate of 25 pL/h resulting in a shear rate in the AP compartment of ~ 0.0001-
0.0005 Dyne/cm? (at the membrane and glass surface, respectively) and in the BL
compartment of ~ 0.0005 Dyne/cm?.

Top layer

»-
o

Enterocyte

& Middle layer

— Membrane

-

Bottom layer

Figure 2. A) Schematic design of the microfluidic system. B) Image of the chip holder used
to clamp the chip together and allowing connection of the tubing.
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Optimization of the gut-on-a-chip system for dioxin mixture absorption properties
Before starting the transport experiment, the fraction of dioxins absorbed by the different
types of tubing and syringes to be used in the microfluidic system was determined. The
following conditions were evaluated: glass or polypropylene syringes equipped with
Ethylene tetrafluoroethylene (ETFE), stainless steel or Teflon tubing. Different combinations
(n=2 for each combination) were tested by rinsing with cell culture medium containing 0.2
ng/mL dioxin mixture(in 1% DMSO) at a flow rate of 25 puL/h for 24 h at 37 °C (conditions
as used in the final transport experiment). The amount of total dioxins in culture medium
before and after flowing through the microfluidic systems was determined by using a most
cost effective and sensitive CALUX bioassay that is routinely used in our laboratories, as
described previously [26]. Briefly, rat H4IIE hepatoma cells, stably transfected with an AhR-
controlled luciferase reporter gene plasmid (pGudLucl.1), were grown in 48-well microtiter
plates. Upon cell confluence, they were exposed in triplicate to standards and the dioxin
mixture dissolved in culture medium. After 20-24 h of exposure, the cells were washed, lysed
and an aliquot was used to determine the luciferase content using a plate reader (Luminoskan,
Labsystems). Dioxin concentrations in the culture medium samples are expressed as total
bioanalytical equivalent (BEQ) of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), and were
estimated from a calibration curve of the reference dioxin mixture samples whose response
was fitted with an exponential curve fit. The entire experiment was repeated twice and the
average of both experiments is reported.

Culture of human intestine epithelial cells

The Caco-2 cell line (HTB-37), derived from a human colorectal adenocarcinoma, was
obtained from The American Type Culture Collection (ATCC, Manassas, VA, USA). They
were grown (at passage number 29-45) in Dulbecco’s Modified Eagle Medium (Lonza)
supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Waltham, MA USA),
1% penicillin-streptomycin (Sigma), 1% non-essential amino acids (Gibco), further referred
to as DMEM".

The cells were seeded at density of 40,000 cells per cm? in 12-well Transwell

polyester inserts (0.4 pm pore size, 1.12 cm? surface area, Corning Amsterdam, The
Netherlands) cultured in DMEM®. During culture period, medium was changed for every
other day.
In the microfluidic chip cells were seeded at a density of 75,000 cell per cm?, the cells were
allowed to attach to the membrane without flow for 72 h and then were perfused with low
sodium bicarbonate (10 mM) DMEM* (Sigma) for optimizing pH buffering capacity, through
the AP and BL side for 7 days.

Immunohistochemistry
For morphological assessment of the monolayers grown in the microfluidic chips or
Transwell cells were seeded (n=3) in a separate experiment. After 10 days of culture (i.e. 7
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days under flow conditions) the microfluidic chips were opened, and cells were fixed on the
membrane. The monolayer of cells was sequentially fixed with 4% formaldehyde at room
temperature for 10 min and rinsed with PBS. Cells were then permeabilized with 0.25%
Triton X100 in PBS for 10 min, rinsed with PBS and blocked with 1% acetylated bovine
serum albumin in PBS for 30 min. Tight junctions were stained with 10 pg/mL of the
conjugated antibody ZO-1/TJP1-Alexa Fluor 594 (Invitrogen, Waltham, MA). The nuclei
were stained with 5 pg/mL of DAPI (Invitrogen, Waltham, MA) and 4 U/mL of Phalloidin
Alexa Fluor 488 (Life technologies) was used to stain actin filaments (i.e. cytoskeleton). The
incubation time for all stainings was 10 min. Each membrane was then cut out and placed
between two cover slips separated by a spacer (0.12 mm depth x 20 mm diameter). Anti-
fading mounting medium was dropped on the membrane. The cells cultured on Transwell
membranes for 21 days were stained with the same methods and conditions. The stained
monolayers of cells were analysed using a confocal microscope (LSM 510 UVMETA; Carl
Zeiss, Germany). Samples were excited with 405, 488 and 543 nm lasers. Multi-tracked
images were captured to avoid bleed through. The used pinholes were in the range of 148-
152 um at magnification 40x.The gain and offset for the different channels were kept constant
during the entire experiment.

Compounds

The dioxin mixtures were obtained from Cambridge Isotope Laboratories, Inc. (Tewksbury,
USA) and contained 10 PCDF congeners: 2,3,7,8-TCDF, 1,2,3,7,8-PeCDF, 2,3,4,7,8-
PeCDF, 1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-HxCDF, 2,3,4,6,7,8-HxCDF, 1,2,3,7,8,9-HxCDF,
1,2,3,4,6,7,8-HpCDF, 1,2,3,4,7,8,9-HpCDF and OCDF, and 7 PCDD congeners: 2,3,7,8-
TCDD, 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD,
1,2,3,4,6,7,8-HpCDD and OCDD.

Cell viability

To exclude cytotoxicity of the dioxin mixture at the concentration used for the transport
studies, a WST-1 assay was performed on Caco-2 cells. The WST-1 assay quantifies cellular
mitochondrial activity, which directly correlates to cell viability and thus cytotoxicity. For
this, cells were seeded in 96-well plates at a density of 50,000 cells per cm? and were
incubated overnight and were subsequently exposed to the dioxin mixture in DMEM™ at
various concentration ranging from 0.025 to 2.0 ng/mL, for 24 h. After exposure, the cells
were washed with Hank's Balanced Salt Solution (HBSS) and incubated with 10 pL WST-1
reagent (Roche Diagnostics GmbH, Manheim,Germany) for 3 h. The plate was read at 440
nm and 640 nm using a microplate reader (BioTek, Winooski, VT). The background signal
at 640 nm, which is directly correlated with the cell quantity, was subtracted from the reaction
signal at 440 nm.

Dioxin mixture transport experiments
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In the dynamic gut-on-a-chip model, cells were cultured for 10 days, of which 7 days under
continuous flow of 25 uL/h. At day 10, DMEM" containing 0.2 ng/mL of each congener of
Dioxin (in 1% DMSO) was pumped into the apical channel, and DMEM" without the dioxin
mixture was perfused into the basolateral channel. After 24 h, a total of 600 puL of eluent
from each compartment was collected for further analysis.

In the Transwell model, cells were cultured for 21 days, and subsequently exposed to 600 pl
DMEM" containing 0.2 ng/mL of the dioxin mixture (in 1% DMSO) in the apical
compartment. The basolateral compartment was filled with 600 uL DMEM®. After 24 h, all
DMEM" was collected from both compartments.

In both the chip and Transwell models, cells were collected at the end of the
exposure to determine compound accumulation in the cells. For this, cells were trypsinized
with 0.025% Trypsin/EDTA, rinsed with HBSS and lysed by three freeze-thaw cycles. To
establish a complete mass balance, the fraction of absorbed dioxins on membranes, tubing
and culture chambers after exposure was collected by rinsing all compartments with 200 pL
hexane. The experiment was performed in triplicate, all collected samples were analysed
together using GC-HRMS.

GC-HRMS analysis

Samples were analysed by GC-HRMS using previously described methods [24]. In short,
prior to the extraction, the samples were spiked with '3C-isotope labelled internal standards
(50 pg of each of the 7 PCDDs and of 9 out of 10 PCDFs (except 2,3,4,6,7,8-HxCDF)).
Consequently, 1 mL of methanol was added and extracted with once 4 mL hexane and twice
with 5 mL hexane. The hexane phases were merged and the samples were purified as
described in earlier studies [24]. Using an automated clean-up (PowerPrep system, Fluid
Management Systems, Waltham, USA), extracts were purified on an acid silica column, a
neutral silica column, a basic alumina column and an activated carbon/Celite column. For the
elution of the columns, custom made solvents and mixtures were used, respectively being
hexane, hexane/dichloromethane (1:1, v/v), ethyl acetate/toluene (1:1, v/v) and toluene. The
volume of the final extract was reduced to 0.5 mL using an automated evaporation system
with a fixed endpoint of 0.5 mL. The recovery standards '*C-labelled 1,2,3,4-TCDD and
2,3,4,6,7,8-HxCDF, 100 pg, were added for the analysis of PCDD/F, after which the volume
of the extracts were again reduced to 0.5 mL. PCDD/F analysis was performed by GC/HRMS
using an Agilent (Wilmington, USA) 6890 Series gas chromatograph and an AutoSpec
Ultima high resolution mass spectrometer (Waters, Milford, USA) operated at a resolution
0f 10,000 (10% peak valley). The GC column was a DB5S MS (60 m, 0.25 mm i.d., 0.25 um;
J&W, Folson, USA). The mass spectrometer was operated in electron impact ionization
mode, using selected-ion monitoring. A large volume injector (LVI) was used to inject
100 pL of the extract containing PCDD/Fs on the GC. The results were corrected for recovery
of the 1*C-labelled internal standards and the performance was checked through an in-house
reference sample sunflower oil spiked at approximately 1 pg TEQ g! fat PCDD/F, 0.8 pg

40



Gut-on-a-chip model for transport studies of lipophilic dioxin

TEQ g! fat dI-PCBs and 15ng g ' fat non-dioxin like-PCBs. The performance of the
methods is regularly checked by participation in PT-tests (EURL dioxins and PCBs twice a
year, Folkehelse Institute, once a year), showing good performance.

Quantitative structure-property relationship modelling

Quantitative structure-property relationship (QSPR) modelling is based on the assumption
that the structure of compound (i.e. geometry, mass, surface) is responsible for its chemical,
physical and biological properties [27]. For the QSPR modelling data were logarithmized to
make them more linear and sorted by increasing values. To be able to validate the QSPR
models the data were split into two sets: a training set (to calibrate of model equations), and
a validation set (used for verifying the predictive ability of the developed models). For this
we used the “Z:1” algorithm, which places every Z"™ compound in the validation set (objects
from this set are marked as #2) and all the remaining objects in the training set (those objects
are marked as #1). We took Z=5 for cellular uptake and association data and Z=4 for transport
data.

Molecular structures of the PCDD and PCDF congeners were build using the

ConGENER software [28]. The molecular geometries energy was optimized in
Gaussian package (version 09, Gaussian Inc, Wallingford, Connecticut USA) with the
B3LYP/6-311+G* density functional method as described before [29, 30]. After
optimization the molecular structures were used to calculate the molecular descriptors, in
order to obtain a numerical representation of the compound structure. To this end, we used
DRAGON software (version 6.0), [31] which allowed us to obtain a set of 2622 molecular
descriptors.
Based on the experimental data and molecular descriptors we calibrated the models equations
using a Multiple Linear Regression (MLR) method [32]. In order to select from such a large
descriptors set the models that best correlate with the biological endpoint we used genetic
algorithm (GA) [33] implemented in the QSARINS software (version 2.2.2) [34]. The genetic
algorithm is able to search for the best solutions from a large number of possibilities by a
maximizing/minimizing fitness function. The procedure of GA was inspired by evolution
mechanism, where the data respond to chromosomes and genes [35]. In our study GA was
applied with the following parameters: the population size: 200, the mutation rate: 20%. Due
to the small number of compounds in the models training sets we chose 2 descriptors for each
model, to avoid their overfitting [36, 37]. The chosen descriptors are presented in the Table
4. We selected four autocorrelation descriptors: ATSC3v and GATS5v for uptake and/or
cellular association models, ATSSm and MATSS5m for transport models. In general
autocorrelation descriptors are based on the autocorrelation function ACy presented in the
Equation 1.

B

A= [ fC) - flx+k) dx O]
where f(x) is a function of the variable x, k is the lag representing an interval of x and a, b
define the total studied interval of the function.[37]
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To meet the requirements of QSPR models defined by the Organization for Economic Co-
operation and Development, [37] we carried out a two-stage model validation of each model:
for the internal validation we chose the leave-one-out method (cross-validation), [38] and for
the external validation we used the validation set of data.
After the validation process we examined the applicability domain (AD) of our models. AD
is a theoretical space determined by values of molecular descriptors, and so resulting from
structural similarity of the compounds, in which the predictions are reliable. For this purpose
we calculated leverage values (%) and the standardized residual values. The 4 values that
defines the similarity of i compound to the training set were calculated according to the
Equation 2, where x;is a vector containing descriptors for i compound and X is a matrix
containing descriptors for every compound from the training set.
hy = x{ (X"X)""x; (2)
When the /4 value for a compound is higher than the critical value /4 * (calculated based on the
Equation 3), then the model predicted the endpoint value for this compound by extrapolation.
h* = 3pn~?! 3)
where p is the number of variables in model plus one, n is the number of the compounds in
the training set [39].
We verified the fitting of the models by determination coefficient (R?) and root mean square
error of calibration (RMSEc). Their robustness and stability was evaluated by the cross-
validation coefficient (Q%cv) and the root mean square error of cross-validation (RMSEcv).
The predicting capabilities of the models were examined by external validation coefficient
(Q%ext) and root mean square error of prediction (RMSEgxr) [40].

Statistical analysis

SPSS (IBM) was used for all statistical evaluations. The cellular accumulation and transport
data was evaluated using an independent paired t-test for the dioxin mixture transport
experiment and a one-way ANOVA with Dunnett’s post hoc test was used for the cell
viability test. A p-value of <0.05 was considered significant.

Results and discussion

Microfluidic model development for lipophilic compounds

Dioxins are highly lipophilic, and thus tend to adsorb to surfaces of materials used in
experiments depending on their chemical composition and their subsequent compound-
material interactions [41, 42]. Polydimethylsiloxane (PDMS) is often used to create
microfluidic devices because of its low cost, ease of use, high compliance, microscope
compatibility and fast fabrication properties [43-45]. However, PDMS has a number of
important limitations regarding its use in biological studies [46]. One of those limitations is
adsorption of various molecules by PDMS because of its permeable and hydrophobic
properties [47]. It has been reported that PDMS based material adsorbed more small-
molecules and hydrophobic compounds compared to polystyrene based material, [48, 49]
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and glass, [50] and thus dramatically affecting free compound concentrations [49].
Obviously, the degree of adsorption relies on lipophilic properties of compounds [50, 51].
While it has been shown that continuous rinsing with buffer might result in desorption of
compounds from PDMS [50], it is clear that PDMS might not be the ideal material for highly
lipophilic compounds like dioxins. Therefore, in this study, glass-based chips were used, to
reduce the effect of surface adsorption as much as possible. Selection of the optimal type of
tubing for the compounds of interest in a microfluidic system is also an essential element of
the microfluidic model development, especially since the (relative) surface areas of the
capillary tubing is large. Therefore, the concentration of the dioxin mixture in cell culture
medium was determined after use in different materials of syringes and tubing (i.e. glass vs.
polypropylene syringes and ethylene tetrafluoroethylene (ETFE), stainless steel and Teflon
tubing), under the conditions as used in the final experiments. The fraction of dioxin mixture
adsorbed onto the material surface after incubation was determined by assessing the amount
of dioxins in the cell culture medium expressed in BEQ using the dioxin CALUX bioassay,
as a cost effective measurement technique. Highest residual amounts of the dioxin mixture
in cell culture media were detected when using glass syringes and Teflon tubes, about 60%
higher compared to the set-up with the lowest yield using polypropylene syringes and ETFE
tubing (Table 2). Therefore Teflon tubing is used in the final experiments.

Dioxin adsorption to the microfluidic system was also assessed in the
exposure/translocation experiment by GC-HRMS. For this, the system was rinsed with
hexane after the exposure and the amount of dioxins in this fraction was determined with
GC-HRMS and compared to the exposure mixture. On average, hexane rinses of the chip
compartments after incubation with the dioxin mixture contained 3% of the total amount of
dioxins as present in the exposure mixture in both systems, indicating low adsorption (see
Suppl. Tablel). This information, together with an average measured mass balance of 93%,
(the sum of apical, basolateral and cellular fractions, as discussed in detail later) shows a
good recovery in the chip system.

Table 2. Effect of different tubing and syringe material of the microfluidic systems on recovery of the dioxin mixture
measured by CALUX (n=2)

Syringes and Tubing Dioxin concentration (ng BEQ/ml) Recovery (%)*
Polypropylene + ETFE 0.085+0.005 26+1
Glass + ETFE 0.199+0.006 6142
Glass + Steel 0.212+0.012 65+4
Glass + Teflon 0.219+0.003 67+1

*The initial concentration of Dioxin in DMEM" is 0.328 ng BEQ/ml.
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Morphology of intestinal barriers

Monolayer integrity of Caco-2 cells grown under dynamic flow and static conditions was
evaluated using fluorescence confocal microscopy. Representative images are shown in Fig.
3. In the chip the Caco-2 cells were grown using a continuous flow of 25 uL/hr for 7 days.
Cells cultured under continuous flow have been described to form intact and polarized
monolayers faster compared to Caco-2 cells cultured using traditional static conditions [6].
This is confirmed in the present study by showing complete and polarized monolayers of
cells at day 10 (i.e. 7 days of flow) in the chip model. For comparative analysis Caco-2 cells
were grown for 21 days under static conditions in Transwells. Cells grown under continuous
flow showed a comparable monolayer formation to cells grown without continuous flow, as
can be seen from the tight junction immunofluorescence staining (Fig. 3A and B). Cell
polarisation was visualized using immunofluorescence staining of actin filaments, nuclei, and
tight junctions (Fig. 3C, D, E, F, G and H). Core bundles of actin filaments in the microvilli
were seen in cells grown under both conditions. After cell polarisation, the cells grown
without continuous flow exhibited densely packed actin filaments on the apical side in the
microvilli of the cells, while cells grown under dynamic conditions also exhibited
pronounced actin filaments on the basolateral side (Fig. 3E and F). Likely this is caused by
the shear stress (0.0001-0.0005 Dyne/cm?), induced by the continuous flow, as shown before
for endothelial cells exposed to a shear stress of 15 Dyne/cm? [52], and placenta (i.e. BeWo)
cells exposed to shear stresses ranging from 0.001 to 0.12 Dyne/cm? [53]. In addition, we
observed that cells grown under continuous flow seem to be larger compared to the cells
grown without continuous flow. Likely this can also be explained by the shear stress
exposure. Since actin filaments are associated with cell adhesion and mechanics, remodelling
of actin filaments might alter cell spread, migration, elongation, or enlargement of the cells
[52, 53]. While the thickness of the monolayers of cells grown under both conditions was
comparable (10 um height; Fig. 3G and H), the continuous flow seemed to induce a more
pronounced 3D structure, which has more prominently been shown in Caco-2 containing chip
models that also employ stretchable membranes (cyclic strain of 0.15 Hz frequency together
with a shear stress of 0.02 Dyne/cm?) [6].
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Figure 3. Morphology of Caco-2 cells cultured in a Transwell for 21 days versus in chip for 10 days (of which 7
days under a continuous flow of 25 ul/hr) visualized by confocal microscopy. Tight junctions of cells cultured in A)
a Transwell and in B) a chip were stained for ZO-1/TJP1 (red). Actin filaments on the apical side of the cells, stained
by Phalloidin (green), and tight junctions of cells were visualized on merged images in C) a Transwell and D) a
chip. Merged images showing nuclei (DAPI; blue) and actin filaments on the basolateral side of cells cultured in E)
a Transwell, and F) a chip. Note the more pronounced expression of actin in the chip. Vertical cross-section of the
cell monolayer in G) a Transwell and H) a chip. The scale bar represents 10 yum.

Comparative cellular uptake and absorption, and transport of dioxins
The human gut epithelium acts as an important barrier in defence to protect the body from
exogenous substances that can be present in our food [54, 55]. To further optimize and
implement dynamic gut-on-a-chip models, we determined the transport of 17 individual
dioxin congeners across a monolayer of Caco-2 cells under dynamic and static culturing and
exposure conditions.

Transport studies can only be reliably performed using dioxin concentrations that
do not affect the viability of cells used in the experiment. A WST-1 assay was used to select
a non-toxic dioxin mixture concentration. As can be seen in Fig. 4, decreased cell viability
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was only observed following an exposure to >0.6 ng/mL dioxin mixture for 24h (P<0.05, one
way ANOVA). For the cellular association and transport studies an exposure concentration
of 0.2 ng/mL was used.
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Figure 4. Cytotoxicity of the dioxin mixture in Caco-2 cells after 24 h exposure given as a percentage of viable cells
(£SEM) of the total number of cells (n=3).

After 24 hours of exposure the cells were harvested from the chip and Transwell
membranes and the concentration of individual congeners in these fractions, as well as in the
medium fractions from the apical and basolateral compartments of both the chip and
Transwell, was determined using GC-HRMS. Also, hexane rinses of both the chip and
Transwell were evaluated. The so-called mass balance was determined (Table 3), which is
the sum of the amount of congeners detected in the AP and BL compartments and the cellular
fraction. This indicated mass balances ranging from 75 to 99%, concluding the method and
experimental setup suitable for dioxin transport studies.
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Table 3. Mass balance from dioxin transport experiments analysed by GC-HRMS (n=3)

Mass balance (%)
Components
Chip Transwell

Congener

2,3,7,8-TCDF 8245 75+1
1,2,3,7,8-PeCDF 88+5 86+1
2,3,4,7,8-PeCDF 93+7 82+2
1,2,3,4,7,8-HXCDF 97+7 85+2
1,2,3,6,7,8-HxCDF 9445 93+1
2,3,4,6,7,8-HxCDF 97+7 87+2
1,2,3,7,8,9-HxCDF 91+6 84+2
1,2,3,4,6,7,8-HpCDF 97+5 93+1
1,2,3,4,7,8,9-HpCDF 97+7 83+2
OCDF 96+8 7942
2,3,7,8-TCDD 8545 8142
1,2,3,7,8-PeCDD 92+6 85+2
1,2,3,4,7,8-HxCDD 98+8 8442
1,2,3,6,7,8-HxCDD 92+5 92+1
1,2,3,7,8,9-HxCDD 93+5 93+1
1,2,3,4,6,7,8-HpCDD 97+7 8342
OCDD 100+8 8242

Transport of dioxin congeners across the two barrier models was low and ranged
from 0.6% to 3.3% for OCDF and 1,2,3,7,8-PeCDF respectively in the dynamic model, and
ranged from 0.2% to 4.4% in the static model for OCDF and 1,2,3,7,8-PeCDF respectively
(Fig. 5A). Comparison of the transport and cellular association of the individual congeners
between both models showed no significant differences. In addition, a similar trend in
congener transport was observed (R?=0.96) between the two models (Fig. 5C). The larger
error bars in the chip data compared to the Transwell data could be explained by the more
complicated (technical) setup of the chip experiments compared to Transwells. In an earlier
study the transport across a monolayer of Caco-2 cells of only 2,3,7,8- TCDD has been
studied [56]. The authors quantified the TCDD concentration using a luciferase HepG2 cell
assay. They found that 15% of TCDD was transported across the Caco-2 cell monolayer in
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24 h [56]. This is higher than the 3% transported 2,3,7,8- TCDD observed by us for both
models, which might be explained by differences in exposure concentration. In their study, a
10 fold higher concentration of 2.5 nM of 2,3,7,8-TCDD was used, whereas we used 0.26
nM of 2,3,7,8-TCDD as part of a mixture of dioxins.

Upon 24 h of exposure to the mixture of dioxins the cellular fraction contained

relative amount of each congener ranging from 33% for 1,2,3,7,8,9-HxCDD to 61% for
OCDD of the total exposure concentration (based on a mass balance calculation) in the
dynamic model and relative amount ranging from 22.5% for 1,2,3,7,8,9-HxCDD to 51.8%
for OCDD in the static model (Fig. 5B). While the fraction of the dioxin mixture in the
cellular fraction seems to be increased in cells cultured under dynamic conditions this was
not significantly different. Cellular association and accumulation of dioxins is likely caused
by their lipophilicity as reported in the previous studies [57, 58]. Under both culture
conditions individual congeners were present in the cellular fraction in a comparable pattern,
as a strong correlation between the chip and Transwell cellular amount was observed for the
whole series of test compounds (R*=0.98; Fig. 5D).
Dioxins have been investigated extensively in vitro with most studies focusing on their
potential toxicity and metabolism, focussing specifically on 2,3,7,8 TCDD-aryl hydrocarbon
receptor (AhR) interactions. 2,3,7,8 TCDD can induce expression of cytochrome P450 1A1
(CYP1A1), a phase I drug metabolism enzyme, and UDP-glucuronosyltransferase (UGT)
isoforms UGT1A6 and UGT1A9, phase Il drug metabolism enzymes, in Caco-2 cells [59-
62]. On the contrary, intestinal uptake and transport of dioxins has only very limitedly been
studied in vitro before. We identified only one study that reports cellular association, in this
study only a single dioxin congener has been used. For 2,3,7,8 TCDD, a steady-state amount
of approximately 13% cellular association has been reported following 90 minutes of
exposure to 3.4 x 102uCi/mL U* C-TCDD and less than 1.5% of apical concentration was
transported to the basal compartment [63]. Our data illustrates an amount of 2,3,7,8-TCDD
in the cellular fraction of approximately 39 and 56% in Transwell and chip model,
respectively. We observed that the dioxin mixture was more retained in the cellular fraction
than passed through the monolayer to the basal side under both experimental conditions. This
can be explained by the high lipophilicity of the dioxin congeners and its influence on their
partition coefficient, so they are likely to remain in phospholipid bilayers and only slowly
diffuse across it [64]. This has been reported also for polychlorinated biphenyls, PCB#52,
#118, #153 and #180, which have an extremely high hydrophobicity (log P>5) [65].
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Figure 5. Comparison of dioxin congeners in the cellular fraction and transported over the cell barrier between a
dynamic () versus a static (o ) model. A)Transport of dioxin congeners through the monolayer of cells cultured in
chips and Transwells given as a percentage (:SEM) of dioxin congeners in the basal side compared to the total
exposed amount. B) Fraction of dioxin congeners in the cell fraction given as a percentage (+SEM) of dioxin
congeners in the cellular fraction compared to the total exposed amount. C)Correlation between transported dioxin
congeners in the dynamic versus static model. D)Correlation between dioxin congeners in the cellular fraction in
the dynamic versus static model, 1=OCDF,; 2=1,2,3,4,7,8,9-HpCDF; 3=1,2,3,4,6,7,8-HpCDD,; 4=0CDD;
5=1,2,3,4,7,8-HxCDD; 6=1,2,3,4,7,8-HxCDF; 7=1,2,3,4,6,7,8-HpCDF; 8=1,2,3,7,8,9-HxCDF; 9=23,4,6,7,8-
HxCDF; 10=2,3,4,7,8-PeCDF,; 11=1,23,7,8,9-HxCDD; 12=1,2,3,6,7,8-HxCDF; 13=1,2,3,6,7,8-HxCDD;
14=1,2,3,7,8-PeCDD; 15=2,3,7,8-TCDD; 16=2,3,7,8-TCDF, 17=1,2,3,7,8-PeCDF.

QSPR modelling for PCDDs and PCDF's

To further explore the relationship between the physicochemical properties of the used
dioxins and their uptake and/or cellular association we used QSPR modelling. QSPR
modelling is used to identify correlations between structure and biological effects. In order
to build a QSPR model experimental (chip) data is necessary, once a QSPR model is validated
it could be used for prioritization of (new) specific compounds for (on-chip) testing based on
their molecular structure. Combinations of in vitro studies and computational approaches
have been identified as a powerful approach to develop alternative testing strategies without
the use of animals [66, 67]. For each model equation we chose 2 descriptors, to avoid their
overfitting [37]. The chosen descriptors are presented in the Table 4.
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Table 4. Molecular descriptor pairs for the developed QSPR models

Pair of models Descriptors

ATSC3y Centred Broto-Moreau autocorrelation of lag 3 weighted

by van der Waals volume
Cell QSPR models

GATS5v S;?gl :utocorrelatlon of lag 5 weighted by van der Waals

ATS5m Centred Broto-Moreau autocorrelation of lag 5 weighted
by mass

Transport QSPR models
MATS5m Moran autocorrelation of lag 5 weighted by mass

We have developed four statistically significant QSPR models describing
relationship between the chemical structures of PCDDs and PCDFs and their uptake and/or
cellular association and transport across the monolayer of cells. In the process of model
calibration we obtained the following equations (4-7):

Model 1 (Uptake-chip): Y =-99324 ATSC3v -52,8616 GATS5v + 121,637 (4)
Model 2 (Uptake-Transwells): Y=-12.7950 ATSC3v -57.3662 GATS5v + 118.7720 (5)
Model 3 (Transport-chip): log Y =-1.0760 ATS5m -0,6038 MATS5m + 4.4399 (6)

Model 4 (Transport-Transwells): log Y =-1.7296 ATS5m -0.5969 MATS5m + 7.0661 (7)

The values of determination coefficients (R?), internal and external validation
coefficients (Q?cv and Q%kxr) and root mean square errors (RMSEc, RMSEcy, RMSEgxr)
presented in Table 5. indicate good quality, stability and predictive capabilities of the models.

Table 5. Parameters of quality evaluation for developed models

R? RMSEc Qv RMSEcy Q%xr RMSEgxr
Model 1 0.83 3.83 0.73 4.83 0.87 3.11
Model 2 0.86 3.60 0.80 4.39 0.72 431
Model 3 0.91 0.07 0.86 0.08 0.87 0.08
Model 4 0.92 0.01 0.14 0.14 0.96 0.07

This evaluation is additionally confirmed by high correlation between experimental
and predicted values of endpoints presented at the Fig. 6.
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Figure 6. Experimental and predicted values of endpoint for each developed model, the training (0) and validation
set (m). 1=123789-HxCDD; 2=123,6,7,8-HxCDD; 3=1,2,3,6,7,8-HxCDF; 4=1,2,3,4,6,7,8-HpCDF;
5=1,2,3,7,8-PeCDF, 6=2,3,7,8-TCDF; 7=1,2,3,7,8,9-HxCDF; 8=2,3,7,8-TCDD; 9=1,2,3,7,8-PeCDD;
10=2,3,4,6,7,8-HxCDF; 11=2,3,4,7,8-PeCDF; 12=1,2,3,4,6,7,8-HpCDD; 13=1,2,3,4,7,8-HxCDF;
14=1,2,3,4,7,8,9-HpCDF; 15=0OCDF; 16=1,2,3,4,7,8-HxCDD; 17=0OCDD

To verify models applicability domains (AD) we applied Williams plots!' (values
of standardized residuals versus the leverage values). AD is limited by the critical values of
standardized residuals (three standard deviaton units-30) and the critical leverage value (£ %).
The developed Williams plots are presented in Fig. 7.
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Figure 7. Williams plots for developed models. The lines on the plot (+3¢ and h*) define the applicability
domain of the model, the training (0) and validation set (m).

All the compounds are situated in the range of £3 standard deviations from 0 and
none of them exceeded the critical leverage value (4*). It means that all the compounds used
to develop the models are structurally similar and the uncertainly of model predictions for
them is acceptable. Moreover, it confirms the assumption that PCDDs and PCDFs may
belong to the common AD.

Interpretation of QSPR models can be used to hypothesize on mechanism of cellular
uptake (and/or association) and subsequent transport of dioxins across the monolayer of cells.
Molecular descriptors chosen for the model equation indicate which structural features
determine the values of the endpoint. For our models we selected four autocorrelation
descriptors: ATSC3v and GATSSv for uptake (and/or association) models, ATS5m and
MATSS5m for transport models. Autocorrelation descriptors can encode not only the structure
of the molecule but also physico-chemical properties attributed to atoms, therefore
descriptors of this type are effectively used for modelling compounds’ interactions with
membranes or their cytotoxicity [68-71]. For the cellular association models we developed
(Model 1 and 2) there is a clear relationship between values of the ATSC3v descriptor and
the number of chlorine atoms in the compound. These quantities are inversely proportional,
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but this descriptor is preceded in model equations by negatives coefficients. Increasing
number of chlorine atoms in the molecule is therefore associated with increasing value of
PCDDs and PCDSs cellular association. The second descriptor used in uptake models-
GATSS5v- is connected to the substitution pattern. It takes on higher values when the
distribution of chlorine atoms in the molecule is less symmetrical. Thus the GATS5v
descriptor describes the distribution of the charge in the compound. This means that the
uptake of PCDDs and PCDFs is higher in the case of less symmetrical molecules. This
conclusion is also confirmed by the fact that GATS5v descriptor assumes higher values for
PCDFs compared to PCDDs.

The results are relatively similar in case of models developed for the transport of
PCDDs and PCDFs: first selected descriptor (ATSS5m) is also inversely proportional to the
number of chlorine atoms in a molecule. It shows, that compounds with higher number of
chlorine atoms are more easily transported. The values of the second descriptor, MATS5m,
depend on the substitution pattern.

Conclusion

Here we have implemented a dynamic flow gut-on-a-chip model that can be used to study
the transport and the cellular accumulation of lipophilic compounds like dioxins. The
experimental conditions were optimized to avoid uncontrollable adsorption. By using a very
sensitive, dioxin congener specific GC-HRMS detection method, we show that the transport
and cellular accumulation profile of dioxins of Caco-2 cells grown under continuous flow
and static conditions is comparable. Physicochemical properties, of the dioxin congers
allowed us to predict their transport profiles irn vitro

Caco-2 cell models have been used to study the absorption and local effects of a variety of
compounds, and are recognized as usefully predictive in vitro models for the study of passage
of substances through the gut wall. However, their conventional culture methods provide
some disadvantages, for example, long term cultures time (~3 weeks), not fully mimicking
in vivo conditions and inability to do on-line measurement. Therefore, a gut-on-a-chip system
has been developed and proposed to be used as an in vitro alternative model that recapitulates
not only in vivo fluid flows, but also the structure, transport, of the gut epithelium.

The results illustrate that Caco-2 cells cultured in a dynamic system for 10 days shows similar
polarisation and morphological properties as cells cultured for 21 days in a static system.
Furthermore, the gut-on-a-chip system also showed transport properties similar to the static
system indicating its applicability for transport studies. Thus it now is possible to use an
advanced gut-on-a-chip models next to the traditional Transwell model as a screening assay
to study effects of compounds on dioxin absorption in order to prevent dioxin ingestion in
human. Clearly, there are remaining technical challenges to be addressed in working with
organ-on-chips, to allow an easier implementation of these models into routine testing.
Precisely controlled injection systems, with flow and pressure control, and easy to use inert
chip materials, are the most important technical challenges [72]. This is the first report
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comparing the transport of 17 dioxin congener using an in vitro system and revealing their
structure-transport relationship. Interestingly, using Quantitative Structure-Property
Relationship modelling we have been able to reveal the relationship between the degree of
chlorination and the chlorination patterning on the cellular association and transport of the
individual dioxin congeners across a monolayer of Caco-2 cells.

The implemented gut-on-a-chip system can be used for dioxin transport screening which
might be useful for other lipophilic compound study as well. Moreover, the microfluidic
organ-on-a-chip model can be coupled to downstream analysis systems, such as mass
spectrometry to measure the transported amount of drugs or metabolites in the system in real-
time [73-75].
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Supp Table 1. Dioxin adsorption during transport experiments. Adsorption was measured by rinsing the systems
with hexane and measurement with GC-HRMS.

Adsorption in various compartments (%) Total adsorption (%)
Congeners Chip T™W Chip T™W
AP BL AP BL

2,3,7,8-TCDF 5.40 0.57 5.08 0.37 5.97 5.45
1,2,3,7,8-PeCDF 3.50 0.44 2.86 0.17 3.94 3.03
2,3,4,7,8-PeCDF 3.88 0.52 3.95 0.11 4.40 4.06
1,2,3,4,7,8-HxCDF 4.03 0.42 3.46 0.05 4.45 3.50
1,2,3,6,7,8-HxCDF 1.87 0.37 1.94 0.05 2.24 1.98
2,3,4,6,7,8-HxCDF 220 0.37 238 0.05 2.57 2.44
1,2,3,7,8,9-HxCDF 3.43 0.40 3.08 0.06 3.84 3.14
1,2,3,4,6,7,8-HpCDF 1.42 0.36 1.18 0.06 1.78 1.24
1,2,3,4,7,8,9-HpCDF 3.00 0.39 2.60 0.04 3.38 2.64
OCDF 2.57 0.40 1.29 0.11 297 1.39
2,3,7,8-TCDD 7.23 0.67 491 0.40 7.90 531
1,2,3,7,8-PeCDD 421 0.52 3.62 0.14 474 3.76
1,2,3,4,7,8-HxCDD 418 0.43 3.86 0.06 461 391
1,2,3,6,7,8-HxCDD 1.61 0.34 1.72 0.06 1.95 1.79
1,2,3,7,8,9-HxCDD 1.72 0.31 1.65 0.05 2.03 1.71
1,2,3,4,6,7,8-HpCDD 2.56 0.43 2.12 0.05 3.00 2.18
OCDD 278 0.82 1.34 0.18 3.60 1.52

Supp Table 2. The p-value of statistical analysis obtained from an independent samples t-test

Congeners P-value of Transport analysis P-value of cellular accumulation
analysis
2,3,7,8-TCDF 0.490 0.219
1,2,3,7,8-PeCDF 0.511 0.162
2,3,4,7,8-PeCDF 0.514 0.163
1,2,3,4,7,8-HxCDF 0.762 0.150
1,2,3,6,7,8-HXCDF 0.643 0.167
2,3,4,6,7,8-HxCDF 0.741 0.148
1,2,3,7,8,9-HxCDF 0.849 0.235
1,2,3,4,6,7,8-HpCDF 0.247 0.242
1,2,3,4,7,8,9-HpCDF 0.556 0.147
OCDF 0.161 0.247
2,3,7,8-TCDD 0.453 0.143
1,2,3,7,8-PeCDD 0.524 0.212
1,2,3,4,7,8-HxCDD 0.810 0.188
1,2,3,6,7,8-HxCDD 0.693 0.169
1,2,3,7,8,9-HxCDD 0.873 0.236
1,2,3,4,6,7,8-HpCDD 0.574 0.230
OCDD 0.239 0.254
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Chapter 3

Abstract

Dynamic flow in vitro models are currently widely explored for their applicability in drug
development research. The application of gut-on-chip models in toxicology is lagging
behind. Here we report the application of a gut-on-chip model for biokinetic studies and
compare the observed biokinetics of reference compounds with those obtained using a
conventional static in vitro model. Intestinal epithelial Caco-2 cells were cultured on a porous
membrane assembled between two glass flow chambers for the dynamic model, or on a
porous membrane in a Transwell model. Confocal microscopy, lucifer yellow translocation,
and alkaline phosphatase activity evaluation revealed that cells cultured in the gut-on-chip
model formed tight, differentiated, polarized monolayers like in the static cultures. In the
dynamic gut-on-chip model the transport of the high permeability compounds antipyrine,
ketoprofen and digoxin was lower (i.e. 4.2-, 2.7- and 1.9-fold respectively) compared to the
transport in the static Transwell model. The transport of the low permeability compound,
amoxicillin, was similar in both the dynamic and static in vitro model. The obtained transport
values of the compounds are in line with the compound Biopharmaceuticals Classification
System. It is concluded that the gut-on-chip provides an adequate model for transport studies
of chemicals.
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Comparison of drug transport between cells cultured in dynamic and static models

Introduction

Toxicological safety studies of pharmaceuticals and industrial chemicals are an integral part
of product development. Traditionally, this implies the use of animals, which not only is time
consuming, considered unethical and expensive, but importantly also raises scientific
questions related to interspecies differences in biokinetics compared to humans [1, 2]. The
combination of these scientific, socioeconomic, and ethical concerns resulted in attempts to
refine, reduce, or replace (3Rs) the use of animals for toxicological safety studies [3-6]. Since
the launch of the 3Rs principle several in vitro models have been proposed as alternative
models to reduce animal experiments to study drug permeation across the intestinal
epithelium [7-9].

More recently and along these lines, dynamic flow gut-on-chip devices have been
proposed as an additional tool to existing static in vitro cell culture models. The devices
mimic in vivo tissue to fluid ratios and fluid flow by using microfluidic technology [10, 11]
attempting to better recapitulate the in vivo physiological tissue functioning. An additional
advantage of gut-on-chip devices for compound transport and effect studies is that they allow
for integrated online detection [12, 13] and coupling to other organ-on-chip systems [14, 15].
Gut-on-chip models have been proposed for preclinical [10, 11, 16, 17] and pharmacological
applications [18-20]. To emulate human intestinal disease models human stem cell-based
intestinal models have been used [21]. However, given the yet unresolved issues on
reproducibility and lab variability in stem cell models, cell line based models are preferred
for toxicokinetic and toxicodynamic studies [22].

The transport of several compounds has been evaluated using variants of gut-on-
chip models, notably: antipyrine, propranolol, naproxen, furosemide, verapamil, atenolol,
piroxicam, hydrochlorothiazide, cimetidine, carbamazepine [23], acetaminophen [14, 15,
24], thodamine 123 [25] and curcumin [12]. Only for a limited number of compounds the
transport in a dynamic gut-on-chip model has been compared to that in the conventional
Transwell model. These studies have been performed for caffeine, atenolol [26],
cyclophosphamide [27], mannitol, insulin [28] acetaminophen [24], verapamil,
ergotamin(in)e, food contaminant compounds [29], and the environmental contaminants of
the dioxin and PCB group (Kulthong et al., 2018). The observed transport of the compounds
in the dynamic gut-on-chip models were consistent with those obtained using a conventional
Transwell for most compounds, with the exception of caffeine (higher transport in gut-on
chip), atenolol (higher transport) and ergotaminine (lower transport).

Most gut-on-chip devices are manufactured using polydimethylsiloxane (PDMS).
This is mainly because PDMS is biologically compatible and allows soft lithography-based
production methods, which enable rapid manufacturing of three-dimensional
microstructures, [30-32]. In addition PDMS-based devices allow microscopy-based read-
outs [33]. However, PDMS has a major disadvantage; it adsorbs a wide range of molecules
such as proteins and lipophilic drugs [33-35]. Adsorption can partially be prevented by
applying a coating on the PDMS [36], but this might influence the outcome of a biological
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study. Therefore, in our studies we used a microfluidic gut-on-chip device that consists of
three resealable glass slides that, upon assembly, result in two flow chambers separated by a
middle layer that contains a porous cell culture membrane.

In this study, we aimed to evaluate whether our in vitro gut-on-chip intestinal barrier
model is an adequate model for compound transport studies. To this end we performed a
biokinetic study comparing a dynamic gut-on-chip [37] with a conventionally used static
Transwell model. We exposed Caco-2 cells, grown in the gut-on-chip or Transwell model to
several model compounds for which extensive information on in vivo bioavailability and
transport mechanisms is available. High and low oral permeability class compounds were
selected, known to represent different absorption mechanisms (e.g. passive diffusion and active
transport). For these drugs we determined permeability coefficients using both models. In
addition, a morphological and functional characterisation of the dynamic gut-on-chip and static
Transwell models was performed using confocal microscopy and enzyme activity assays. We
report the influence of laminar flow on compound transport, which was evaluated in the gut-
on-chip under static and dynamic conditions.

Materials and methods

Chemicals and reagents

Antipyrine, ketoprofen, digoxin, amoxicillin, bovine serum albumin (BSA), Dulbecco’s
Modified Eagle Medium (DMEM), penicillin-streptomycin, Hank’s balanced salt solution
(HBSS), trifluoroacetic acid were obtained from Sigma-Aldrich (Zwijndrecht, The
Netherlands). Phosphate Buffered Saline (PBS), heat inactivated fetal bovine serum (FBS)
and MEM-non-essential amino acids were purchased from Fisher Scientific (Landsmeer, The
Netherlands). Amoxicillin-d4 was obtained from CacheSyn (Mississauga, Canada).
Acetonitrile was obtained from Biosolve (Valkenswaard, The Netherlands). Formic acid was
purchased form VWR international (Darmstadt, Germany).

Design of the gut-on-chip system

The microfluidic gut-on-chip device has been described before [37]. In short, it consists of
three 15x45 mm (width x length) re-sealable glass slides that result in two flow chambers
(i.e. an upper apical (AP) and lower basolateral (BL) chamber) upon assembly (see Fig. 1 A;
Micronit, Enschede, The Netherlands). Both the upper and lower glass slides were spaced
from the middle layer membrane by a 0.25 mm thick silicone gasket and the flow chambers
were separated by a glass slide containing a porous cell culture membrane that was fixed on
the glass slide. The membrane consisted of a polyester (PET) membrane with a 0.4 um pore
size and a 1 cm? surface area. The height of the cell culture area was 0.65 mm and the height
of the bottom flow channel was 0.25 mm, resulting in a volume of 110 mm?® and 75 mm? for
the AP and BL side, respectively, and 185 mm? for the total volume of the device (uL). The
chip was placed in a chip holder with a quick locking mechanism, constructed for connection
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of external capillaries to the chip via specific ferrules to ensure tight connections and a leak-
free system.

The flow was induced using a multi-channel air pressure driven pump. Two
channels per chip (i.e. one for the AP side and one for the BL side) were connected to the
chip inlets using Polyetheretherketone (PEEK) capillary tubing (0.125 mm inner diameter,
with a total length of 60 cm). Each flow channel was equipped with a flow sensor to assure
precise regulation of the flow, which was located at 40 cm distance from the pump and 20
cm distance from the chip. Fluorinated Ethylene Propylene (FEP) tubing (0.250 nm inner
diameter, 40 cm length) was used to connect to the chip outlets to the culture medium
reservoirs. Before the start of each experiment, all tubing and chips were sterilized using an
autoclave and rinsed with 70% ethanol. Tubing and chips were prefilled with medium to
eliminate air bubbles in the system. The entire system was put in an incubator at 37°C to
maintain cell culture conditions.

Cell culture

A Caco-2 cell line (HTB-37), derived from a human colorectal adenocarcinoma, was
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The
cells were grown (at passage number 29-45) in complete culture medium, consisting of
DMEM supplemented with 10 % FBS, 1 % penicillin-streptomycin, and 1 % MEM non-
essential amino acid, further referred to as DMEM™.

The cells were seeded at a density of 75,000 cells per cm? on 12-well Transwell
polyester inserts (0.4 pum pore size, 1.12 ¢cm? surface area, Corning Amsterdam, The
Netherlands) and cultured in DMEM* for 21 days. The medium was changed every two to
three days.

In the microfluidic chip, the cells were seeded at a density of 75,000 cell per cm?
and were allowed to attach to the membrane. After 24 h the membrane was inserted in the
microfluidic chip. After attachment, the cells were exposed to a continuous flow of 100 pL/h
DMEM" for 21 days. By doing so, the shear stress in the AP compartment was ~0.0002
Dyne/cm? at the membrane surface, where the cells are grown. The DMEM® medium
contained sodium bicarbonate (10 mM) to optimize the pH buffering capacity.

Caco-2 monolayer integrity

Apical to basal translocation of lucifer yellow was measured in a Caco-2 monolayer under
static and dynamic conditions. A lucifer yellow solution of 500 pg/mL in DMEM* was
perfused through the apical channel of the chip with a flow rate of 100 uL/h. The basolateral
channel was perfused with DMEM™ with a flow rate of 100 uL/h. Sample aliquots of 50 uL
were collected from the apical and basal outlet every half hour for 3 h. The same
concentration of lucifer yellow solution was added apically to the cells in a Transwell (500
pL/insert) and incubated for 1 h before collecting the medium sample from the apical and
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basolateral chambers. The fluorescence intensity (485/530 nm) of all collected samples from
both systems was measured using a microplate reader (Synergy HT, BioTek, VT).

Fluorescent imaging of in vitro epithelial cell morphology

Twenty-one days after seeding, Caco-2 cells, grown in the gut-on-chip or Transwell, were
prepared for cell and monolayer morphological assessment. The chips were opened, and cells
were fixed with 4% formaldehyde at room temperature for 10 min and rinsed with PBS. Cells
were then permeabilized with 0.25% Triton X100 in PBS for 10 min, rinsed with PBS and
blocked with 1% acetylated bovine serum albumin in PBS for 30 min. Tight junctions were
stained with 10 pg/mL conjugated antibody ZO-1/TJP1-Alexa Fluor 594 (Invitrogen,
Waltham, MA). The nuclei were stained with 5 pg/mL DAPI (Invitrogen, Waltham, MA)
and 4 U/mL Phalloidin Alexa Fluor 488 (Life technologies, Carlsbad, CA) was used to stain
actin filaments (i.e. cytoskeleton). The incubation time for all stainings was 30 min. Each
membrane was then cut out and placed between two cover slips separated by a spacer (0.12
mm depth x 20 mm diameter) with a drop of anti-fading mounting medium on the membrane.
The cells cultured on Transwell membranes were stained using the same procedure. The
stained monolayers of cells were analysed using a confocal microscope (LSM 510
UVMETA,; Carl Zeiss, Germany). Samples were excited with 405, 488 and 543 nm lasers.
Multi-tracked images were captured to avoid bleed through. The used pinholes were in the
range of 148-152 um at a magnification of 40x. The gain and offset for the different channels
were kept constant during the entire experiment.

Caco-2 differentiation

Alkaline phosphatase (ALP) activity was measured in cells cultured for 21 days in both
systems using an ALP colorimetric assay kit (ab83369, Abcam, Cambridge, UK) following
the protocol of the manufacturer. Briefly, the membranes/inserts were taken from the
chip/Transwell chambers. After washing the cells with HBSS at 37 °C, trypsin/EDTA was
added to the cells and they were incubated for 5-7 minutes. The cell suspension was collected
and centrifuged at 300 g for 5 min at 4 °C. The cell pellet was then resuspended in 200 puL
ALP assay buffer and centrifuged at maximum speed, 16,000 RPM for 5 min at 4 °C. The
supernatant (sample) was then collected and pipetted into the well of a 96-wells plate before
adding the reaction buffer (50 uL/well), containing a p-nitrophenyl Phosphate solution (5
mM). After the plate was incubated in the dark for 60 min at 25 °C, 20 pL stop solution was
added to each well of the reaction and shaken gently. Absorbance was read immediately at
405 nm using a microplate reader. A standard curve of p-nitrophenol (pNP) was prepared in
a concentration range of 0-20 nmol/well, and converted to concentration after blank
subtraction. Enzyme activity was calculated and expressed as nmol of pNP/min and
normalised to the total amount of cells in term of protein content, which was measured using
a RC-DC assay, a colorimetric protein determination based on the principle of Lowry
estimation.
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Computational model to calculate shear stress

Computational fluid dynamics was used to calculate the wall shear stress of the cell culture
medium in the gut-on-chip using COMSOL Multiphysics® v. 5.3 (www.comsol.com,
COMSOLAB, Stockholm, Sweden). The microfluidic device consisted of two rectangular
microchambers separated by a glass middle layer containing a PET membrane. The inner
dimensions of the rectangular chamber used for simulation consisted of one inlet and one
outlet, the maximum inner high was 0.25 mm, the maximum width was 11 mm and length
from inlet to outlet was 30 mm, and an oval cavity at the centre with area of 1.0 cm?.
Considering a steady flowrate of 100 pL/h we obtained laminar flow conditions with a
Reynolds number of 0.007. The culture medium was considered as an incompressible and
homogeneous, Newtonian fluid with similar conditions to water at 37 °C (density; 997 kg/m?
and viscosity; 6.9x10* Pa s!). A laminar Flow/Stationary library was used to determine the
shear rate. The shear stress was estimated by multiplying the shear rate with the dynamic
viscosity of water at 37 °C. An extremely coarse mesh size was used to reduce the computing
time. No-slip boundary conditions were applied to the microchannel walls. Since the flow
cell is fully made of glass, it was considered rigid with impermeable walls. The shear stress
was obtained from the simulation using the height of 0.25 mm (near the inlet) and another
position with an additional height of 0.40 mm at the centre of the chamber on the PET
membrane. To corroborate this COMSOL calculation we used an adapted Poiseuille equation
for rectangular microchannels as a second method [26, 38]. This equation could be applied
to our system since the microfluidic chamber width is larger than the height (h<<w). To
calculate the shear stress using this method two different heights were taken in consideration:
1) from the top to the glass middle layer (0.25 mm), and 2) from the top to the PET membrane
(0.65 mm). Comparison of the COMSOL simulation and the adapted Poiseuille equation
showed equal results.

Caco-2 viability

Cytotoxicity was assessed using an MTT assay, a mitochondrial activity-based cell viability
assay. Caco-2 cells (50,000 cells/cm?) were seeded in 96-well plates. After 24 h, the medium
was discarded and was subsequently replaced with various concentrations of antipyrine (0,
25,50, 100, 250 or 500 uM), ketoprofen (0, 25, 50, 100, 250 or 300 uM), digoxin (0, 25, 50,
100, 125 or 250 uM), or amoxicillin (0, 25, 50, 100, 250 or 500 uM) in HBSS for 24 h. At
the end of the treatment period, cells were washed with 100 uL. PBS, and 60 pL of 0.8 mg/mL
MTT solution in DMEM™ was added to the cells and further incubated for 1.5 h. The medium
was then discarded, and the cells were permeabilized resulting in formazan crystals
dissolving in 100 pL. of DMSO. The absorbance was measured at 570 using a microplate
reader and the background absorbance at and 650 nm was subtracted. The percentage of cell
viability was calculated from the absorbance obtained from the control divided by that of
each treatment.
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Compound transport studies across a monolayer of intestinal Caco-2 cells
The transport studies were performed following an established protocol for static transport
studies using Caco-2 cells [39]. At day 21 post-seeding, a non-toxic concentration of 100 pM
antipyrine, 100 uM ketoprofen, 125 uM digoxin, and 250 pM amoxicillin was prepared in a
transport medium (HBSS).
In the gut-on-chip studies, each compound solution was perfused through the upper channel
with a flow rate of 100 pL/h, whereas 4% BSA in HBSS was pumped through the basolateral
channel. An aliquot (100 uL) was collected from the apical and basolateral outlet every hour
for six hours.

In the Transwell studies, the cells were washed with HBSS for 15-20 min at 37°C
(0.5 mL in apical side, and 1.5 mL in basolateral side). Subsequently, HBSS was removed
from the basolateral chamber and replaced with 1.2 mL basolateral medium (4% BSA in
HBSS). Compound solutions of 0.4 mL in HBSS were then added to the apical side of the
inserts. From the basolateral side, aliquots (600 pL) were collected and replaced with the
same volume of 4% BSA in HBSS at settled time points (0, 15, 30, 60, 90 and 120 min for
antipyrine, ketoprofen and digoxin, and 0, 30, 60, 90, 120, 150 and 180 min for amoxicillin).
All the liquid from the apical and basolateral chamber was collected at the last time point in
order to calculate a mass balance. All samples were stored in -80 °C before analysis.

The transport was calculated from the experimental data using equation (1) for the
Transwell data and (2) for the gut-on-chip data. Equation (2) was derived from equation (1)

[23].
S (3

@ P,,= CV|_L
AC,

Where 4 is the surface area (cm?), dQ is the amount of the model compound
transported (umol) over the respective time interval dt (s), Cpis the initial concentration (WM),
C is the concentration in the basolateral compartment (WM) , and V is the flow rate (L/s).

Sample quantification (HPLC-UV/LC-MS/MS)

All samples from the transport experiments, except for the amoxicillin samples from
experiments with cell monolayer in both models, were analysed using high-performance
liquid chromatography (HPLC), as described previously [40], to quantify the amount of
compound in the sample. Prior to analysis, one volume of collected sample was mixed with
ACN or MeOH for amoxicillin to precipitate the BSA. After centrifugation at 16000 g for 10
minutes, the supernatant was injected in the HPLC column for analysis. Antipyrine and
ketoprofen samples (50 pL) were applied to a C18 reverse-phase column (150 mm x 4.6 1.D.
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, 5 um particle size) with a guard column (7.5 mm x 4.6 mm [.D.; Alltech, The Netherlands)
and detected by a UV detector (Perkin-Elmer, Waltham, MA) at 260 (antipyrine) and 254
(ketoprofen) nm. Digoxin (100 pL) and amoxicillin (50 pL) samples were injected to the
same column and was detected and quantified by UV absorption (Waters, Milford, MA) at
220 and 245 nm, respectively. Trifluoroacetic acid (TFA) 1% in water (solvent A) and ACN
(solvent B) were used as the mobile phase for analysis of all test compounds. For analysis of
antipyrine, ketoprofen and amoxicillin, elution was applied at a flow rate of 1.0 mL/min,
starting at 90% solvent A with a linear decrease to 0% solvent A in 20 minutes. Then, the
gradient returned to the initial concentration in 2 minutes, which was maintained for 10
minutes before the next sample was injected. For the analysis of digoxin, the gradient elution
started with 78% solvent A at a flow rate of 0.7 mL/min for 2 min, followed by a linear
decrease to 0% solvent A in 8 min. Then, the gradient returned to the initial conditions by a
linear gradient over 2 min and remained at this condition for 10 min. Calibration curves were
made using commercially available reference compounds for each individual set of samples
to enable quantification of the obtained results.

In the case of the amoxicillin studies with cells, liquid chromatography—mass
spectrometry (LC-MS), was used to detect the amount of amoxicillin in the samples. Briefly,
a 250 pL aliquot of the basolateral Transwell samples or 25 pL of gut-on-chip samples and
apical Transwell samples was mixed with 10 pL of internal standard working solution (25
pg/L AMOX-d4). Then, 2 mL of ACN was added and the solution was placed in a rotary
tumbler for 15 min followed by centrifugation at 3500 g for 10 min. After that, ACN was
evaporated with N, at 40 °C and the remaining pellet was re-suspended with either 100 pL
25 (v/v)% MeOH for the basolateral Transwell samples or 200 pL for the basolateral gut-on-
chip samples. For the apical samples, evaporation was not necessary because of their higher
concentrations. For all samples 100 pL was diluted with 900 pL 25% MeOH, and transferred
to LC-MS/MS vials. Five pL of the sample was injected into the Acquity liquid
chromatographic separation system (Waters, Milford, MA,) through an Acquity UPLC HSS
T3 column (2.1 mm x 100 mm L[.D., 1.8 um) (Waters) at 30°C employed under the gradient
mixture of 0.001 (v/v)% formic acid in water (A) and 0.001 (v/v)% formic acid in ACN (B)
at a flow rate of 0.4 mL/min. The gradient program was as follows: 0-1 min 0% B; 1-2.5 min,
from 0 to 25% B; 2.5-5.4 min, from 25 to 70% B; 5.4-5.5 min, from 70 to 100% B; 5.5-8.5
min, 100% B; 8.5-8.6 min, from 100 to 0% B; followed by the re-equilibration at 0% B for
0.9 min before the next injection. The LC eluent was introduced directly into the electrospray
ionization source (ESI) of the Q-Trap6500 mass spectrometer (Sciex, Framingham, MA)
operating in the negative mode. Nitrogen was used as nebulizing turbo spray gas. The
operational parameters of the ESI turbo ion source were as follows: vaporizing temperature
450 °C; curtain gas 35; and ionspray voltage -4000 V. Compound fragmentation was
achieved using collision induced dissociation using N> as collision gas. The following
multiple reaction monitoring (MRM) transitions were used; the precursor ion [M-+H]-+ for
amoxicillin was measured at m/z 363.9 and the corresponding product ions were measured
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at m/z 222.9 and m/z 206. The diclustering potential (DP) was set at -15 V and the collision
energy (CE) was -14 V and -24 V, respectively. The precursor ion [M-+H]-+ for amoxicillin-
d4 was measured at m/z 367.9 and the product ion was m/z 227.0. The DP was -45 V, and
CE was -14 V. Data processing was carried out using Multiquant software V3.0.2 (Sciex,
Framingham, MA). For quantification, the peak areas of the target ions were corrected with
those of the internal standard and the concentrations were determined using a matrix matched
calibration line.

Statistical analysis
All statistical evaluations were evaluated using an independent paired t-test (SPSS, IBM). A
p-value of <0.05 was considered significant.

Results

Simulated shear stress in the microfluidic gut-on-chip device

For the gut-on-chip experiments, the chip was placed in a chip holder connected to an eight-
channel pump system (for four chips) with a flow sensor for every channel, allowing precise
control of the apical (AP) and basolateral (BL) flow (Fig. 1 A). Computational fluid dynamics
were used to calculate and visualize the shear stress and flow velocity changes over the
geometry of the microfluidic device. As can be seen in Fig. 1 B, the flow velocity is highest
near the inlet and decreases as the microchannels broaden until their maximal width (11 mm).
In addition, due to an increment in the height of the chamber, the flow velocity was the lowest
at the centre of the chamber. The shear stress at the cell culture surface area was calculated
at ~0.0002-0.0017 Dyne/cm?.

Caco-2 cell monolayer integrity

Caco-2 cells were grown on the membrane in both the gut-on-chip and the Transwell model.
Lucifer yellow was used as a fluorescent marker to monitor the integrity of the tight junctions
between the Caco-2 cells. As shown in Fig. 2 the paracellular permeability value (Papp) of
lucifer yellow decreased in time in both tested systems. Both systems demonstrated a tight
monolayer after ~9 days of culture, but the Py, in the gut-on-chip appeared to fluctuate more
in the first week of culture. After 9 days of culture, the permeability of lucifer yellow was
stable and not significantly different between both systems (1.10x10, 0.76x10°¢, 0.40x10¢
for the Transwell at day 9, 11, 15 and 0.72x1076, 0.54x10°, 0.64x10°% cm/s for the gut-on-
chip at day 9, 11, 14; P>0.05; Independent t-test).
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Figure 1. Experimental setup of the gut-on-chip A) Schematic design of the microfluidic system. B) Flow velocity
simulation of the apical chamber using COMSOL. A horizontal cross-section was taken indicating a steady value of
flow velocity inside the flowcell, within the laminar regimen. The picture shows a lower flow speed at the centre of

the device.
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Figure 2. Time dependent P, (apparent permeability constant) reflecting tight junction integrity of a Caco-2 cell
monolayer determined by measuring the paracellular translocation of lucifer yellow in a Transwell system A4), and
a gut-on-chip system B). The values are presented as means £SEM; n=3 and 7 (Transwell and gut-on-chip).
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Assessment of cellular morphology

Caco-2 cells were cultured under continuous flow or static conditions for 21 days, in a gut-
on-chip or Transwell, respectively. The cellular morphology was analysed using confocal
microscopy, and representative images are shown in Fig. 3. Caco-2 cells grown under both
conditions formed a comparable pattern of tight junctions, indicating monolayer formation,
at day 5 to day 21 (Fig 3A and B). By creating Z-stacks vertical cross-sections of the
monolayers were assessed (Fig. 3C and D). Visual inspection showed an increase in the
height of the monolayers in time in both systems, reaching ~10 pm at day 21. Marked
differences between both culture systems became apparent in the subcellular localization of
actin filaments after ~11 days of culturing. Monolayers grown under static conditions mainly
expressed actin at the apical side, but cells grown under dynamic conditions exhibited more
pronounced actin filaments located along the entire height of the cells including the
basolateral side of the cells, were the cells were attached to the supporting porous membrane
(Fig. 3E and F).
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Figure 3. Morphology of Caco-2 cells cultured for 21 days in a static Transwell system or in a gut-on-chip system
under a continuous flow of 100 uL/h, visualized by confocal microscopy. Top views of the cell layer showing
comparable tight junction patterns (ZO-1/TJP1) in red over a culture period of 21 days in A) a Transwell and in B)
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a gut-on-chip. Vertical cross-sections of the cell monolayer showing actin filaments (Phalloidin) in green, cell nuclei
(DAPI) in blue, and tight junctions (ZO-1/TJP1) in red in C) a Transwell and D) a gut-on-chip. Note the increase
in actin filaments over the entire cell height in the gut-on-chip versus the Transwell. Horizontal cross-sections at
the basolateral side of the cells in E) a Transwell and F) a gut-on-chip further demonstrate the pronounced
basolateral presence of actin (Phalloidin; green) in the Transwell versus gut-on-chip. The scale bar represents 10

um.

Caco-2 cell differentiation

The functional development of the cells in both the gut-on-chip and Transwell model was
assessed by determining the ALP activity of the cells. ALP activity is an established marker
of epithelial cell differentiation [41-43]. The ALP activity of the cells grown under both
conditions are shown in Fig. 4. Cells grown in the gut-on-chip system showed an increase in
ALP activity in time, albeit with some fluctuations. At day 21, the ALP activity reached 15.2
+ 5.5 nmol/mg protein/min. Cells grown under static conditions also exhibited an increase in
ALP activity in time, reaching 11.4 + 4.5 nmol/mg protein/min. There were no significant
differences in cellular ALP activity between the Caco-2 cells grown in the Transwell and gut-
on-chip system at each individual time point (P>0.05; Independent t-test).
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Figure 4. ALP activity in Caco-2 cells grown in Transwell A) or gut-on-chip B). The values are presented as

means+SEM ; n=3 and 4 for Transwell and gut-on-chip, respectively.

Selection of non-cytotoxic concentrations of drugs

The MTT assay was used to select non-toxic concentrations of compounds to be applied in
the subsequent transport studies. Proliferating (1 day old) cells were exposed to
concentrations up to 500 uM, 300 uM, 250 uM and 500 uM of antipyrine, ketoprofen,
digoxin, and amoxicillin, respectively, for 24h. As shown in Fig. 5, no cytotoxicity (>80%
viability) was observed for all compounds at the highest tested concentrations.
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Figure 5. Cell viability of 1-day old Caco-2 cells exposed for 24 h to increasing concentrations of A) antipyrine, B)
ketoprofen, C) digoxin, and D) amoxicillin, given as a percentage (£1SEM) of the negative control (n=4)

Comparative drug transport under static and dynamic flow conditions
Compound translocation studies across Caco-2 cell monolayers grown under dynamic (gut-
on-chip) and static (Transwell) conditions were performed 21 days after seeding of the cells.
The transport of the compounds, antipyrine, ketoprofen, digoxin and amoxicillin, was
determined using HPLC or LC-MS. A recovery of 83-118 % for all measurements indicated
little loss of compounds due to non-specific binding to the hardware or chemical instability.

The transport of the highly translocated compounds; antipyrine, ketoprofen, and
digoxin was significantly lower in the gut-on-chip (Pappy=5.4x10°, 5.9 x 10 and 8.8x10°°
cm/s; p<0.05) than in the Transwell (Papp=22.7x10°, 16.0x10° and 16.4x10° cm/s) (Fig. 6A-
C, and Table 1). Whereas the transport of the lowly translocated compound, amoxicillin
appeared slightly higher in the gut-on-chip (Papp=5.8x107 cm/s) versus the Transwell
(Papp=1.1x10"7 cm/s), although this difference was not significant (p>0.05) (Fig. 6D and Table
1). To examine the influence of solely the system (i.e. Transwell vs. gut-on-chip) on the
transport behaviour of the compounds, both Transwell and gut-on-chip were also exposed to
the compounds without cells.

Diffusion (expressed as Papp) of all four compounds across the membranes in both
the gut-on-chip under dynamic conditions and Transwell (static conditions) without Caco-2
cell monolayers was significantly lower under dynamic flow in the gut-on-chip compared to
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the Transwell (i.e. four to seven-fold lower) (Fig. 6). Antipyrine and ketoprofen tested
without cells showed translocation values that were comparable to those obtained in the
experiments with cells; antipyrine (Transwell;, Pu,,=24.8x10 c¢m/s, gut-on-chip; Papp=
6.0x10°) and ketoprofen (Transwell; Pap,=18.8x10¢ cm/s, gut-on-chip; Papy=4.7x10° cm/s).
The transport of digoxin through the membrane without cells was also comparable with the
transport through the membrane with cells in the Transwell (Papp=19.1x10° cm/s). In the gut-
on-chip the transport of digoxin was significantly lower without cells (Papp= 2.8x10° cm/s).
Amoxicillin showed an increased translocation through the membrane without cells in both
the Transwell and gut-on-chip (Transwell; P,,,=19.3x10 cm/s, gut-on-chip; Papy=3.7x107°
cm/s).

As the diffusion of the four compounds in the gut-on-chip system under dynamic
conditions was lower than in the Transwell system as demonstrated by our experiments
without the Caco-2 monolayers, the influence of the liquid flow in the gut-on-chip on the
transport of antipyrine was examined. For this we examined the transport of antipyrine in
gut-on-chip with cells, with or without flow. Without the flow, antipyrine showed a two-fold
increased transport (Papp=10.4x10° cm/s) compared to the transport with the flow
(Papp=5.4x10¢ cm/s), but the transport was still two-fold lower than in the Transwell system
(Papp=22.7x107¢ cm/s ) (Fig 7). The transport of all four compounds was also tested in the gut-
on-chip and Transwell system without cells and without flow, showing approximately 2-fold
lower Py, values for all compounds in the gut-on-chip system (Suppl. Table 1).
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Figure 6. Apparent permeability (P.y,) values ((SEM) of model compounds; A) antipyrine, B) ketoprofen, C)
digoxin, and D) amoxicillin under static Transwell (open bare), or dynamic gut-on-chip (gray bar) conditions, with
or without 21-day old Caco-2 cells cultured on the porous membrane.* significant difference compared with the
static Transwell (p<0.05); # significant difference compared with the without cells condition (p<0.05); (n=3;
antipyrine, digoxin, and amoxicillin); (n=>5; ketoprofen in gut-on-chip system).
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Figure 7. Apparent permeability (P.y,) values (1SEM) of antipyrine in the gut-on-chip system with 21-day old Caco-
2 cells, under dynamic (with flow), or under static (without flow) conditions.* significant difference compared with
dynamic conditions (p<0.05); (n=3)

Table 1. Overview of the apparent permeability values (Ps,) (SEM) of the selected compounds in Caco2-cells
cultured under static (Transwell) and dynamic (gut-on-chip) conditions in this study, and in vitro and in vivo Papp
values or ranges (obtained from literature).

Papp (x10° crrv/s) Literature in Human in
Compound Transwell Gut-on-chip vitro Transwell viv? Papp BCS Fa (%)
Papp (x10%cm/s ) class
(x10%cm/s )

Antipyrine 22.7£0.5 5.4+0.2 11.3-150.0° 560¢ I 100¢
Ketoprofen 16.0+1.6 5.9+0.4 10.5-93.0° 870¢ I 100¢

Digoxin 16.4+0.7 8.840.1 0.59-4.69° N/A 1° 75¢
Amoxicillin 0.11+0.02 0.58+0.2 0.021-1.8° 30¢ e 45-75¢

BCS: Biopharmaceutics Classification System. Class I and II: high permeability, class III: low permeability.
Fa: human absorption of compounds, * data obtained from [44], ® data obtained from [45, 46] , © data obtained from

[47-49], ¢ data obtained from [50], © data obtained from [51] and ‘data obtained from [52]. N/A: not available in
vivo literature.

Discussion

We aimed to evaluate whether our in vitro gut-on-chip intestinal barrier model is an adequate
model for compound translocation studies. For this, we performed a biokinetic study
comparing our dynamic gut-on-chip [37] with a conventional model using the static
Transwell model. In both systems comparable trends in compound specific Py, values were
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observed. However, we observed marked differences in absolute transport rates in the
Transwell versus the gut-on-chip model that most likely were caused by differences in
experimental conditions and the design and intrinsic characteristics of the microfluidic chip.

In this study we used glass two-chamber microfluidic chips separated by a PET
membrane on which we cultured epithelial cells (Caco-2) under dynamic conditions. Using
a largely glass based microfluidic chip avoids the often raised issue of compound binding to
PDMS based chips [36]. We successfully observed a high recovery of compounds as we have
also shown previously for highly lipophilic compounds [37] indicating that no compounds
were lost in the total chip setup, that includes tubing with a relatively large surface area.

To perform biokinetic studies, conventionally Caco-2 cells are used after 21 days of
culturing in Transwell systems, when they have developed into a tight monolayer of
differentiated cells [53] We assessed the cell layer integrity in the conventional Transwell
model versus the gut-on-chip model by exposing monolayers of cells to a marker for
paracellular transport (lucifer yellow). The paracellular translocation dropped quickly for the
Caco-2 monolayers in the Transwell model reaching stable low levels in the second week of
culturing. A similar trend, albeit more variable, was observed for the Caco-2 monolayers
grown under dynamic flow conditions in the chip. Previously, other research groups have
characterized Caco-2 cell layer integrity and differentiation in microfluidic chips, but in chips
with different designs. Using microfluidic chips with a narrow long channel, full maturation
of the cell monolayer and barrier integrity was observed already after 3-5 days of seeding
[10, 16], which is faster than observed in our model. Next we evaluated the differentiation of
the Caco-2 cells in both the gut-on-chip and Transwell by determining ALP activity, a known
marker for intestinal cell differentiation [41-43]. Caco-2 cell differentiation was comparable
in both systems, ALP activity increased upon increasing the culture period with a maximum
activity reached on day 21. Again, in a chip with a narrow elongated channel, it was observed
that brush border aminopeptidase activity already on day 5 reached the same level as
following 21 days of culturing in Transwell [10, 16]. Due to the differences in chip design
the resulting shear stress experienced by the cells is different in this chip system as compared
to ours. In our device, we estimated a shear stress of approximately 0.0002-0.0017 Dyne/cm?
which is lower compared to the 0.02 Dyne/cm? reported for the channel chips [10]. Literature
data on in vivo shear stress in the gut however report highly variable ranges, between ~0.002-
12.0 Dyne/cm? [10, 54, 55], depending on the intestinal location and viscosity of digesta.
Therefore, to mimic the real shear stress experience by epithelial cells within the intestinal
lumen is still challenging in vitro. Lastly, we have evaluated the monolayer morphology of
Caco-2 cells grown in the gut-on-chip and static Transwell using confocal microscopy. While
the cell height was comparable, cells grown under constant flow expressed more actin
filaments on the basolateral side compared to cells grown under static conditions, as shown
before [37]. Actin filaments are associated with cell adhesion and mechanics, remodelling of
actin filaments might alter cell spread, migration, elongation, or enlargement of the cells [56,
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57]. The remodelling of the actin filaments did not affect the barrier integrity in the gut-on-
chip model.

We exposed differentiated monolayers of Caco-2 cells, grown under dynamic flow
conditions in the gut-on-chip and under static conditions in the Transwell system, to four
model compounds representing high and low permeability compound classes
(Biopharmaceuticals Classification System (BCS). Monolayers of differentiated Caco-2 cells
are regarded representative for the gastrointestinal absorption of compounds in vivo with the
best correlation for drugs transported by the passive transcellular route [53, 58]. The highly
transported compounds antipyrine, ketoprofen and digoxin indeed showed high Pq,, values
in both systems. Amoxicillin, a low transported compound, showed low P, values in both
systems. The Py, values derived from the static experiment were in line with those previously
obtained from static in vitro Caco-2 experiments for antipyrine, ketoprofen and amoxicillin
(see table 1 and references therein). Our digoxin Papp value was higher, in both the Transwell
and gut-on-chip system than those reported before. This difference likely can be explained
by the variable expression of P-glycoprotein 1 by Caco-2 cells, this efflux transporter is
responsible for the cellular excretion of digoxin. Variable expression levels can depend on
the passage number of the cultured cells [59]. The Payp values of the high permeability (class
I) compounds antipyrine and ketoprofen were about 4.2 and 2.7 folds lower, respectively,
when evaluated using Caco-2 cells under dynamic flow conditions in the gut-on-chip
compared to Caco-2 cells under static conditions in Transwell. Given the outcome of our
experiments without cells and without flow, we conclude that these differences can be
explained by (laminar) flow related effects and by influence of the design of the chip and/or
the material of the membrane on diffusion of these compounds. Laminar flow is the fluid
flow that occurs in long thin parallel layers with no disruption between them and can be
defined by the Reynolds number. The Reynolds number is the ratio of internal force to
viscous force. For our gut-on-chip conditions the Reynolds number equals ~0.007. At low
Reynolds numbers, viscous forces dominate, which implies a low migration (or diffusion) of
dissolved chemicals across layers resulting in less contact of the compounds with the cell
surface [60, 61]. In the absence of flow, diffusion is facilitated, this is demonstrated by the
~2 times higher Py, value of antipyrine in the gut-on-chip with cells without flow versus with
flow. Nevertheless, the P,p,, value in the gut-on-chip with cells and without flow was still
lower than that in the Transwell. The use of different membranes and the influence of
different designs (i.e. apical and basolateral volumes) in the gut-on-chip and Transwell
models could have contributed to these observed differences as shown by static experiments
using both membranes.

Monolayers of Caco-2 cells, are a standard model used to categorize drugs into the
four classes of the Biopharmaceuticals Classification System (BCS) and to predict intestinal
absorption of compounds [62, 63]. However, in the literature reported (apparent)
permeability values of compounds in vitro vary between labs and are lower than those
reported for human in vivo (Table 1). The latter usually is explained by the higher TEER
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values in vitro compared to TEER values in vivo [44, 53, 64]. Therefore, relative correlation
values between in vitro and human data have been often used to evaluate the prediction
potential of new in vitro models and to predict whether absorption of compounds in human
will be high or low [48, 52, 65, 66]. The transport data in our study are consistent with the
BCS compound classification, showing higher transport of antipyrine, ketoprofen, and
digoxin than amoxicillin.

Compound translocation of the four model compounds in the gut-on-chip and
Transwell are in line with the compound Biopharmaceuticals Classification System, albeit
absolute P.p, values of class I and II compounds were markedly lower in the gut-on-chip.
Clearly the laminar fluid flow in the microfluidic chip affects the transport of compounds, by
limiting the diffusions of compounds towards the membrane.. A solution can be to
incorporate herringbone-shaped groves to allow mixing as shown by De Haan et al. [67].
Secondly, the shape of the cell compartment affects the shear force and liquid flow patterns.
The consequences of these design characteristics, and thus accompanying shear forces, on
cell morphology, cell physiology, and cell differentiation and on how this affects compound
transport still needs to be assessed. Comparative studies on monolayer morphology related
to chip design are emerging [68].

In conclusion, different P,y values of the tested compounds were obtained in the
gut-on-chip and Transwell models for antipyrine, ketoprofen, and digoxin. The Py, value
obtained for the low permeability compound amoxicillin was comparable in both models.
These results are in line with the compound Biopharmaceuticals Classification System. Thus,
both the gut-on-chip and the Transwell model can be used for transport studies of chemicals.
The gut-on-chip model allows for integration with on line detection of compounds [29] while
the classical static Transwell model is easier to use.
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Supplementary Table 1. The permeability of antipyrine, ketoprofen, digoxin, and amoxicillin in the Transwell and
chip system under static conditions without cells (mean+SEM) (n=3 for antipyrine and Digoxin and n=4 for
ketoprofen and amoxicillin).

Permeability (x 10" cm/s)
Compound
™ Chip
Antipyrine 24.8+0.3 12.740.2
Ketoprofen 18.8+0.1 10.7£1.0
Digoxin 19.1+0.1 8.0+0.6
Amoxicillin 18.7£1.2 9.3+0.8
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Chapter 4

Abstract

Gut-on-chip devices enable exposure of cells to a continuous flow of culture medium,
inducing shear stresses and could thus better recapitulate the in vivo human intestinal
environment in an in vitro epithelial model compared to static culturing methods. We aimed
to study if dynamic culturing conditions affect the gene expression of Caco-2 cells cultured
statically or in a gut-on-chip device and how these gene expression patterns compared to that
of intestinal segments in vivo. For this we applied whole genome transcriptomics analyses.
Dynamic culture conditions led to a total of 5927 differentially expressed genes (3280
upregulated and 2647 downregulated genes) compared to static culture conditions. Gene set
enrichment analysis revealed upregulated pathways associated with the immune system,
signal transduction and cell growth and death, and downregulated pathways associated with
drug metabolism, compound digestion and absorption under dynamic culture conditions.
Comparison of the in vitro gene expression data with transcriptomic profiles of human in
vivo duodenum, jejunum, ileum and colon tissue samples showed similarities in gene
expression profiles with intestinal segments. It is concluded that both the static and the
dynamic gut-on-chip model are suitable to study human intestinal epithelial responses as an
alternative for animal models.
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Introduction

Current toxicological safety studies of chemicals and pharmaceuticals often rely on the use
of laboratory animals. The use of animals not only is time consuming, considered unethical
and expensive, but importantly also raises scientific questions on the differences in
physiology of laboratory animals compared to humans [1-3]. To refine, reduce or ultimately
replace the use of animal models (the 3R principle) [4], in vitro assays have been intensively
studied [5-7]. By using human cells, specific functions of the organ of origin can be emulated
in vitro. Here, we focused on human intestinal cells that are extensively used to model the
human intestinal epithelium.

With the emergence of microfluidic technology several organ-on chip platforms
have been launched [8, 9]. More specifically gut-on-chip devices have been introduced that
allow to culture epithelial cells under continuous perfusion and physiological shear stress
attempting to better recapitulate the functions of the human intestine compared to static
culturing methods [10-13]. While stem cell-based intestinal models can be used to study the
human intestinal function, the reproducibility and culture efficiency of the models in vitro is
still challenging [14, 15]. Therefore, human intestinal epithelial cell line-based models,
specifically Caco-2 cells, currently remain the most widely used and accepted in vitro model
for toxicological safety studies [16-18]. Despite the variety in existing gut-on-chip models,
there are only a few studies that evaluated the basal gene expression of Caco-2 cells compared
to that of human intestinal (in vivo) tissues [19]. Kim et al. published such a comparison of a
specific subclone of Caco-2 cells, but due to the very limited sample size in this study the
results have to be interpreted with caution. We are not aware of other comparative studies.
To the best of our knowledge, no other comparative studies addressing this issue in the
commonly used wild type Caco-2 cell line have been published so far.

The aim of the current study was to comprehensively investigate the effects of
dynamic flow conditions on the gene expression profile and affected biological pathways of
Caco-2 cells compared to the gene expression profile of Caco-2 cells cultured under static
conditions. Next, the gene expression profiles of Caco-2 cells, cultured under both conditions,
were compared with those of healthy human in vivo intestinal tissues. For this, we retrieved
data from publicly available gene expression databases. Briefly, Caco-2 cells were grown for
21 days in Transwells according to a standard protocol [20], and in our gut-on-chip device
[12, 13]. Gene expression data were obtained using a microarray platform and differential
expression was determined by a bioinformatics approach. Linear models and an intensity-
based moderated t-statistic were used for identification of differentially expressed genes and
gene set enrichment analysis (GSEA) for identification of affected biological pathways. The
differential expression of intestine-specific genes in Caco-2 cells was compared to those
reported for different regions of human intestinal tissues in vivo [21].

Materials and Methods
Chemicals and reagents
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Bovine serum albumin (BSA), Dulbecco’s Modified Eagle Medium (DMEM), penicillin-
streptomycin, Hank’s balanced salt solution (HBSS), trifluoroacetic acid were obtained from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Phosphate Buffered Saline (PBS), heat
inactivated fetal bovine serum (FBS) and MEM-non-essential amino acids were purchased
from Fisher Scientific (Landsmeer, The Netherlands).

Design of the gut-on-chip system
The microfluidic gut-on-chip device has been developed and described previously [12].
Briefly, the chip consists of three 15x45 mm (width x length) re-sealable glass slides that
result in two flow chambers (i.e. an upper apical (AP) and lower basolateral (BL) chamber)
upon assembly (see Fig. 1 A; Micronit, Enschede, The Netherlands). Both the upper and
lower glass slides were spaced from the middle layer membrane by a 0.25 mm thick silicone
gasket. The flow chambers were separated by a glass slide containing a polyester (PET)
porous cell culture, membrane with a 0.4 um pore size and a cell culture area of ~1.6 cm?.
The volume of the AP chamber is 75 mm? with a chamber height of 0.25 mm (membrane to
top layer) and the BL chamber is 110 mm?® with a chamber height of 0.65 mm (bottom layer
to membrane), resulting in a total volume of 185 mm? (uL) of the device (Fig. 1A). The chip
was placed in a chip holder with a quick locking mechanism, constructed for connection of
external capillaries to the chip via specific ferrules to ensure tight connections and a leak-free
system.

The constant flow was introduced to the chip using a microsyringe pump (NE-4000,
New Era Pump Systems, Inc.) equipped with two polypropylene syringes (30 mL, Luer-
locktm , Becton, Dickinson and company), with each syringe connected to either the AP or
the BL compartment using Ethylene Propylene (FEP) tubing (0.50 mm inner diameter, with
a length of 25 cm and 10 cm for the inlet and outlet, respectively). Before the start of each
experiment, all tubing and chips were sterilized using an autoclave and rinsed with 70%
ethanol. Tubing and chips were prefilled with medium to eliminate air bubbles in the system.
The entire system was put in an incubator at 37°C to maintain cell culture conditions.

Cell culture
A Caco-2 cell line (HTB-37), derived from a human colorectal adenocarcinoma,
was obtained from the American Type Culture Collection (ATCC, Manassas, VA,
USA). The cells were grown (at passage number 29-45) in DMEM supplemented with 10
% FBS, 1 % penicillin-streptomycin, and 1 % MEM non-essential amino acid, further
referred to as DMEM". The cells were seeded at a density of ~75,000 cells per cm? on 12-
well Transwell PET inserts (0.4 pum pore size, 1.12 cm? surface area, Corning
Amsterdam, The Netherlands) and cultured in DMEM" for 21 days. The medium was
changed every two to three days.

In the microfluidic device, the cells were seeded at a density of 75,000 cell per cm?
and were allowed to attach to the membrane for 24 h, without the fluid flow. The membrane
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was then inserted in the microfluidic chip and cells were exposed to a continuous flow of 100
uL/h DMEM™ until day 21 of culturing (Fig. 1B). By doing so, the shear stress in the AP
compartment was ~0.002 dyne/cm? at the cell membrane area where the cells were grown.
The DMEM* medium contained sodium bicarbonate (10 mM) to optimize the pH buffering
capacity.

Fluorescent imaging of epithelial cell morphology

Morphological assessment of the Caco-2 cell monolayers, grown in the gut-on-chip or
Transwell for 21 days, was performed as described previously [12]. In short, the chips were
opened, and cells were fixed with 4% formaldehyde for 10 min and rinsed with PBS at room
temperature. Cells were then permeabilized with 0.25% Triton X100 in PBS for 10 min and
blocked with 1% acetylated bovine serum albumin in PBS for 30 min. Conjugated antibody
Z0-1/TJP1-Alexa Fluor 594 (Invitrogen, Waltham, MA) at 10 pg/mL was used to stain tight
junctions. The nuclei were stained with 5 pg/mL DAPI (Invitrogen, Waltham, MA) and 4
U/mL Phalloidin Alexa Fluor 488 (Life technologies, Carlsbad, CA) was used to stain actin
filaments (i.e. cytoskeleton). The incubation time for all stainings was 30 min. The membrane
was placed between two cover slips separated by a spacer (0.12 mm depth x 20 mm diameter)
with a drop of anti-fading mounting medium. The cells cultured on Transwell membranes
were stained using the same procedure. The stained monolayers of cells were analyzed using
a confocal microscope (LSM 510 UVMETA; Carl Zeiss, Germany). Samples were excited
with 405, 488 and 543 nm lasers. Multi-tracked images were captured to avoid bleed through.
The used pinholes were in the range of 148-152 pm at a magnification of 40x. The gain and
offset for the different channels were kept constant during the entire experiment.

RNA isolation
Caco-2 cells were grown in the gut-on-chip or Transwell for 21 days. The chips were opened,
and cells were washed with PBS. After that, 100 uLL of RLT lysis buffer were added to the
cell culture membrane and incubated for 1-2 min, then the membrane was rinsed with another
100 uL RLT lysis buffer. Cell lysates were then collected and the total RNA extraction was
performed using the Qiagen RNAeasy Micro kit according to the manufacturer’s instructions.
The RNA amount was determined using a Nanodrop (ND-1000 Thermoscientific
Wilmington, Delaware, USA).

To the cells cultured on Transwell membranes 350 pL of RLT lysis buffer were
added, cell lysates were then collected and analyzed using the same procedure.

Affymetrix microarray processing, and analysis

The isolated RNA (n=4 per group) was subjected to genome-wide expression profiling. In
brief, total RNA was labelled using the Whole-Transcript Sense Target Assay (Affymetrix,
Santa Clara, CA, USA) and hybridized on Human Gene 2.1 ST arrays (Affymetrix). The
quality control and data analysis pipeline has been described in detail previously [22].
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Normalized expression estimates of probe sets were computed by the robust multiarray
analysis (RMA) algorithm [23, 24] as implemented in the Bioconductor library affyPLM.
Probe sets were redefined using current genome definitions available from the NCBI
database, which resulted in the profiling of 29,635 unique genes (custom CDF version 23)
[25]. Differentially expressed probe sets (genes) were identified by using linear models
(library limma) and an intensity-based moderated t-statistic [26, 27]. Probe sets that satisfied
the criterion of a False Discovery Rate (FDR)<0.01 were considered to be significantly
regulated [28]. Microarray data have been submitted to the Gene Expression Omnibus
(accession number pending).

Biological interpretation of array data

Changes in gene expression were related to biologically meaningful changes using gene set
enrichment analysis (GSEA). It is well accepted that GSEA has multiple advantages over
analyses performed on the level of individual genes [29-31]. GSEA evaluates gene
expression on the level of gene sets that are based on prior biological knowledge, GSEA is
unbiased, because no gene selection step (fold change and/or p-value cutoff) is used; a GSEA
score is computed based on all genes in the gene set, which boosts the S/N ratio and allows
to detect affected biological processes that are due to only subtle changes in expression of
individual genes. Gene sets were retrieved from the expert-curated KEGG database [32], but
sets belonging to the categories ‘6 - Human Disease’ and ‘7 - Drug Development’ (BRITE
Functional Hierarchy level 1) were excluded. Moreover, only gene sets comprising more than
15 and fewer than 500 genes were taken into account. For each comparison, genes were
ranked on their t-value that was calculated by the moderated t-test. Statistical significance of
GSEA results was determined using 1000 permutations.

Comparison of Caco-2 and human in vivo gastrointestinal tract transcriptome data

To compare the transcriptome profiles of Caco-2 cells grown under dynamic (gut-on-chip)
or static conditions (Transwell) with healthy human intestinal tissues, transcriptome data
from 5 locations taken along the gastrointestinal tract (duodenum, jejunum, ileum, and colon)
in 4 healthy human volunteers was used [21]. Datasets were integrated applying a cumulative
proportion transformation using YuGene [33], and visualized by principal component
analysis (PCA), essentially as described before [34]. In brief, raw data transcriptome (CEL)
files from the gastrointestinal were obtained from the Gene Expression Omnibus (GEO) [35]
(accession number: GSE10867). Next, each dataset was separately background corrected,
log2-transformed and summarized at the probe set level, which was followed by filtering out
all genes that were not shared on the two array platforms. Samples were then combined by
rescaling using the cumulative proportion transformation. The combined dataset included the
gene expression measurements of 12,746 genes in 22 samples. Before PCA, expression data
was centered by dataset. PCA was performed using the library PCAtools [36]. A list of 764
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intestine-specific genes was obtained from The Human Proteome Atlas [37], and used when
indicated.

Results

Cellular morphological assessment

Monolayer integrity of Caco-2 cells grown for 21 days in the gut-on-chip under dynamic
flow (Fig. 1A and B) or in the static Transwell was assessed using confocal microscopy
imaging. The top views of representative images are shown in Fig. 2A and B. Caco-2 cells
grown under continuous flow showed a comparable monolayer formation and cell
morphology at day 21 to cells grown under static conditions, as reflected by
immunofluorescence staining of nuclei (blue), actin filaments (green) and tight junctions
(red). Cells cultured under flow seemed to be slightly larger than those grown under static
conditions. Vertical cross-sections of the monolayers, created by Z-stacks (Fig. 2C and D),
showed cell polarization with core bundles of actin filaments in the microvilli and tight
junctions on the apical side, in cells grown under both conditions. The cell heights were
comparable in both systems, reaching ~10 pm at day 21.

Fluid flow

Fluid flow

Figure 1. Schematic illustration of the experimental setup of the gut-on-chip A) Schematic design vertical cross-
section of the microfluidic system, where the blue lines indicate the boundaries of the compartments, and the red
line the flow in and out of both compartments. B) Schematic drawing showing how cells were exposed to fluid flow.
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Figure 2. Cell morphology of Caco-2 cells after 21 days of culture under static (Transwell) (A and C) and dynamic
(B and D), with a flow of 100 uL/h, (gut-on-chip) conditions, visualized by confocal microscopy. Top views of the
cell layer in A) the Transwell and in B) the gut-on-chip. Vertical cross-sections of the cell monolayer in C) the
Transwell and D) the gut-on-chip. Actin filaments (Phalloidin) in green, cell nuclei (DAPI) in blue, and tight
Jjunctions (ZO-1/TJP1) in red. The figures at the right in line A and B present the overlay of the three individually
colored pictures.

Gene expression in Caco-2 human epithelial cells under static and dynamic conditions
Genome-wide changes in gene expression in Caco-2 cells grown under dynamic culture
conditions in the gut-on-chip were identified by comparison of gene expression of cells
grown under static versus dynamic culture conditions. After 21 days of culturing, total RNA
was isolated and gene expression was analyzed using Affymetrix GeneChips.

After data processing, differential gene expression was visualized in a volcano plot
(Fig. 3A). The expression of 29,635 genes in Caco-2 cells grown in the gut-on-chip device
was compared with that in cells grown under static conditions. In total, 5,927 differentially
expressed genes were observed in the gut on chip (3,280 upregulated and 2,647
downregulated) with a FDR <0.01(Fig. 3B). The top 10 most up- and downregulated genes
in cells grown in the gut-on-chip device, compared to cells grown in the Transwell inserts,
are listed in Table 1. Compared to the Transwell inserts, the most upregulated gene in cells
grown on the gut-on-chip device was metallothionein 1H (MT1H; log,FC = 5.89) coding for
metallothionein 1H protein, whereas the gene glucose-6-phosphatase catalytic subunit
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(G6PC; logrFC =-6.79) coding for glucose-6-phosphatase catalytic subunit protein was most

downregulated.
A) B)
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Figure 3. Overview of the differential gene expression in Caco-2 cells grown in a gut-on-chip device versus
Transwell inserts after 21 days of culture. A) Volcano plot of all differentially expressed genes where the FDR value
of each gene is plotted against the fold change in expression; the dotted line indicates an FDR of 0.01. B) The
number and percentages of differentially expressed genes in Caco-2 cells grown in a gut-on-chip device compared

to cells grown in Transwell inserts.
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Overview of gene set enrichment analysis

GSEA was performed to elucidate whether biological processes were potentially affected in
cells cultured under dynamic conditions compared to cells cultured under static conditions,
based on gene expression data. The studied pathways were derived from the KEGG database.
This database is structured into KEGG categories that are subdivided into category subgroups
and each category subgroup contains various pathways, each represented by a gene set. As
described in the material section we have considered gene sets belonging to 5 categories
namely ‘metabolism’, ‘genetic information processing’, ‘environmental information
processing’, ‘cellular processes’ and ‘organismal systems’ (BRITE Functional Hierarchy
level 1). This resulted in the analysis of 225 gene sets. Of these 225 gene sets, 108 gene sets
were differently expressed, of which 52 gene sets were upregulated in Caco-2 cells cultured
in the gut-on-chip versus Caco-2 cells cultured in Transwells and 56 gene sets were
downregulated in Caco-2 cells grown in the gut-on-chip (p-value<0.05 and FDR<0.25). The
most prominently upregulated gene set in Caco-2 cells cultured in the gut-on-chip represented
the ‘ribosome biogenesis’ pathway (normalized enrichment score, NES = 2.52) under the
KEGG category ‘genetic information processing’ and KEGG category subgroup ‘translation’
(suppl. Table 1). The most prominently downregulated pathway in Caco-2 cells cultured
under dynamic conditions represented the “protein digestion and absorption’ pathway (NES
= -2.23) under the KEGG category ‘organismal system’ and KEGG category subgroup
‘digestive system’ (suppl. Table 2). The gene expression analysis was continued by focusing
on up- and downregulated gene sets that represent pathways belonging to crucial small
intestinal functions, core signaling and cell survival. Twenty-four gene sets, belonging to the
KEGG category subgroups: ‘xenobiotics biodegradation and metabolism’, ‘membrane
transport’, ‘cellular transport’, ‘immune system’, ‘signal transduction’, ‘cell growth and
death’ and ‘digestive system’ (Table 2), were evaluated. Various gene sets in the KEGG
category subgroups ‘xenobiotics biodegradation and metabolism’ and ‘digestive system’
were downregulated. Various gene sets in the KEGG category subgroups ‘cellular transport’,
‘immune system’ and ‘cell growth and death’ were upregulated, In the 24 enriched gene sets,
there were 575 genes that were contributing most to the enrichment, the so called leading
edge genes, which are shown in a heatmap in Fig. 4.
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Figure 4. Heatmap showing the leading edge genes (575 genes in total) of 24 enriched gene sets. In the GSEA, gene
expression patterns of Caco-2 cells cultured in a gut-on-chip were compared with those of Caco-2 cells cultured in
Transwells.

Transcriptomic comparison of Caco-2 cells grown in the gut-on-chips and Transwells,
and human in vivo data

Next, we compared the gene expression profiles of the Caco-2 cells grown under dynamic
and static conditions in vitro, with human intestinal in vivo gene expression profiles. For this,
we selected a publicly available gene expression data set from the human proteome atlas that
contained data of human intestinal tissues [37]. The gene expression profiles were evaluated
by a principal component analysis (PCA). A PCA scatterplot representing the first two
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principal components based on the transcriptome profiles from 14 human in vivo samples
and 4 samples each of the Transwell and the gut-on-chip cell culturing system is shown in
Fig. 5. PC1 and PC2 explain 51.32% and 16.88% of the total variation, respectively. Samples
from the cells cultured in the gut-on-chip device and in the Transwells clustered together
showing the low variation and high robustness in each in vitro data set. This was also
observed for the in vivo colon samples, while the small intestinal samples (especially the
ilium samples) clustered somewhat more scattered. The first component (PC1) indicates that
Caco-2 cells cultured in gut-on-chip clusters were more distant from the clusters of jejunum
and duodenum samples, and closer to the colon in vivo samples than the Caco-2 cells cultured
in the Transwell system. The second component (PC2) indicates that the in vivo data sets
located between the two clusters of the in vitro samples (i.e. gut-on-chip and Transwell). In
the database of the human proteome atlas, from which we selected the intestinal tissue in vivo
data sets, 764 genes have been annotated as intestine specific, 483 (63%) of these genes were
expressed in our gene expression data from Caco-2 cells cultured under static or dynamic
conditions and data from selected tissue samples from human duodenum, jejunum, ileum and
colon [21] and were hierarchically clustered (Fig. 6). The clustering pattern of the various in
vitro and in vivo samples as observed by PCA is confirmed by the hierarchical clustering

based on the intestine specific 483 genes.
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Figure 5. PCA plot of genomic expression data of 483 of human intestine-specific genes [37] from human
duodenum, jejunum, ileum and colon tissues, and Caco-2 cells cultured in a gut-on-chip or Transwell system.
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Figure 6. Hierarchical clustering of the expression data of 483 of human intestine-specific genes in Caco-2 cells
grown in the gut-on-chip or Transwell and in human intestinal tissue samples.

Discussion

In this study we provide a comprehensive overview on whole genome differential gene
expression in Caco-2 cells when cultured under dynamic in vitro culturing conditions versus
static in vitro culturing conditions. In addition, we compared the transcriptome profiles of
our in vitro experiments with the transcriptome profiles as observed in human (in vivo)
intestinal segments. Monolayers of Caco-2 cells grown in conventional static systems have
been widely used to study effects of exposure to chemicals to predict the in vivo human
intestinal epithelial responses [38-40]. However, in vivo the epithelial cells of the intestinal
wall experience physical forces including strain, fluid shear stress, and villous motility. Shear
stresses to cells might be important triggers in the development and maturation of epithelial
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cells [41]. We here show a differential expression of 5,927 genes in Caco-2 cells induced by
dynamic culturing conditions as compared to static culturing conditions. The shear stress of
~0.002 dyne/cm? in our model induced comparable changes in gene expression profiles as
reported before in a model that exposed Caco-2 cells to an estimated shear stress of ~0.02
dyne/cm? [19]. No other studies on the effects of shear forces on Caco-2 cells based on
transcriptomics data could be found. Interestingly, for two other types of cells the effects of
shear forces have been studied in detail, namely for human vascular endothelial cells (with
fluid shear stresses ranging from 1.5 to 15 dyne/cm?; [42, 43]) and on murine proximal
tubular epithelial cells (with fluid shear stresses ranging from 0 to 1.9 dyne/cm?; [44]). These
studies revealed clear effects of fluid shear stresses on gene expression profiles in the cells,
comparison of the findings on affected genes and processes in these studies with our results
will be discussed further below.

At the individual gene level, fluid flow applied to Caco-2 cells resulted in the
upregulation of several genes related to mineral absorption/metal binding. Highly
upregulated genes were the metallothionein genes (i.e. MT1H, MT1G, MT1X) that provide
protection against metal toxicity [45] and oxidative stress [46]. Interestingly, the modulation
of metallothionein genes has been observed in endothelial cells in vitro upon physical stress
[43, 47].

The KEGG category ‘xenobiotics biodegration and metabolism’ was down
regulated under dynamic conditions. Various individual genes related to cellular metabolism
(i.e. G6PC, ALDOB, ASAH?2) were downregulated under dynamic conditions. Exceptions,
however, were genes coding for UGTIAI and CYP1A1 that were extremely upregulated in
Caco-2 cells cultured under dynamic conditions (top 20 most upregulated genes). The latter
genes relate to isoforms of enzymes that are important in drug and xenobiotic metabolism in
the small intestine. UGT1A1 catalyzes glucuronic acid conjugation to a nucleophilic substrate
[48, 49] and CYPIAI is involved in the modification of aromatic hydrocarbons. Gene
expression of UGTIAI and CYP1A1 is regulated by the aryl hydrocarbon receptor (AhR) [50,
51]. The AhR gene and AhR dependent genes (i.e. CYPIBI, TIPARP, PTGS2) were also
upregulated under dynamic culturing conditions. The upregulated expression of this
functional group of AhR regulated genes has also been observed in human endothelial cells
exposed to shear stress [52-54].

We next set off to analyze if the differential gene expression also affected biological
pathways using GSEA. The most relevant affected pathways for intestinal functions and core
signaling pathways were listed in Table 2. It is of interest that gene sets involved in
inflammatory pathways (i.e. IL-17 signaling pathway, cytosolic DNA-sensing pathway) were
upregulated in Caco-2 cells that were cultured in the gut-on-chip. This included the
upregulation of genes for the NOD-like receptor, RIG-I receptor signaling pathways that are
involved in the innate immune responses [55, 56]. This indicates that fluid shear stresses
might modulate the defense mechanism of intestinal epithelial cells by stimulating the innate
immune response. Miravete et al. observed that human proximal tubular cells (HK-2)
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exposed to a shear stress of 0.1 dyne/cm? activated the differentiation of monocytes into
macrophages by secretion of TNF-alpha [57], which also are elements of the innate immune
system.

Various signaling pathways (e.g. MAPK, TGF-beta, Jak-STAT, NF kappa B, TNF,
p53) belonging to the ‘signal transduction’ and ‘cell growth and death® KEGG category
subgroups were upregulated in Caco-2 cells grown under dynamic conditions. These
pathways have important regulatory roles in a wide variety of cellular processes including
cell proliferation, differentiation, apoptosis and stress responses in mammalian cells [58-62].
While the effects of shear stresses on signaling processes in intestinal cells is poorly studied,
much more is known from endothelial cells and these findings corroborate the results
observed in the present study. In endothelial cells, shear stress-induced IL-8 gene expression
(4.2 dyne/cm?) regulated by MAPK signaling [63]. TGF-beta signaling is also described to
be induced in endothelial cells by shear stress of 10 dyne/cm? [64]. NF kappa B signaling,
stimulating pro-inflammatory cytokine and chemokine release, was activated by a shear
stress of 15 dyne/cm? in endothelial cells [65].

Compound metabolism pathways, drug metabolism-cytochrome P450 and other
enzymes, belonging to the ‘xenobiotics biodegradation and metabolism’ KEGG category
subgroup were downregulated in Caco-2 cells exposed to shear stress, as was also observed
at the individual gene expression level with the exception of UGT1A41 and CYPIAI(AhR
dependent genes). The study with a different subclone of Caco-2 cells (i.e. Caco-2BBE)
cultured under a shear stress of 0.02 dyne/cm? in the study of Kim et al. showed an increase
in activity of the drug metabolizing cytochrome CYP3A4 enzyme compared to cells cultured
under static condition [11]. In our results, the pathways associated to general cellular
metabolism were also downregulated (suppl. table 2). This is in line with a study in renal
epithelial cells where a downregulation of gene expression at several levels for cellular
homeostasis, including fatty acid, amino acid and cholesterol metabolism, was observed after
exposure to a shear stress of 1.9 dyne/cm? [44]. Nutrient digestion and absorption by
epithelial cells might also be affected by fluid flow exposure as indicated by the
downregulation of gene sets associated with those processes (i.e. gene sets for the protein,
carbohydrate and fat digestion and absorption pathways belonging to the ‘digestive system’
KEGG category subgroup). This has also been observed in endothelial cells, in which shear
stresses (20 dyne/cm?) reduced the expression of genes involved in glucose absorption [66].

Lastly, we compared the gene expression patterns of both our in vitro models with
those of samples taken from different intestinal segments as reported in literature [21]. In a
PCA analysis of all data samples from our in vitro models cluster together in two separate
groups that both are different from the in vivo gene expression clusters. The PCA and the
unbiased clustering reveal that the gene expression profiles of Caco-2 cells cultured under
static conditions more closely recapitulate small intestine gene expression, while those of the
Caco-2 cells grown under shear stress cluster together slightly closer to colonic samples (Fig.
5 and 6). Interestingly, the duodenal and jejunum samples clustered together, while the gene
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expression of the ileum samples (from the same donors) seem to be much more variable. To
the authors knowledge, there is only one other study reporting on the transcriptomes of Caco-
2 cells cultured in gut-on-chip and Transwell devices compared with in vivo data [19].
However, with the very limited number of samples (n=2) the authors included it is quite
challenging to draw the strong conclusion form this study.

In conclusion, our study provides a comprehensive profile of altered gene expression
in Caco-2 cells under flow culturing conditions versus culturing under static conditions. The
responses were mainly related to cellular homeostasis, immunological responses, cell growth
and dead, as well as signal transduction. While general cellular metabolism and absorption
pathways were repressed, specific genes in xenobiotic biotransformation pathways were
induced upon exposure to fluid flow. Interestingly, comparable responses have been noted in
endothelial and renal tubular epithelial cells that were also exposed to shear stress. Our
unbiased comparison with global gene expression in samples from intestinal segments did
not reveal a striking similarity with any of these segments. The results obtained do not
apparently favor one of the two in vitro models and it can be concluded that both model
systems can be equally well used to study human intestinal epithelial responses, while,
depending on the endpoint of interest. It should be kept in mind that some specific gene
functions are differently modulated in each model. This information may be used to further
advance the applicability of flow conditions in in vitro cells systems for use as alternatives
for animal models.

Acknowledgement

The authors sincerely acknowledge the support and assistance of prof.dr.ir. IMCM (Ivonne)
Rietjens. K. K. is supported by a Royal Thai government Scholarship. This work was in part
supported by the Dutch Ministry of Agriculture, Nature and Food Quality (project KB-23-
002-022)

Author contributions

K.K. performed the experiments and together with M.Z. and H.B. wrote the main manuscript
text, L.D. performed the immuno histochemistry, V.M. performed the shear stress
simulations, G.H. with the support of K.K. and [.M.E. performed the biostatistical analysis.

Competing interests
The authors declare no competing interests.

103



Chapter 4

References

1.

10.

12.
13.
14.
15.

16.

17.

18.

19.

20.
21.

22.

104

Martignoni, M., G.M.M. Groothuis, and R. de Kanter, Species differences between mouse, rat, dog,
monkey and human CYP-mediated drug metabolism, inhibition and induction. Expert Opinion on Drug
Metabolism & Toxicology, 2006. 2(6): p. 875-894.

Komura, H. and M. Iwaki, In vitro and in vivo small intestinal metabolism of CYP3A and UGT substrates
in preclinical animals species and humans: species differences. Drug Metabolism Reviews, 2011. 43(4):
p. 476-498.

Punt, A., et al., Expert opinions on the acceptance of alternative methods in food safety evaluations:
Formulating recommendations to increase acceptance of non-animal methods for kinetics. Regul
Toxicol Pharmacol, 2018. 92: p. 145-151.

Flecknell, P., Replacement, reduction and refinement. ALTEX, 2002. 19(2): p. 73-8.

Guerra, A., N.E. Campillo, and J.A. Paez, Neural computational prediction of oral drug absorption based
on CODES 2D descriptors. Eur ] Med Chem, 2010. 45(3): p. 930-40.

Kampfer, A.A.M., et al., Development of an in vitro co-culture model to mimic the human intestine in
healthy and diseased state. Toxicol In Vitro, 2017. 45(Pt 1): p. 31-43.

Creft, J., et al., Fabrication of 3D scaffolds reproducing intestinal epithelium topography by high-
resolution 3D stereolithography. Biomaterials, 2019. 221: p. 119404.

Bhise, N.S., et al., Organ-on-a-chip platforms for studying drug delivery systems. ] Control Release,
2014. 190: p. 82-93.

Kimura, H., Y. Sakai, and T. Fujii, Organ/body-on-a-chip based on microfluidic technology for drug
discovery. Drug Metab Pharmacokinet, 2018. 33(1): p. 43-48.

Kim, HJ., et al., Human gut-on-a-chip inhabited by microbial flora that experiences intestinal
peristalsis-like motions and flow. Lab Chip, 2012. 12(12): p. 2165-74.

Kim, H.J. and D.E. Ingber, Gut-on-a-Chip microenvironment induces human intestinal cells to undergo
villus differentiation. Integr Biol (Camb), 2013. 5(9): p. 1130-40.

Kulthong, K., et al., Implementation of a dynamic intestinal gut-on-a-chip barrier model for transport
studies of lipophilic dioxin congeners. Rsc Advances, 2018. 8(57): p. 32440-32453.

Kulthong, K., et al., Microfluidic chip for culturing intestinal epithelial cell layers: Characterization and
comparison of drug transport between dynamic and static models. Toxicol In Vitro, 2020. 65: p. 104815.
Ortmann, D. and L. Vallier, Variability of human pluripotent stem cell lines. Current Opinion in Genetics
& Development, 2017. 46: p. 179-185.

Kasendra, M., et al., Development of a primary human Small Intestine-on-a-Chip using biopsy-derived
organoids. Sci Rep, 2018. 8(1): p. 2871.

del Carmen, P.M., G. Jean-Pierre, and L.B. Caroline, Intestinal in vitro cell culture models and their
potential to study the effect of food components on intestinal inflammation (vol 59, pg 1, 2019). Critical
Reviews in Food Science and Nutrition, 2019. 59(13): p. 2166-2168.

Punt, A., et al., Non-animal approaches for toxicokinetics in risk evaluations of food chemicals. ALTEX,
2017. 34(4): p. 501-514.

Li, C,, et al., Development of in vitro pharmacokinetic screens using Caco-2, human hepatocyte, and
Caco-2/human hepatocyte hybrid systems for the prediction of oral bioavailability in humans. J Biomol
Screen, 2007. 12(8): p. 1084-91.

Kim, H.J., et al., Contributions of microbiome and mechanical deformation to intestinal bacterial
overgrowth and inflammation in a human gut-on-a-chip. Proceedings of the National Academy of
Sciences of the United States of America, 2016. 113(1): p. E7-E15.

Hubatsch, 1., E.G. Ragnarsson, and P. Artursson, Determination of drug permeability and prediction of
drug absorption in Caco-2 monolayers. Nat Protoc, 2007. 2(9): p. 2111-9.

Comelli, E.M., et al., Biomarkers of human gastrointestinal tract regions. Mamm Genome, 2009. 20(8):
p. 516-27.

Lin, K., et al., MADMAX - Management and analysis database for multiple ~omics experiments. J Integr
Bioinform, 2011. 8(2): p. 160.



Transcriptomics of cells grown under static vs. microfluidic conditions

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Irizarry, R.A., et al., Exploration, normalization, and summaries of high density oligonucleotide array
probe level data. Biostatistics, 2003. 4(2): p. 249-64.

Bolstad, B.M., et al., A comparison of normalization methods for high density oligonucleotide array data
based on variance and bias. Bioinformatics, 2003. 19(2): p. 185-93.

Dai, M.H., et al., Evolving gene/transcript definitions significantly alter the interpretation of GeneChip
data. Nucleic Acids Research, 2005. 33(20).

Ritchie, M.E., et al., limma powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Research, 2015. 43(7).

Sartor, M.A., et al., Intensity-based hierarchical Bayes method improves testing for differentially
expressed genes in microarray experiments. Bmc Bioinformatics, 2006. 7.

Benjamini, Y. and Y. Hochberg, Controlling the False Discovery Rate - a Practical and Powerful
Approach to Multiple Testing. Journal of the Royal Statistical Society Series B-Statistical Methodology,
1995. 57(1): p. 289-300.

Subramanian, A., et al., Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A, 2005. 102(43): p. 15545-50.

Allison, D.B., et al., Microarray data analysis: from disarray to consolidation and consensus. Nat Rev
Genet, 2006. 7(1): p. 55-65.

Abatangelo, L., et al., Comparative study of gene set enrichment methods. BMC Bioinformatics, 2009.
10: p. 275.

Kanehisa, M., et al., KEGG: new perspectives on genomes, pathways, diseases and drugs. Nucleic Acids
Res, 2017. 45(D1): p. D353-D361.

Le Cao, K.A., et al., YuGene: a simple approach to scale gene expression data derived from different
platforms for integrated analyses. Genomics, 2014. 103(4): p. 239-51.

Rohart, F., et al., 4 molecular classification of human mesenchymal stromal cells. Peer], 2016. 4: p.
e1845.

Clough, E. and T. Barrett, The Gene Expression Omnibus Database. Methods Mol Biol, 2016. 1418: p.
93-110.

K Blighe, A.L. PCAtools: everything Principal Components Analysis. 2018 [cited 2020 13/02/2020];
Auvailable from: https://github.com/kevinblighe/PCAtools.

Uhlen, M., et al., Proteomics. Tissue-based map of the human proteome. Science, 2015. 347(6220): p.
1260419.

Meunier, V., et al., The human intestinal epithelial cell line Caco-2; pharmacological and
pharmacokinetic applications. Cell Biol Toxicol, 1995. 11(3-4): p. 187-94.

Sun, H., et al., The Caco-2 cell monolayer: usefulness and limitations. Expert Opin Drug Metab Toxicol,
2008. 4(4): p. 395-411.

Wang, Z., et al., (-)-Epicatechin and NADPH oxidase inhibitors prevent bile acid-induced Caco-2
monolayer permeabilization through ERK1/2 modulation. Redox Biol, 2020. 28: p. 101360.

Gayer, C.P. and M.D. Basson, The effects of mechanical forces on intestinal physiology and pathology.
Cellular Signalling, 2009. 21(8): p. 1237-1244.

Chen, B.P., et al., DNA microh shear stressarray analysis of gene expression in endothelial cells in
response to 24-. Physiol Genomics, 2001. 7(1): p. 55-63.

Ohura, N., et al., Global analysis of shear stress-responsive genes in vascular endothelial cells. ]
Atheroscler Thromb, 2003. 10(5): p. 304-13.

Kunnen, S.J., et al., Comprehensive transcriptome analysis of fluid shear stress altered gene expression
in renal epithelial cells. J Cell Physiol, 2018. 233(4): p. 3615-3628.

Sigel, A., et al., Metallothioneins and related chelators. Metal ions in life sciences,. 2009, Cambridge,
UK: RSC Pub. xxix, 514 p.

Kumari, M.V., M. Hiramatsu, and M. Ebadi, Free radical scavenging actions of metallothionein isoforms
I and II. Free Radic Res, 1998. 29(2): p. 93-101.

105




Chapter 4

47.
48.
49.

50.

51.

52.
53.
54.
55.
56.
57.

58.
59.

60.
61.
62.
63.
64.
65.

66.

106

Conway, D.E., et al., Endothelial metallothionein expression and intracellular free zinc levels are
regulated by shear stress. Am J Physiol Cell Physiol, 2010. 299(6): p. C1461-7.

Radominska-Pandya, A., et al., Structural and functional studies of UDP-glucuronosyltransferases. Drug
Metab Rev, 1999. 31(4): p. 817-99.

Miners, J.O. and P.I. Mackenzie, Drug Glucuronidation in Humans. Pharmacology & Therapeutics,
1991. 51(3): p. 347-369.

Yueh, M.F., J.A. Bonzo, and R.H. Tukey, The role of ah receptor in induction of human UDP-
glucuronosyltransferase 141. Phase Ii Conjugation Enzymes and Transport Systems, 2005. 400: p. 75-
+.

Brauze, D., et al., Induction of expression of aryl hydrocarbon receptor-dependent genes in human
HepaRG cell line modified by shRNA and treated with beta-naphthoflavone. Mol Cell Biochem, 2017.
425(1-2): p. 59-75.

Han, Z., et al., Aryl hydrocarbon receptor mediates laminar fluid shear stress-induced CYPIAI
activation and cell cycle arrest in vascular endothelial cells. Cardiovasc Res, 2008. 77(4): p. 809-18.
Lano, G., et al., Aryl Hydrocarbon Receptor Activation and Tissue Factor Induction by Fluid Shear
Stress and Indoxyl Sulfate in Endothelial Cells. Int ] Mol Sci, 2020. 21(7).

Conway, D.E., et al., Expression of CYP1AI and CYPI1B1 in human endothelial cells: regulation by fluid
shear stress. Cardiovasc Res, 2009. 81(4): p. 669-77.

Chen, G., et al., NOD-like receptors: role in innate immunity and inflammatory disease. Annu Rev
Pathol, 2009. 4: p. 365-98.

Loo, Y.M. and M. Gale, Jr., Immune signaling by RIG-I-like receptors. Immunity, 2011. 34(5): p. 680-
92.

Miravete, M., et al., Renal tubular fluid shear stress facilitates monocyte activation toward inflammatory
macrophages. Am J Physiol Renal Physiol, 2012. 302(11): p. F1409-17.

Harrison, D.A., The Jak/STAT pathway. Cold Spring Harb Perspect Biol, 2012. 4(3).

Eric Ho, J.W., Mitogen-Activated Protein Kinases, in Handbook of Cell Signaling E.A.D. Ralph A.
Bradshaw, Editor. 2010, Academic Press. p. 533-538.

Veronica Lifshitz, D.F., TGF-f, in Handbook of Biologically Active Peptides, A.J. Kastin, Editor. 2013,
Academic Press. p. 1647-1653.

Varfolomeev, E. and D. Vucic, Intracellular regulation of TNF activity in health and disease. Cytokine,
2018.101: p. 26-32.

Mitchell, S., J. Vargas, and A. Hoffmann, Signaling via the NFkappaB system. Wiley Interdiscip Rev
Syst Biol Med, 2016. 8(3): p. 227-41.

Cheng, M., et al., Activation of MAPK participates in low shear stress-induced IL-8 gene expression in
endothelial cells. Clin Biomech (Bristol, Avon), 2008. 23 Suppl 1: p. S96-S103.

Walshe, T.E., N.G. dela Paz, and P.A. D'Amore, The role of shear-induced transforming growth factor-
beta signaling in the endothelium. Arterioscler Thromb Vasc Biol, 2013. 33(11): p. 2608-17.

Hay, D.C., et al., Activation of NF-kappaB nuclear transcription factor by flow in human endothelial
cells. Biochim Biophys Acta, 2003. 1642(1-2): p. 33-44.

Doddaballapur, A., et al., Laminar shear stress inhibits endothelial cell metabolism via KLF2-mediated
repression of PFKFB3. Arterioscler Thromb Vasc Biol, 2015. 35(1): p. 137-45.



ditions

ic con

flui

1C VS. miCro

Transcriptomics of cells grown under stat

0-99°L ¥0-49°6 S9'L 810 SOI woyss sunwuiy swaysAs Jewsiuesio UONBNUAIJIP [[30 LTYL
0-99°1 0-d8°'1 99'1 LY'0 £el )eap pue [1moIs 190 s9s89001d 1R[N[[) sisodody
20-9S°T 00+50°0 191 €0 $8¢ uonorIoyul pue sa[nodjowr Sureusig | Sursseoold UOT)EULIOJUT [BIUSUIUOIIAUL uorjoeojur 103desar oury0jLo-oury0}L)
20-9¢€°1 €0-46't 89'1 LS0 w uonduosuer], Surssao01d uoneurIoyul 913U s10joe} uonduosuen [eseq
20411 €0-d1°1 oLl 50 L reop pue ImoiIs [[oD sossoo01d repnie) Kemyyed Surreusts ¢gd
£0-94S°6 ¥0-dL°€ Ll 1$°0 €6 wWoISAS sunuuwy SwoIsAs JewsiuesIQ Kemyyed Sureusts £ [-71
£0-49°8 €0-dL'Y €L'T 790 1€ reop pue YImoiIs [[oD sossoo01d renie) soroods opdnnu sisoydody
£0-4¢°8 €0-dIY L'l 99°0 €T 1redar pue uonedrdoy Surssoo01d uoneULIOUI 013U 1redor yojewusIA
€0-d1°8 €0-d8°€ L1 790 €€ uoneperdop pue unios ‘Surpjog Surssooo1d uoneULIOJUT O1}OUAD) JIodsuer) Je[nOISOA Ul SUOT)ORINUI dTRUS
€0-dL9 €0-9¢°¢ 9.1 89°0 w7 uornepeIdop pue 3unios ‘SuIpjoq Furssoooid uoreULIOJUT O130USN) 110dx9 urejoIg
€0-92°9 00+40°0 LL'T 0S°0 8¢l )eap pue yimois 190 s9ssao01d te[nj[2D s1503d0109N
€0-99°¢ 00+50°0 18°1 1S°0 Tl uonerouasal pue juowdooAdg swo)sAs JewsiueSIQ UOTIBT)USIRJJIP 1SB[00)SO
€0-9v'¢ 00+40°0 [4:2! ¥$°0 L8 uone[SueL], Surssoooid uoneULIOJUI 011U Kemyped soue[[1oAIns YN YW
¥0-H5°9 00+40°0 w6l S50 1! yedp pue yimoid [jo) sassaooxd te[njR) 91242 [12D
+0-d9°S 00+40°0 €6'1 €50 891 woIsAS dunwwp swalsAs [ewsiuesI0 Kemyped Surjeusdis 101dooa1 aY1-AON
$0-9S°€ 00+30°0 96'1 850 L6 uononpsuen [eudis |  Suissoooid uoneWLIOUT [BIUSWIUOIIAUY Kemyped Surpeudis g-eddey] AN
¥0-HC°C 00+40°0 00T 850 0l1 uononpsuen [eudis [ Surssooold uonBULIOJUI [RJUSWUOIIAUG Kemyped Surjeudis AN
70-49'1 00+30°0 10'C 29°0 L9 woIsAS dunuuuy swa)sAs JewsiuesIQ uoneuasard pue Jurssodord ueSnuy
Y0-dL'1 00+40°0 10T +9°0 8¢S Wo)SAS dunuwy Sw)SAs [ewsuedI0 Kemyped Suisuas YN 2110501
S0-dL'8 00+40°0 S0'C SLO 6C uonduosuel], Surssao01d uoneuLIO Ul 013U aserowk[od VN
00+40°0 00+90°0 81T 09°0 091 uonepeIdop pue 3unios ‘Suipjog Furssoooid uoneuIojur o1ouN) | wnnonal orwseidopus ur Jurssaooid ur)oIg
00+490°0 00+50°0 €T $9°0 [Tl uone[suel], Surssooold uonEULIOJUT O1}OUAN) yodsuen VN
00+d0°0 00+40°0 9¢'C L9°0 8TI uonduosuer], Furssooo1d uoneULIOJUT O130USL) Qw0s0a211dg
00+590°0 00+40°0 LET 6L°0 124 uopeperfop pue unios ‘Surpjo] Surssooo1d uoTEULIOJUT O1}0UAN) owosed)oId
00+30°0 00+40°0 (44 LLO 9L uone[suel], Surssaoo1d uoneuLIOJUI O1AUID $910A1[NS Ul S159U2301q AWOSOqTY
rea-b yad | rea-d WON SAN SHA AZIS dnou3qns £10331ed0 HOHI £10898D) HOIN Jureu Kemyred HOI

SUONIPUOD 2INJ[NO ONE)S SNSIOA SUOHIPUOD INYNO OIWEUAD IdpUN PaInjno s[[ad g-ode)) ur skemyped pajensardn | ojqe Areyuoworddng

(djuynpzsooolnio :promssed) 979G TASD=008 150 00€/AIoND/003/A0S [TU T IqOU MMM //:SANY ejep ARLIBOIOIA

107


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156269

Chapter 4

10-9€°1 20-d1°C €l SE0 112 uoneydepe [eyudWIUOIIAUY SwoIsAs JewsiuesIQ sIsoudgowIay [,
10-d1°1 20-d¥'C 9¢'1 8€°0 54| wisijoqeied pue Jodsuer], s9ssa001d renie) Tewtue ASeydoiny
10-91°1 20-9€°9 LET S0 0S wisIjoqejes pue jodsuer], sassaoo1d renyje) Qwosogeyq
70-98°6 20-40°¢ 8¢'1 00 96 uondeIdUI pue sa[nodjow Sureuss Surssa001d uonRULIOJUT [BIUSWIUOIIAUY 101do0a1 dupj0IA2

) pue duIy0}Ao Yym uonorINUI urejoId [eIA
20-99°6 T0-HE'T 6¢'1 8€°0 0SI uononpsuer) [eusrg Surssoo01d uoTEULIOJUT [BIUSWIUOIIAUY Kemyped SurpeuSts oddrg
70-9€°6 20-d¥'1 6¢'1 8€°0 8ST )eap pue [MoI3 [[oD) s9ssa001d re[nyeD Q0UISIUDS TR[N[OD)
20-d¢'8 20411 1 6€0 8G1 uononpsuer) [eusrg Surssa001d uonEWLIOJUT [BIUSWIUOIIAUY Kemuyed Sureusts 1V IS -yef
20-d8°L €0-dv°¢ w1 LE0 we wisjoqeied pue Jodsuer], sassoo01d renie) s1s03k00pug
0-dv'L 70-d48°C €l 970 89 w)sAS auLopuy SwoISAS [ewISIUB3IO Kemyred Surfeusis aurjojAoodipy
20-96'9 20-9€°1 44! 1%°0 SII wistjoqejowt AZ1oug wsIoqei N uone[1oydsoyd saneprxQ
20-46°S 20-d¢°1l L1 &0 6 uononpsuen [eudig Fu1sso001d UOHBWLIOJUT [BJUSWIUOIIAUT Kemyyed Surjeusis ejoq-JD 1,
20-dT°S €0-99't Al 70 9¢] uornepeIdop pue 3unios ‘Suipjo Furssooo01d uoreULIOJUT O130USD) s1s109101d pajerpawr unmbiqn
0-dT’S €0-d€9 81 w0 611 1eap pue yimois [[2D $9s59001d 1e[N[[2) stsotou 214000
20-9C°S 20-9y°1 o'l 9%°0 LL uonepeI3op pue Junios ‘FuIpjo Surssa001d uoneULIOUI O13OUID) uonepeIsop VNI
0-91°S 20-49°¢€ 6v'1 95°0 LT waIsAs A103010xg swaIsAs [ewsiuediQ UoI12103s pIoe 1onp Junod[jo)
20-dL'Y €0-d8'L 161 S0 06 W9ISAS dunuwy swsAs [ewsiuedio UONBIUSIJIP [[99 YL pPue [YL
20-96'¢€ 20-dTT €S°1 1S°0 44 woIsAs A103010x7 swoIsAs [ewsiuediQ uondiosqear 19jem paje[ndar uissardosep
20-dL°€ 20-47°C ST 96°0 1€ wisijoqeied pue Jodsuer], sassa001d ren[e) 10130 ASeydomny
20-dL°€ 70-40°'C $S'1 LS0 8T uononpsuer) [eusis | Surssod01d UOEWIOFUT [RIUSTUUOIIAUF soroads opdnnu Aemiped Surjeusts oddiy
20-98°¢€ €0-d8°1 ¥S'1 &0 9¢1 UOoNOBINUI puk sa[nodjowr Jurjeusis Surssao01d uoneULIOUT [BIUSWIUOIIAUY Kemuyyed Surreusis uoSonsg
20-ds°¢ €0-d8°S SS'1 LY0 8L WAISAS SNOAIIN SWIAISAS [ewsiue3i0 9[040 9101594 ondeuis
20-48°C €0-dL'1 861 9t°0 Y01 Wo)SAS dunuwy SWIRISAS [ewsiue3i0 Kemyped Surjeudis 10)desar unod] adA1-)
20-dL'T 20411 651 S0 (974 aredar pue uoneorjdoy urssoo01d uoreULIOJUT O13OUSL) 11edar uoISI9Xd 9p1Od[INN
20-9L°C €0-dLY 651 LY'0 €6 w)sAs duLopuyg Sw)sAs [ewsiue3i0 uoneIjew 9)K900 PojRIPIUT dU0IST0Id
C0-dL°C 00+30°0 09°'1 10 6C uononpsuer) [eusis Surss2001d UOHRULIOJUT [BIUSWIUOIIAUL Kemyyed Surreusis YJVIN
20-48°C €0-d8°¢ 09'1 0S°0 L9 wo)sAs aunwwy swoIsAs [ewsiuediQ Kemyyed Surreusis 103dooar ay1]-[-S1y
°0-9v°C €0-4d8°6 191 95°0 9¢ aredar pue uoneorjdoy Surssosold uoneULIOJUT 011U uoneosrjdar YNQ

108



ditions

ic con

flui

1C VS. miCro

Transcriptomics of cells grown under stat

€0-48'8 €0-96'% €LT- 90~ 1€ wisijoqejou ARIPAYOqIE) wIST[OqeIdN wSI[0qEe)dW 350J0R[eD)
€0-46'9 €0-9L'1 9L°1- 86°0- 9% wsijoqelowr pidiy wIST[0QRIOIN wsijoqejowr prdijosurydg
€0-d¥'9 €0-95°1 LL'T- 19°0- 9¢ wistjoqejou proe ouruy wsIoqeloN wsIjoqe)au QuISOIA |,
€0-dC°S ¥0-dt°9 6L'1- S0~ 1L wAISAS 9A1SATIg Sw)sAs [ewsiuesI0 uonaIods g
€0-dC'¢ €0-46'1 €8'1- 9L°0- 91 wisijoqejow prdig wSI[OqeIdN SISOUUASOIq PIoe J[Iq ATewLd
€0-d€'C €0-9S°1 S8 1- L9°0- 6C wsoqeIdw AeIpAyoqre)) wSIO0qeIdN wISI[0qe)oW JB[AX0qIEdIP UL e[AX0A[D)
€0-4C°C 00+30°0 98'1- LS0- IL sdew MaIAIOAO pUE [qOD wSTOqeIdN SPIOE OUIWIE JO SISYIUASOIE
€0-40'C ¥0-d1°C 98°1- 96°0- LL wo)sAs dunwy SwoIsAs JewsiuesIQ sopeosed uone[nseod pue juswodwo)
€0-d1'C €0-dI'1 L8'1- 1L°0- €T WSI[0qe)oW PIo. OUIUrY wSI[0qeIdN WISI[0qe)ouW dUIPHSIH
€0-dC'C Y0-dv'9 L1~ L9°0- 0€¢ wisIjoqe)dw djeIpAyoqre)) WISI[0QRIAA Kemyped ojeydsoyd osojuog
€0-46°1 Y0-dCt 88°I- 79°0- Ly WIS[[OQE)OW PIok OUTUIy wSTOqeIIN uonepeISop urdNI[OS] pue SUIONJ| SUIEA
€0-dv°1 00+40°0 06'1- 96°0- 78 wsijoqeied pue jodsuel], s9ssa001d JB[N[[0) QWIOSIX0IdJ
€O-dY'1 Y0-dE Y 16'1- $9°0- 8¢ wISI[0qejouW PIok Ounuy wISTOqeIIN WISI[OQE)OUI SUTUOAIY} PUB QULIOS AUIIA[D)
€0-dET Y0-dCt 16'1- L9°0- 43 wistjoqejow ajeIpAyoqIe)) wISTOqeIIN WISI[0QEIOUI 9SOIONS PUE [OIL)S
y0-dC°L $0-d1°C S6'1- 69°0- €€ wistjoqeldw aeIpAyoqie) wISI0qRIdN wsIjoqelou sjeouedory
$0-46°9 $0-4T P 96'1- L0 8T wistjoqejow ajeIpAyoqIe)) wSTOqeIIN wistjoqejow sjeoueing
$0-9C'L 0-d1°C 96'1- 6L'0- 81 wistjoqejow prdry wST[OqeIdN SISaYUASOIq PIOIANS
¥0-d46'L 00+40°0 96'1- ¥9°0- (94 woIsAs aAnsadiq swalsAs [ewsiuesI0 WISI[0QBIdW [01)SI[OYD)
¥0-dL9 00+40°0 86'1- $9°0- 34 wistjoqejow prdry wsIjoqedN uonepeIdap proe Apeq
YO-dv v 00+40°0 00°C- 79°0- 9 tstroquIo WIST[0QRIA 0Sd QWOoIyd0)4£o wsIjoqejou Sniq
pue uonepeISopolq soroiqousy ’
Y0-HEV 00+40°0 00°C- LS0- 41! sdew MaIAIoAO puE [Q01D wSHoqeIs|N wsIjoqejow uogie))
¥0-d8'% 00+40°0 00°¢C- 9L'0- €T wosAs 9A1NSITIg SwoIsAS [ewsIuesIO uondiosq pue uonsaSIp urejI A
¥0-dL'T 00+40°0 S0'C £9°0- 89 wistjoqe)ouw ajeIpAyoqre)) wSI[OqRIdN s150ua300u00N[3 SISA[0IA[D)
S0-d8'¢ 00+40°0 L1C €L°0- 114 woIsAs aAnsadig swa)sAs JewsiuesIQ uondiosqe pue uonsagp e
S0-dL'S 00+30°0 61°C SL'0- 6¢ woIsAs aAnsadiq SwoIsAs JewsiuesIQ uondiosqe pue uonsagip ajeIpAyoqie)
Y0-d1'1 00+40°0 €T 99°0- €8 woIsAs aAnsadiq swa)sAs [ewsiuesIQ uondiosqe pue uonsagp uroid
1ea-b yaya | rea-d WON SAN Nel AZIS dnoa3qns £10331ed HOHTY £1039eD) HOT dweu Lemped HoI

SUOTIIPUOI DINJ[ND JTJLIS SNSIOA SUOTIPUOD dINJ[NO JMWEBUAP JOPUN PAIMND S[[9d -0 ul sKemipjed pajenSorumo(q -z 9jqe] Areyuowoddng

09




Chapter 4

10-4d8°1 20-AL°1 8T'1- 7€°0- 0€E UonoBINUI puk sa[nodjowr Jurjeusis Su1sso001d UONRULIOJUT [B)USUIUOIIAUL uonoeINUI 10)dooa1-puesi| SANOLOINON
10-dL°1 20-d8°¢ 6C1- S0 91 uononpsuen [eusis Su1sso001d UONBULIOJUT [B)USUIUOIIAUL Kemyyed Sureudis DY J-JIND?
10-9€°1 20-99°% SE1- 0¥°0- S8 wsAs duLIoopug SWISAS [ewIsIue3IO UOI)2I09s UI[nsu|
10-41°1 70-d8°C 8¢~ 6€°0- 601 WAISAS SNOAIIN SWIA)SAS [ewsIuedIO asdeuds o1310u0)0108
20-96'6 20-4d1°C 6€'1- 6€°0- 611 uononpsuen [eudts [ Surssooo1d uonewIoIUI [BJUSUIUOIIAUY Kemyped Surfeudis JJINV
70-95'8 20-9S°¥ w- L¥'0- 24 wstjoqejouw prdry wsIOqeRN wstjoqeiow prdip oyg
wsTjoqejour

207158 20-9S°T w- b0 oL S — wISIOqeIdIA SOWAZUD I9YI0 WSI[oqeow Sni
20419 20-dE€'T LY'1- LY 0- 8¢ wisijoqejow prdiy WISI[OqRIdIAl WISI[0qe)oW PIoe JIUOPIYILIy
20-46°S €0-4€°6 St 1- 17°0- 72l wisijoqeied pue Jodsuer], sassod01d re[nyo) QWIOSOSAT
20-d8°S 20-46'C 8¥'I- 6v'0- Sy J10dsuern ouUBRIqQUISIA Su1ss0001d UOIRULIOJUT [BJUSWUOIIAUF s1op0dsuen Dy
20-9C°S 20-dv'y 051~ LS0- [44 wistjoqejou prdiy wsIOqeRN wsIjoqejow proe orusfour| eydry
20-90°S 0-96'¢ 0S°'1- 950~ ST wistjoqejou prdiy wiSI0qeIdN WSI[Oqe)dW pIoe oId[oul]
20-98'% 20-98'y 16°1- 790 91 sdew Ma1AIOAO puUE [2QO1D wWSIOqeRN wSI[0qeiow PIog A[AX0qIBd0X()
20-d€Y 20-490°% €S°1- 79°0- L1 wISI[0qejouW PIok ounuy wSI[0qeIRN wISI[OqejouW SuTue[e[AUayJ
({0187 20-9LT ¥ 1- 8570~ ¥ WISI[0QB)OWL PUB SISAYUASOI] UBJA[D) wSIOqEION urreday/ayeIns

ueledoy-sIsay)uAsorq uedA[FouruesodIL[n
20-96'¢ 20-9S°'C $S'1- £5°0- 6¢ wistjoqeldw eIpAyoqie) wsIoqeIdN wsI[oqejo djeAntkq
20-90'% €0-490't SSI- St°0- €6 wistjoqejow prdry wisijoqeaN wsrjoqeouw prdrjoydsoydorddkin
20-48°¢ €0-4C°8 SS1- 60" 19 wstjoqejou prdry wiSI0qeIdoN wsrjoqejowr prdrjoraL[H
20-dL°€ €0-96'¢€ 96°1- SH'0- 001 woIsAs duLIOopug SWA)SAS [ewsIuesIO Kemyped Surjeusis uogeon|n
70-98°¢ C0-d¢'C 9¢°1- 950~ 6¢ wistjoqelour AeIpAyoqIe) wsIoqeIdA (31940 WD 1) 91942 dren)
20-dL°E €0-90°¢ LST- 90" €6 wWoISAS 9ANSaSIq SWISAS [ewIsIue3IO UOI)2I09s d1eaIduRd
20-46'C €0-9C°C 09'1- 90~ 66 uononpsuen [eudis |  Sulssao0id UOHBUWLIOJUI [BIUSWUOIIAUL wasAs Furpeusdis jousourApneydsoyq
T0-9S'T €0-d€'S 19'1- 750" [S9 sdew MAIAIOAO puE [BQO[D) wSI[OqeId\ wsijoqeldw proe Ane
20-9¥'C 0-d€'T 91 LS°0- € WISI[OQEIOW PIO OUTUIY wsIjoqeIdN | wistjoqelow ewe)n|3 pue depredse Quruery
20-90°C €0-dS°L $9'1- $S°0- w WISI[OQEIOW PIok OUTUIy wsI0qeIdN wistjoqejowr ueydoydArp,
70-30'C €0-d1°1 S9'1- 050 vL wsI[0qeldw ojeIpAYoqIe) WSIOqeRN wstjoqejow deydsoyd [ojsouy
70-d8'1 0-4d1°1 99°1- 69°0- 91 wisijoqeldw AS1oug wSI[OqeIdN wS[0qe)dw UdSoNIN
20-dLT €0-46'8 99°'1- ¥9°0- 44 woIsAs A103010%q swoysAs TewsiueSiQ UOTJBWIE[0AT JBU0qIRIIq 9[NqN) [EWTXO0I]
20-9€°1 €0-d9't 69'1- 09°0- 43 wisijoqe)dw ajeIpAyoqre) wSI[0qeIdN WISI[0QeIoUT 9SOUUBW PUE 9SOJINI]
[l 0-d¥'9 oL’ T- 5°0" €L wa)sAs auLopuy SWISAS [ewISIURSIO) Kemyped SurpeuSis Yvdd

110



ditions

ic con

flui

1C VS. miCro

Transcriptomics of cells grown under stat

[y souda3/330y/dl-owouss mmmy/:sdyy,

QUdZ/A03 YU WU 1qou Mmm//:sdny;

(STOT “Te 12 Suoq “p10T “e 10 0eD) VN X 14015110 AILINON NN
SONIAL)OR
(L10T T 12 preua( 4107 “[e 12 udyD) VN X pue wonesopjoid ‘G o\.ﬂw. m 0 0TASYINL
(L10T “Te 10 NI T[0T “[e 10 UIBSSNH ‘90T “'[€ 10 orX) X X uondiosqe pue uonsaSip prdiy dLLN
(600 ‘e 10 €1BYOSOH ‘9((T ‘UCISNOH puE UId[es) X X wsIoqeaN 61DTdAD
J0)10dsuen
(910 ““Te 10 0mMSIYs] ‘800 “Fundf pue 104) *L10T “Te 10 IS[H) X X oueiqusIy ‘wondiosqe [exouIy DO0IS
(910T e 10 LD ‘T [OT “[€ 19 ANOU] ‘€661 ‘BueYD Pue UBWIJOH) X X uonsaSI( ‘WSIOqeIN I
(010T 1 %2 NYZ ‘900T “[& 10 OUOY) X X sisoyjuksorg ‘wsIoqeld CHVSV
- VN VN umot{un 8LI0LTD
(S10T 1 12 Apeg ‘g10T “Ie 12 Suey) ‘800T “'[& 10 SueyD) X X WSI[OqEION 4001V
(ST0T e 10 OnY ‘8OOT ‘PIOYSUBAl PUE NOYD) X X wsIjoqeldaN Dd9D
(610T T8 10 Azorery] ‘910 “Te 12 emese3eN ‘4007 [e 10 A9]00() VN X weIsAs aunwwy LTIAL
(910¢ “1e 10 Iouadie)) X X ymoi3 pue Judwdo[oAdp Jen[e) ardn
(910 '8 10 0paINdsg-za1dd ‘¢00T ‘YNPIIOIN pue densojer) X X I10110dSuRI) QUBIqUIDIA 9VIIDTIS
(110T “Te 10 £3]924 ‘9[0T “'[E 30 UBWLIOD)) X X woysAs qunuuwy EINLIAL
“Te 30 Suay) ‘2107 ‘@doo pue ysouSIA UeluBWRIqNS ‘9107 T8 10 _Emmﬂmw X X Furpuiq [ ‘uondiosqe [eiury XLLN
(610€ e 30 ONT “ZT0T ‘NIPUBJOL PUE [[2HqED) X X wsSIOqeRN CSYHA
(000T “10USL{ pue duted ‘L[0T “& 12 USSIEA Q10T “[€ 2 AIZUSNIBIN) X X wstjoqelaN IVILON
(210 “AoxdIH pue suiAen ‘g00T “[¥ 12 urqqeg) X X uonewEJuI-iuy VXNV
“Te 39 Suay) ‘2107 ‘@doo( pue ysauSIA UeluBRWRIqNS ‘9[0T T8 10 EMMNMMM X X BuIpuIq [N “uondiosqe [erRuN OLIN
“Te 39 Suay) ‘2107 ‘@doo( pue ysauSIA UeIUBWRIGNS ‘9[0T T8 10 ﬁo_wmmmw X kS BuIpULq [N “UOndIOsqe [BIUIN IR
suonedrqng Lseqeie Aemyied DO 9seqeied [GON S[[99 Ul uonduny 3107 SauRdD)

soua3 pejerndarumop pue dn Apueoryrudis jsow ()] doj oy ur soUAS Jo uonouUN Y} JUILIOSIP SIUAIYAY ¢ 9[qe L, Areyuoweiddng

111



Chapter 4

112

BABBIN, B. A., LAUKOETTER, M. G., NAVA, P., KOCH, S., LEE, W. Y., CAPALDO, C. T., PEATMAN, E.,
SEVERSON, E. A., FLOWER, R. J., PERRETTIL, M., PARKOS, C. A. & NUSRAT, A. 2008. Annexin A1 regulates
intestinal mucosal injury, inflammation, and repair. J Immunol, 181, 5035-44.

CARPENTER, A. R., BECKNELL, M. B,, CHING, C. B., CUARESMA, E. J., CHEN, X., HAINS, D. S. & MCHUGH,
K. M. 2016. Uroplakin 1b is critical in urinary tract development and urothelial differentiation and homeostasis. Kidney
Int, 89, 612-24.

CHANG, J., CHANCE, M. R., NICHOLAS, C., AHMED, N., GUILMEAU, S., FLANDEZ, M., WANG, D., BYUN,
D. S., NASSER, S., ALBANESE, J. M., CORNER, G. A., HEERDT, B. G., WILSON, A. J., AUGENLICHT, L. H. &
MARIADASON, J. M. 2008. Proteomic changes during intestinal cell maturation in vivo. J Proteomics, 71, 530-46.
CHANG, Y. C., YANG, Y. C,, TIEN, C. P., YANG, C. J. & HSIAO, M. 2018. Roles of Aldolase Family Genes in
Human Cancers and Diseases. Trends Endocrinol Metab, 29, 549-559.

CHEN, Q., LEE, C. E., DENARD, B. & YE, J. 2014. Sustained induction of collagen synthesis by TGF-beta requires
regulated intramembrane proteolysis of CREB3L1. PLoS One, 9, ¢108528.

CHENG, Z. Q., TAKO, E., YEUNG, A., WELCH, R. M. & GLAHN, R. P. 2012. Evaluation of metallothionein
formation as a proxy for zinc absorption in an in vitro digestion/Caco-2 cell culture model. Food & Function, 3, 732-
736.

CHOL K. C. & JEUNG, E. B. 2008. Molecular mechanism of regulation of the calcium-binding protein calbindin-D9k,
and its physiological role(s) in mammals: a review of current research. J Cell Mol Med, 12, 409-20.

CHOU, J. Y. & MANSFIELD, B. C. 2008. Mutations in the glucose-6-phosphatase-alpha (G6PC) gene that cause type
Ia glycogen storage disease. Human Mutation, 29, 921-930.

DENARD, B., CHEN, Q. Y., LEE, C. E., HAN, S., YE, J. & YE, J. 2017. Ceramide Induced Regulated Alternative
Translocation of TM4SF20 and Beyond. Faseb Journal, 31.

DOOLEY, T. P, CURTO, E. V., REDDY, S. P., DAVIS, R. L., LAMBERT, G. W., WILBORN, T. W. & ELSON, C.
0. 2004. Regulation of gene expression in inflammatory bowel disease and correlation with IBD drugs: screening by
DNA microarrays. Inflamm Bowel Dis, 10, 1-14.

DZIEGIEL, P., PULA, B., KOBIERZYCKI, C., STASIOLEK, M. & PODHORSKA-OKOLOW, M. 2016.
Metallothioneins in Normal and Cancer Cells. Adv Anat Embryol Cell Biol, 218, 1-117.

EADY, J. J., WORMSTONE, Y. M., HEATON, S. J., HILHORST, B. & ELLIOTT, R. M. 2015. Differential effects
of basolateral and apical iron supply on iron transport in Caco-2 cells. Genes Nutr, 10, 463.

FEELEY, E. M., SIMS, J. S., JOHN, S. P., CHIN, C. R, PERTEL, T., CHEN, L. M., GAIHA, G. D, RYAN, B. J,,
DONIS, R. O., ELLEDGE, S. J. & BRASS, A. L. 2011. IFITM3 inhibits influenza A virus infection by preventing
cytosolic entry. PLoS Pathog, 7, €1002337.

FENG, Y. A, LIU, T. E. & WU, Y. 2015. microRNA-182 inhibits the proliferation and migration of glioma cells
through the induction of neuritin expression. Oncol Lett, 10, 1197-1203.

GABRIELLI, F. & TOFANELLI, S. 2012. Molecular and functional evolution of human DHRS2 and DHRS4
duplicated genes. Gene, 511, 461-9.

GALETIN, A. & HOUSTON, J. B. 2006. Intestinal and hepatic metabolic activity of five cytochrome P450 enzymes:
impact on prediction of first-pass metabolism. J Pharmacol Exp Ther, 318, 1220-9.

GAO, R., WANG, L., SUN, J., NIE, K., JIAN, H., GAO, L., LIAO, X., ZHANG, H., HUANG, J. & GAN, S. 2014.
MiR-204 promotes apoptosis in oxidative stress-induced rat Schwann cells by suppressing neuritin expression. FEBS
Lett, 588, 3225-32.

GAVINS, F. N. E. & HICKEY, M. J. 2012. Annexin A1 and the regulation of innate and adaptive immunity. Frontiers
in Immunology, 3.

GERICKE, B., AMIRI, M. & NAIM, H. Y. 2016. The multiple roles of sucrase-isomaltase in the intestinal physiology.
Mol Cell Pediatr, 3, 2.

GORMAN, M. J., PODDAR, S., FARZAN, M. & DIAMOND, M. S. 2016. The Interferon-Stimulated Gene Ifitm3
Restricts West Nile Virus Infection and Pathogenesis. J Virol, 90, 8212-25.

GUO, T., CHEN, T., GU, C,, LI, B. & XU, C. J. 2015. Genetic and molecular analyses reveal G6PC as a key element
connecting glucose metabolism and cell cycle control in ovarian cancer. Tumor Biology, 36, 7649-7658.
HALESTRAP, A. P. & MEREDITH, D. 2004. The SLC16 gene family-from monocarboxylate transporters (MCTs) to
aromatic amino acid transporters and beyond. Pflugers Arch, 447, 619-28.

HOFFMAN, L. R. & CHANG, E. B. 1993. Regional Expression and Regulation of Intestinal Sucrase-Isomaltase.
Journal of Nutritional Biochemistry, 4, 130-142.

HOSOHATA, K., MASUDA, S., KATSURA, T., TAKADA, Y., KAIDO, T., OGURA, Y., OIKE, F., EGAWA, H.,
UEMOTO, S. & INUI, K. 2009. Impact of intestinal CYP2C19 genotypes on the interaction between tacrolimus and
omeprazole, but not lansoprazole, in adult living-donor liver transplant patients. Drug Metab Dispos, 37, 821-6.



Transcriptomics of cells grown under static vs. microfluidic conditions

HULST, M., JANSMAN, A., WIJERS, I., HOEKMAN, A., VASTENHOUW, S., VAN KRIMPEN, M., SMITS, M. &
SCHOKKER, D. 2017. Enrichment of in vivo transcription data from dietary intervention studies with in vitro data
provides improved insight into gene regulation mechanisms in the intestinal mucosa. Genes Nutr, 12, 11.

HUSSAIN, M. M., NIJSTAD, N. & FRANCESCHINI, L. 2011. Regulation of microsomal triglyceride transfer protein.
Clin Lipidol, 6, 293-303.

INOUE, S., MOCHIZUKI, K. & GODA, T. 2011. Jejunal induction of ST and SGLT1 genes in rats by high-starch/low-
fat diet is associated with histone acetylation and binding of GCNS5 on the genes. J Nutr Sci Vitaminol (Tokyo), 57,
162-9.

ISHIGURO, K., WATANABE, O., NAKAMURA, M., YAMAMURA, T., ANDO, T., GOTO, H. & HIROOKA, Y.
2016. S100G expression and function in fibroblasts on colitis induction. Int Immunopharmacol, 39, 92-96.

KONO, M., DREIER, J. L., ELLIS, J. M., ALLENDE, M. L., KALKOFEN, D. N., SANDERS, K. M., BIELAWSKI,
J., BIELAWSKA, A., HANNUN, Y. A. & PROIA, R. L. 2006. Neutral ceramidase encoded by the Asah2 gene is
essential for the intestinal degradation of sphingolipids. J Biol Chem, 281, 7324-31.

KRAICZY, J., ROSS, A. D. B., FORBESTER, J. L., DOUGAN, G., VALLIER, L. & ZILBAUER, M. 2019. Genome-
Wide Epigenetic and Transcriptomic Characterization of Human-Induced Pluripotent Stem Cell-Derived Intestinal
Epithelial Organoids. Cell Mol Gastroenterol Hepatol, 7, 285-288.

LIU, Y., CONLON, D. M., BL, X., SLOVIK, K. J., SHI, J., EDELSTEIN, H. I, MILLAR, J. S., JAVAHER, A.,
CUCHEL, M., PASHOS, E. E., IQBAL, J., HUSSAIN, M. M., HEGELE, R. A., YANG, W., DUNCAN, S. A., RADER,
D. J. & MORRISEY, E. E. 2017. Lack of MTTP Activity in Pluripotent Stem Cell-Derived Hepatocytes and
Cardiomyocytes Abolishes apoB Secretion and Increases Cell Stress. Cell Rep, 19, 1456-1466.

LUO, X., LI, N., ZHAO, X., LIAO, C., YE, R., CHENG, C., XU, Z., QUAN, J., LIU, J. & CAO, Y. 2019. DHRS2
mediates cell growth inhibition induced by Trichothecin in nasopharyngeal carcinoma. J Exp Clin Cancer Res, 38, 300.
MACKENZIE, P. 1., HU, D. G. & GARDNER-STEPHEN, D. A. 2010. The regulation of UDP-glucuronosyltransferase
genes by tissue-specific and ligand-activated transcription factors. Drug Metab Rev, 42, 99-109.

NAGASAWA, Y., OKUZAKI, D., MUSO, E., YAMAMOTO, R., SHINZAWA, M., INASAKI, Y., INATANL, H.,
NAKANISHI, T., ISAKA, Y. & NOJIMA, H. 2016. IF127 Is a Useful Genetic Marker for Diagnosis of Immunoglobulin
A Nephropathy and Membranous Nephropathy Using Peripheral Blood. Plos One, 11.

PAINE, M. F. & FISHER, M. B. 2000. Immunochemical identification of UGT isoforms in human small bowel and in
caco-2 cell monolayers. Biochem Biophys Res Commun, 273, 1053-7.

PEREZ-ESCUREDO, J., VAN HEE, V. F., SBOARINA, M., FALCES, J., PAYEN, V. L., PELLERIN, L. &
SONVEAUX, P. 2016. Monocarboxylate transporters in the brain and in cancer. Biochim Biophys Acta, 1863, 2481-
97.

SUBRAMANIAN VIGNESH, K. & DEEPE, G. S., JR. 2017. Metallothioneins: Emerging Modulators in Immunity and
Infection. Int J Mol Sci, 18.

VAESSEN, S. F., VAN LIPZIG, M. M., PIETERS, R. H., KRUL, C. A., WORTELBOER, H. M. & VAN DE STEEG,
E. 2017. Regional Expression Levels of Drug Transporters and Metabolizing Enzymes along the Pig and Human
Intestinal Tract and Comparison with Caco-2 Cells. Drug Metab Dispos, 45, 353-360.

XIE, Y., NEWBERRY, E. P., YOUNG, S. G., ROBINE, S., HAMILTON, R. L., WONG, J. S., LUO, J., KENNEDY,
S. & DAVIDSON, N. O. 2006. Compensatory increase in hepatic lipogenesis in mice with conditional intestine-specific
Mttp deficiency. J Biol Chem, 281, 4075-86.

ZHU, D., SREEKUMAR, P. G., HINTON, D. R. & KANNAN, R. 2010. Expression and regulation of enzymes in the
ceramide metabolic pathway in human retinal pigment epithelial cells and their relevance to retinal degeneration. Vision
Res, 50, 643-51

113






CHAPTER 5

Comparative transcriptomes of Caco-2 cells cultured
under dynamic and static conditions following
exposure to titanium dioxide and zinc oxide
nanomaterials

Kornphimol Kulthong, Guido J.E.J. Hooiveld, Loes
Duivenvoorde, Ignacio Miro Estruchl, Meike van der Zande and
Hans Bouwmeester

In preparation



Chapter 5

Abstract

Due to the widespread application of food-relevant inorganic nanomaterials, the
gastrointestinal tract is potentially exposed to these materials. Gut-on-chip in vitro model
systems are proposed for the investigation of compound toxicity as they better recapitulate
the in vivo human intestinal environment than static models, due to the added shear stresses
associated with the flow of medium in line with what cells experience in vivo. We aimed to
compare the cellular responses of intestinal epithelial Caco-2 cells at the gene expression
level upon TiO, (E171) and ZnO (NM110) nanomaterial exposure when cultured under
dynamic and static conditions. For this, we applied whole genome transcriptome analyses.
Differentially expressed genes and related biological processes revealed culture condition
specific responses upon exposure to TiO, and ZnO nanomaterials. The materials had more
effects on cells cultured in the gut-on-chip when compared to the static model, indicating that
shear stress might be a major factor in cell susceptibility. This is the first report on application
of a gut-on-chip system to evaluate cellular responses upon TiO, and ZnO nanomaterials
compared to a static system and extends current knowledge on nanomaterial-cell interactions
and toxicity assessment. Dynamically cultured cells appear to be more sensitive and the gut-
on-chip might thus be an attractive model to be used more extensively in the toxicological
hazard characterization.
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Introduction

Various metal-oxide nanomaterials (NMs) (e.g. TiO», Si02, ZnO, MgO) have been used in
the food processing industry as food additives, or incorporated in food packaging materials
attempting to optimize products and increase their shelf life [1-4]. The rapid increase in
production and use of engineered NMs demands a thorough investigation of their potential
toxicological effects [5, 6]. As oral exposure to these food-associated NMs can be expected,
it is particularly important to study the possibility of harmful effects to occur on the human
gastrointestinal tract. Human intestinal epithelial cell line-based models, specifically Caco-2
cells, are frequently used to study the potential effects of NMs on the gastrointestinal
epithelium [7-9].

With the emergence of microfluidic technology several organ-on-chip platforms
have been launched [10, 11]. More specifically, gut-on-chip devices have been introduced
that allow to culture epithelial cells under continuous perfusion resulting in a physiological
shear stress [12]. This novel technology is used attempting to better recapitulate the
physiological microenvironment and the functionality of the human intestine compared to
static culturing methods [12, 13]. Gut-on-chip models have been used to study the cellular
response and translocation of drugs and (environmental) chemicals and revealed the potential
for these dynamic models as an alternative in vitro model to replace animal studies [14-18].
Recent studies along with data from our group indicate differences in gene expression and
cellular functions between Caco-2 cells cultured under dynamic and static conditions [19-21]
(unpublished Kulthong et al., 2020).

TiO2 and ZnO NMs are the most produced NMs worldwide [22]. NMs have been
extensively used in food products. TiO, powders are allowed to be used as food additive
(E171) and have shown to contain nano-sized fractions [23]. ZnO micro-sized ZnO is
considered a ‘GRAS’ (generally recognized as safe) substance and allowed to be used in
biomedical applications by the FDA [24]. Recent studies on gene expression in epithelial
intestinal cells (Caco-2 or Caco-2 co-cultured with HT29 cells) indicated that exposure to
TiO> NMs (relevant for E171) affected expression of genes involved in oxidative stress,
inflammation and DNA repair [25, 26]. Exposure to ZnO NMs affected expression of genes
involved in inflammation, and metal responses [27, 28]. Thus, extensive reports are available
on effects of TiO, and ZnO NMs on gene expression in Caco-2 cells cultured in conventional
static models, but no studies so far focused on cellular responses following exposure to these
(food-associated) NMs under dynamic culture conditions. For this study, we have selected
both TiO, and ZnO NMs because of their different material properties. TiO> is recognized as
a low soluble inorganic material, therefore possible toxicological impacts are likely mainly
due to cell-particle contact [29, 30]. ZnO is a more soluble material of which the degree of
dissolution depends on particle size, crystal form and the biochemical composition of the
solvent the material is dispersed into [31]. Possible biological/toxicological effects are likely
(partly) due to zinc ions dissolved from ZnO NMs [32].
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The aim of the current comparative study was to investigate the effects of TiO, and
ZnO NMs exposure of Caco-2 cells on gene expression when cultured under dynamic (gut-
on-chip) or static (Transwell) conditions. We used industrial representative NMs. For TiO»
we used a food grade E171 material, for ZnO we used a representative material from the EU
nanomaterials repository (NM110). Briefly, Caco-2 cells were grown for 21 days in
Transwells according to a standard protocol [33], and in our gut-on-chip device as previously
described [15]. The cells were subsequently treated with non-toxic doses of TiO, and ZnO
NDMs. Gene expression data were obtained using a microarray platform and differential gene
expression was determined by a bioinformatics approach. Linear models and intensity-based
moderated t-statistics were used for identification of differentially expressed genes and gene
set enrichment analysis (GSEA) was applied for identification of affected biological
pathways.

Materials and Methods

Chemicals and reagents

Bovine serum albumin (BSA), Dulbecco’s Modified Eagle Medium (DMEM), penicillin-
streptomycin, Hank’s balanced salt solution (HBSS) were obtained from Sigma-Aldrich
(Zwijndrecht, The Netherlands). Phosphate Buffered Saline (PBS), heat inactivated fetal
bovine serum (FBS) and MEM-non-essential amino acids were purchased from Fisher
Scientific (Landsmeer, The Netherlands). TiO, NM E171 was provided by the commercial
supplier and was characterized and used in earlier studies [34, 35]. NM110 was obtained
from the Joined Research Centre (JRC nanomaterials repository, ISPRA, Italy).

Cell culture

A Caco-2 cell line (HTB-37), derived from a human colorectal adenocarcinoma, was
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The
cells were grown (at passage number 29-45) in complete culture medium, consisting of
DMEM supplemented with 10 % FBS, 1 % penicillin-streptomycin, and 1 % MEM non-
essential amino acids, further referred to as DMEM". For the Transwell experiments, the cells
were seeded at a density of 75,000 cells per cm? on 12-well Transwell polyester inserts (0.4
um pore size, 1.12 cm? surface area (Corning Amsterdam, The Netherlands) and cultured in
DMEM™ for 21 days. The medium was changed every two to three days. For the microfluidic
chips, the cells were seeded at a density of 75,000 cell per cm? and were allowed for 24h to
attach to the membrane on the middle layer of the chip. After attachment the membrane
middle layer of the chip was inserted in the microfluidic chip, and the cells were exposed to
a continuous flow of 100 pL/h DMEM ™ until day 21 of culturing. By doing so, the shear stress
in the AP compartment was ~0.002 dyne/cm? at the membrane surface, where the cells are
grown. The DMEM" medium contained sodium bicarbonate (10 mM) to optimize the pH
buffering capacity.
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Design of the gut-on-chip system
The microfluidic gut-on-chip device has been developed and described previously [15]. In
brief, the chip consists of three 15x45 mm (width x length) re-sealable glass slides that result
in two flow chambers (i.e. an upper apical (AP) and lower basolateral (BL) chamber) upon
assembly (Micronit, Enschede, The Netherlands). Both the upper and lower glass slides were
spaced from the middle layer membrane by a 0.25 mm thick silicone gasket. The flow
chambers were separated by a glass slide containing a polyester (PET) porous cell culture
membrane with a 0.4 pm pore size and a cell culture area of ~1.6 cm?. The volume of the AP
chamber is 75 mm? with a chamber height of 0.25 mm (membrane to top layer) and the BL
chamber is 110 mm? with a chamber height of 0.65 mm (bottom layer to membrane), resulting
in a total volume of 185 mm? (uL) of the device. The chip was placed in a chip holder with
a quick locking mechanism, constructed for connection of external capillaries to the chip via
specific ferrules to ensure tight connections and a leak-free system.

Constant flow was introduced to the chip using a microsyringe pump (NE-4000,
New Era Pump Systems, Inc.) equipped with two polypropylene syringes (30 mL, Luer-
locktm , Becton, Dickinson and company), with each syringe connected to either the AP or
the BL compartment using Fluorinated Ethylene Propylene (FEP) tubing (0.50 mm inner
diameter, with a length of 25 cm and 15 cm for the inlet and outlet, respectively). Before the
start of each experiment, all tubing and chips were sterilized using an autoclave and rinsed
with 70% ethanol. Tubing and chips were prefilled with medium to eliminate air bubbles in
the system. The entire system was put in an incubator at 37°C to maintain cell culture
conditions.

Size distribution and sample preparation of NMs

NMs were prepared and dispersed according to the Nanogenotox dispersion protocol [36].
Briefly, an accurately weighed sample of 15.4 mg of finely powdered TiO; and ZnO was
added to 30 pL of 96% ethanol to pre-wet the NMs followed by addition of 570 pL 0.5
mg/mL BSA solution (final NM concentration 2.6 mg/mL). The mixture was shaken and put
on ice. The suspension was then sonicated using a 400W probe sonicator set at 10%
amplitude for 16 min (Branson Ultrasonics Sonifier™ S-450). After that, the stock solution
was diluted in DMEM™ to the concentration used for size measurement (100 and 10 pg/mL
for TiO; and ZnO, respectively). The hydrodynamic diameter of the NMs was determined
using a homebuild dynamic light scattering (DLS) setup with a fixed 90 degrees detection
angle. The instrument consists of an ALV/SO SIPD Single Photon Detector with ALV Static
and Dynamic Enhancer Fiber optics, an ALV7002-USB correlator and a Cobolt Samba-300
DPSS laser with a wavelength of 532 nm. Samples (n=3) were analyzed with each
measurement consisting of 10 technical replicate measurements of 30s each. The results are
expressed as the average hydrodynamic diameter (nm) =+ standard deviation (SD) that was
calculated using AfterALVVR (Dullware, USA).

119



Chapter 5

In vitro sedimentation, diffusion and dosimetry (ISDD) modelling of NMs.

The deposited fraction of the exposure doses of the particles was calculated using the In vitro
Sedimentation, Diffusion and Dosimetry (ISDD) model downloaded from Pacific Northwest
National Laboratory website [37]. The following parameters were used as input in the ISDD
model: the hydrodynamic diameters of the NMs in DMEM* measured by DLS (Table 1),
medium column height (44.6 and 0.25 mm, respectively), temperature (310°K), media
density 1 g/ml and media viscosity 0.0009 N s/m? [38].

Viability assay
Cytotoxicity of NMs was assessed using a WST-1 assay, a mitochondrial activity-based cell
viability assay. Caco-2 cells (50,000 cells/cm?) were seeded in 96-well plates. After 24h, the
medium was discarded and was subsequently replaced with various concentrations of TiO»
(0, 10, 25, 50, 100 or 150 pug/mL) and ZnO (0, 0.4, 2, 10, 50 or 100 pg/mL) NMs dispersed
according to the protocol mentioned above and diluted in cell culture medium for 24h. At the
end of the treatment period, cells were added with 10 uL. WST-1 solution and further
incubated for 1 h. The plate was centrifuged at 200g for 10 min, and the 70 pL supernatant
were collected. The absorbance of supernatant was measured at 440 and 630 nm using a
microplate reader (Synergy HT, BioTek, VT) and the background absorbance of NMs was
subtracted. The percentage of cell viability was calculated using the absorbance of the
treatment group divided by the absorbance of the negative control (cells without NMs).
NM exposure to Caco-2 cells
At day 21 post-seeding Caco-2 cells in either the gut-on-chip or Transwell were exposed to
equal deposited doses based on the ISDD modelling. For the gut-on-chip, NM suspensions
of 100 pg/mL TiO; (n=4) and 80 pg/mL ZnO (n=4) were prepared in DMEM" (a dispersion
solution in DMEM" for each control group (n=4)) and perfused via the upper channel with a
flow rate of 100 pL/h. DMEM" without NMs was pumped through the basolateral channel
with an equal flow rate. After about 42 min the upper chamber was fully filled with the NM
solution and the flow was stopped for 6 h in order to exclude the possible influence of laminar
flow in gut-on-chip system resulting in the different exposure doses as reported in our
previous study [15]. This will enable the best comparison of the cellular response by cells
grown in the two systems.

In the Transwells, the cell culture medium of the AP side was replaced with 500 ulL
NM suspension of 50 orl0 pg/mL for TiO2 (n=4) or ZnO (n=4) and the medium of the
basolateral side was refreshed with DMEM* without NMs culture medium followed by 6 h
incubation.

RNA isolation

Caco-2 cells were treated with NMs in the gut-on-chip or Transwell for 6 h. After the 6 h
incubation the apical chamber of the chip was perfused with 100 uLL. DMEM™ to wash the
cells. After that, 100 pL RLT lysis buffer was perfused trough the chip and incubated for 2
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min followed by another 100 nLL RLT lysis buffer. The entire RLT solution was collected as
cell lysate and total RNA was extracted using the Qiagen RNAeasy Micro kit according to
the manufacturer’s instructions. The RNA amount was determined using a Nanodrop (ND-
1000 Thermoscientific Wilmington, Delaware, USA).

To the cells cultured on Transwell membranes 350 pL of RLT lysis buffer were
added after washing the cells with DMEMY, cell lysates were then collected and analyzed
using the same procedure.

Affymetrix microarray processing, and analysis

The isolated RNA was subjected to genome-wide expression profiling. In brief, total RNA
was labelled using the Whole-Transcript Sense Target Assay (Affymetrix, Santa Clara, CA,
USA) and hybridized on Human Gene 2.1 ST arrays (Affymetrix). The quality control and
data analysis pipeline has been described in detail previously [39]. Normalized expression
estimates of probe sets were computed by the robust multiarray analysis (RMA) algorithm
[40, 41] as implemented in the Bioconductor library affyPLM. Probe sets were redefined
using current genome definitions available from the NCBI database, which resulted in the
profiling of 29,597 unique genes (custom CDF version 23) [42]. Differentially expressed
probe sets (genes) were identified by using linear models (library limma) and an intensity-
based moderated t-statistic [43, 44]. Probe sets that satisfied the criterion of p<0.01 were
considered to be significantly regulated. Microarray data have been submitted to the Gene
Expression Omnibus (accession number pending). All groups were n=4, only one outlier in
the TiO> NM treatment group in the Transwell was excluded based on multi-dimensional
scaling plot resulting in n=3 for this group.

Biological interpretation of array data

Changes in gene expression were related to biologically meaningful changes using gene set
enrichment analysis (GSEA). It is well accepted that GSEA has multiple advantages over
analyses performed on the level of individual genes [45-47]. GSEA evaluates gene
expression on the level of gene sets that are based on prior biological knowledge, GSEA is
unbiased, because no gene selection step (fold change and/or p-value cutoff) is used; a GSEA
score is computed based on all genes in the gene set, which boosts the S/N ratio and allows
to detect affected biological processes that are due to only subtle changes in expression of
individual genes. Gene sets were retrieved from the expert-curated KEGG database [48]
(BRITE Functional Hierarchy level 1). Moreover, only gene sets comprising more than 15
and fewer than 500 genes were taken into account. For each comparison, genes were ranked
on their t-value that was calculated by the moderated t-test. Statistical significance of GSEA
results was determined using 1000 permutations.

Results
Physicochemical characterization of the NMs
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Both TiO; and ZnO NMs were obtained in a powdered form, and were dispersed according
to the Nanogenotox protocol [36]. The resulting suspension was subjected to DLS analysis
to determine the hydrodynamic size of the nanomaterials. The average hydrodynamic sizes
of the materials after 1 hour of incubation in DMEM™ are given in Table 1. The polydispersity
index (PDI), indicating whether the size distribution of the particles in the suspension is
homo- or heterogenous, of both suspensions was <0.7 showing a homogenous size
distribution [49]. The hydrodynamic sizes of the materials in DMEM* were stable during 24h
(data not shown), which is the longest exposure time used in the experiments.

Table 1. Physicochemical characteristics of the selected NMs

. Hydrodynamic diameter
. . Crystal Primary .
Material code Core material | Product type tructu ize (am) (nm) £ SD of NMs in PDI£SD
structure size (nm
DMEM"*
E171 TiO2 Powder Rutile/anatase 60-300° 262+21 0.2740.11
NMI110 ZnO Powder Zincite 158° 229+13 0.17+0.04

*[34], °[50]

Selection of non-cytotoxic concentrations of NMs

Cytotoxicity experiments, using a WST-1 assay, were performed to select non-toxic
concentrations of NMs to be applied in the subsequent gene expression study. Proliferating
(1 day old) cells that are generally considered more vulnerable to toxicity or uptake of
nanoparticles than differentiated 21 day old Caco-2 cells [51, 52] were exposed to
concentrations up to 150 and 100 pg/mL TiO; and ZnO NMs, respectively, for 24h. As shown
in Fig. 1, no cytotoxicity (>80% viability) was observed for TiO, NMs for any of the tested
concentrations, whereas cytotoxic effects of ZnO NMs were observed at concentrations of
50 pg/mL and higher. As the design of the 96-well plates, the gut-on-chips and Transwells
are different, the exposure is also given as the deposited mass of the NMs.
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Figure 1. Cell viability of 1-day old Caco-2 cells exposed for 24h to increasing concentrations (also given as
deposited mass) of A) TiO., or B) ZnO NM, given as a percentage (:SEM) of the negative control (n=3),* indicates
significance difference compared with the negative control group(one-way ANOVA, Dunnett, p<0.05)

Prediction of particle sedimentation using the ISDD model

In our experiments we have used three different culturing devices for cell culture (i.e. 96 well
plates for the cell viability experiments and Transwells and gut-on-chips for the gene
expression experiments). The three different culturing devices have different dimensions (i.e.
the height and width of the cell culture compartment). To be able to compare the gene
expression profiles, we exposed the cells in the Transwells and gut-on-chips to equal NM
deposition mass doses. To achieve this, nominal exposure concentrations were calculated of
TiO2 and ZnO NMs for each culture device using the In vitro Sedimentation, Diffusion and
Dosimetry (ISDD) model [37, 46]. To achieve equal deposited NM doses a higher nominal
NM concentration was needed for the chip (i.e. 2-fold higher for TiO; and 8-fold higher for
ZnO NM) compared to the nominal NM concentration in the Transwell. The final selected
deposited mass doses of ~2.5 and ~2.0 pg/cm? TiO, and ZnO NM, respectively, were lower
than the non-toxic doses observed in 96-well plate to accommodate a potential higher
sensitivity of cells cultured under shear stress. In addition, for TiO,, the ~2.5 pg/cm? TiO
NM dose (corresponding to a nominal NM concentration of ~10 pg/mL in the cell viability
assay) is a rather low dose when considering the cell viability results, due to the maximum
concentration limit to maintain suspension stability. The resulting deposited mass is shown
in Table 2.
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Table 2. Deposited mass doses and nominal concentrations of NMs in each exposure model

Simulated deposited mass dose (pg/cm?)*)
Material
96 well plate Transwell Gut-on-chip
TiO, up to ~25 ~2.5 ~2.4
ZnO up to ~3.1 ~1.9 ~2.1

*Based on ISDD modelling

Gene expression in Caco-2 cells exposed to NMs cultured under dynamic and static
conditions

NM induced differentially expressed genes were identified in each cell culture model by
comparison of the NM exposure groups (i.e. TiO and ZnO ) to their respective control
groups. In total, the gene expression of 29,597 genes was evaluated. The total number of
differentially expressed genes (p<0.01) after NM exposure was higher in the gut-on-chip
devices than in the Transwells for both the TiO; and ZnO NMs (Fig. 2 and suppl. Table 1
and 2). There were three differentially expressed genes extremely upregulated (>10-fold) in
cells cultured in the gut-on-chip after exposure to ZnO NM.
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Figure 2. Differential expression of genes in 21-day old Caco-2 cells grown in a gut-on-chip and in a Transwell
exposed to NMs for 6 h. A Volcano plot showing the t-test statistics (p value) plotted against the fold change of genes

in response to TiO; NM exposure in cells cultured in A) Transwells B) gut-on-chips and ZnO exposure in cells

cultured in C) Transwells D) gut-on-chips; the dotted line indicates a p-value of 0.01.

Using the FDR, no differentially expressed genes were observed for cells cultured
in Transwells exposed to both TiO; and ZnO materials, therefore, the criteria for DEG used
for further analysis is p<0.01 and Log2 FC>= 1.2 (suppl. Table 3). After TiO, NM exposure,
a low number of 8 (for cells grown in Transwell) and 41 (for cells grown in the gut-on-chip)
differentially expressed genes (p<0.01; FC>= 1.2) was identified (Fig. 3). There was no
overlap of differentially expressed genes between the two models induced by the NM
exposure (Fig. 3A; suppl. Table 1). Of the 8 differentially expressed genes in the Transwell
after TiO> NM exposure, 7 genes had no known biological related function and 1 gene (which
was downregulated) was involved in DNA binding processes. Among the 41 differentially
expressed genes in the gut-on-chip after exposure to TiO, NM, 9 genes had a known
biological related function (3 upregulated genes and 6 downregulated genes). The biological
functions of the upregulated genes (i.e. SLCI1045, SLC3844, KRT34) were related to
sodium/bile acid transport and cellular structure. While the downregulated genes (i.e. EBLN2,
MTIG, TAS2R20, EID3) were associated with RNA-binding, metal binding, DNA-repair and
taste receptor. The other 32 genes were coding for siRNA, small nucleolus, non-coding RNA
or genes without known functions (supp Table 4).

Exposure of the Caco-2 cells to ZnO NMs resulted in 5 (in the Transwell) and 21
(in the gut-on-chip) differentially expressed genes (p<0.01; FC>= 1.2). Like for the TiO, NM
exposure, there was no overlap in differentially expressed genes between the different culture
conditions after ZnO NM exposure (Fig. 3B; suppl. Table 2). All of the differentially
expressed genes in the Transwell had an unknown biological related function (e.g.
microRNA, uncharacterized genes), whereas in the gut-on-chip 13 (all upregulated) out of
21 differentially expressed genes had a known biological related function. Six upregulated
genes (i.e. MTIB, MTI1A, MTIM, MTIE, MTI1G, MTI1H) are coding for metallothionines. The
other 7 upregulated genes, namely; HSPA6, SLC3042, OR11H6, EGR2, GADD45B, RGS16
and USPI7L5, code for genes involved in stress responses, zinc transposers, sensory
transduction, transcription regulation, DNA-damage responses, signal transduction and
protein metabolism, respectively. The 8 genes that had no biological relevant function were
mostly downregulated (supp Table 5).
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Figure 3. Venn diagrams showing the differentially expressed genes (p<0.01 and FC>1.2) in Caco-2 cells cultured
in the gut-on-chip and Transwell after exposure to A)TiO;and B) ZnO NMs for 6 h;tand | represents up- and
downregulation, respectively.

Gene set enrichment analysis on gene expression data in Caco-2 cells exposed to NMs
under dynamic and static culture conditions

GSEA was performed to elucidate the response of Caco-2 cells to NM exposure when
cultured under dynamic conditions compared to cells cultured under static conditions. The
studied pathways were derived from the KEGG database. This database is structured into
KEGG categories that are subdivided into category subgroups and each category subgroup
contains various pathways, each represented by a gene set. The 7 KEGG categories are:
‘metabolism’, ‘genetic information processing’, ‘environmental information processing’,
‘cellular processes’ and ‘organismal systems’, ‘human disease’ and ‘drug development’
(BRITE Functional Hierarchy level 1).

The overview of enriched pathways in the cells cultured in Transwell and gut-on-
chip after exposure to TiO, NMs is presented in Fig. 4. The total number of gene sets based
on the KEGG database that were analyzed was 312. Of these 312 gene sets 5 and 38 pathways
were downregulated in the cells grown in Transwell and gut-on-chip, respectively (p<0.05
and FDR<0.25). There were no significantly upregulated pathways in Caco-2 cells exposed
to TiO, NM under both culture conditions when compared to their unexposed controls. In
addition, none of the affected downregulated pathways overlapped between the two culture
models (Fig. 4A).

Following TiO, NM exposure of the cells grown in the Transwell, the most
prominently downregulated pathway of the 5 pathways represented the ‘allograft rejection’
pathway (normalized enrichment score, NES = -1.800) which falls under the KEGG category
‘human disease’ and the KEGG category subgroup ‘immune disease’. In the gut-on-chip 38
pathways were downregulated of which the most prominently downregulated pathway was
the ‘homologous recombination’ pathway (NES = -2.050), which falls under the KEGG
category ‘genetic information processing’ and the KEGG category subgroup ‘replication and
repair’ (p<0.05 and FDR<0.25) (suppl. Table 6 and 7). The distribution of the downregulated
pathways of each treatment condition over the KEGG categories is presented in Fig. 4B and
C. Pathways under the KEGG categories ‘human disease’ and ‘metabolism’ were most
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affected in the Transwell and gut-on-chip culturing conditions, respectively. The top 5 most
downregulated pathways, selected based on association with epithelial cell functions in both
culture models exposed to TiO, NM are presented in Table 4.

A)
Transwell Gut-on-chip

B) 9]
Transwell-Downregulation Gut-on-chip-Downregulation
® Metabolism
m Genetic Information Processing
® Environmental Information
Processing
Cellular Processes

® Organismal Systems

® Human Diseases

Figure 4. Overview of downregulated pathways in Caco-2 cells cultured in the Transwell and gut-on-chip devices
after exposure to TiO, NMs. A) Venn diagram showing downregulated pathways under each culture condition. Pie
chart showing the distribution (in percentage) of the downregulated pathways over the KEGG categories in B) the
Transwell and C) the gut-on-chip.

Upon ZnO NM exposure, 51 pathways were affected in the Transwell (36 up- and
15 downregulated) and 123 pathways were affected in the gut-on-chip (89 up- and 34
downregulated) (suppl. Table 8 — 11) (Fig. 5SA and B). The most affected upregulated
pathways in the Transwell and gut-on-chip were included in the ‘human diseases’ KEGG
category and the most affected downregulated pathways in the ‘metabolism’ KEGG category
(Fig. 5C, D, E, and F).

In cells grown in Transwells, the most prominently upregulated pathway represented
the ‘mRNA surveillance pathway’ (NES = 2.062) under the KEGG category ‘genetic
information processing’ and KEGG category subgroup ‘translation’. The most prominently
downregulated gene set was associated with ‘fructose and mannose metabolism’ under the
KEGG category ‘metabolism’ and KEGG category subgroup ‘carbohydrate metabolism’
(NES =-1.965). In the cells grown in the gut-on-chip, the most prominently upregulated gene
set was associated with ‘mineral absorption’ (NES = 2.439) under the KEGG category
‘digestive system’ and KEGG category subgroup ‘organismal systems’. The most
prominently downregulated pathway was the ‘pyruvate metabolism’ under the ‘carbohydrate
metabolism’ KEGG category and KEGG category subgroup ‘metabolism’ with a NES of -
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2.327. The top 5 of most up- and downregulated gens sets, selected based on association with
epithelial cell functions, in both culture models exposed to ZnO NM are presented in Table
5.

The exposure of Caco-2 cells to ZnO NM resulted in 28 enriched pathways that were
shared between both culture conditions. Of these pathways 19 were up- and 6 were
downregulated, in the same manner (p<0.05 and FDR<0.25) (Fig. 5A and B; suppl. Table
12). Among the upregulated pathways were pathways associated with epithelial cell function
(e.g. ‘autophagy’, ‘colorectal cancer’, ‘TNF signaling pathway’) (Table 6). The
downregulated pathways associated with epithelial cell function included ‘propanoate
metabolism’, ‘oxidative phosphorylation’, ‘fat digestion and absorption’. Three other
pathways were shared between both culture conditions while the responses were the opposite.
The enriched pathways ‘cell cycle’, ‘RNA degradation’ and ‘lysine degradation’ were
upregulated in Caco-2 cells grown in the Transwell but downregulated in the gut-on-chip
(suppl. Table 12).

A) Upregulation B) Downregulation
Transwell (36) Gut-on-chip (89) Transwell (15)  Gut-on-chip (34)

C)  Transwell-Upregulation D)  Gut-on-chip-Upregulation

B Metabolism

= Genetic Information Processing

= Environmental Information
Processing

m Cellular Processes

® Organismal Systems

® Human Diseases

E) Transwell-Downregulation F) Gut-on-chip-Downregulation

Figure 5. Overview of up- and downregulated pathways in Caco-2 cells cultured in the Transwell and gut-on-chip
after exposure to ZnO NMs. A) Venn diagrams showing the A) upregulated and B) downregulated pathways. C-F)
Pie charts showing the distribution (in percentage) of the affected pathways over the KEGG categories. Upregulated
pathways in C) the Transwell and in D) the gut-on-chip and downregulated pathways in E) the Transwell and in F)
the gut-on-chip.
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Discussion

The aim of this study was to assess the changes in gene expression and associated biological
pathways in Caco-2 intestinal epithelial cells cultured dynamically in a gut-on-chip or
statically in a Transwell following exposure to TiO, (E171) and ZnO (NM110) NMs. In vivo

intestinal cells are continuously exposed to shear stress, which has been shown to affect gene
expression (unpublished Kulthong 2020) [21], function and morphology [53, 54] of Caco-2
cells in vitro. Here we show that, at the level of gene expression, cells cultured in the gut-on-
chip respond stronger to exposure to TiO, and ZnO NMs compared with cells cultured in a
Transwell. These stronger responses were seen both at the individual gene level and in terms
of affected pathways. The different responses of cells cultured under dynamic and static
condition to compounds or toxicants have been also reported previously in other cell types,
endothelial and proximal tubular epithelial cells [55, 56].

We exposed Caco-2 cells to two types of NMs with different physicochemical
properties. TiO, NMs are generally regarded as stable in suspension and do not dissociate
ions in cell culture medium [29, 30]. ZnO NMs are known to dissolve readily under
physiological conditions, the dissolution is influenced by the size and surface properties of
the NM and by the biochemical conditions of the dispersion solvent [31, 50]. The effects
observed following exposure to the ZnO NM (NM110) used in this study can thus likely be
attributed to a combination of the ZnO particulate material and Zn ions, whereas the TiO»
NM (E171) exposure can likely only be attributed to a particulate effect. Therefore, it is not
surprising that at the individual gene level, the majority of the exposure induced differentially
expressed genes were different upon exposure to TiO; or ZnO NMs.

Exposure of Caco-2 cells to TiO, NM under both culturing conditions only induced
a very limited number of significantly differentially expressed individual genes (all
downregulated). Interestingly, significantly downregulated genes were the DNA-binding
gene (ZNF'117) in the cells grown in Transwell and the DNA-repair (E/D3) gene in the cells
grown in gut-on-chip. Both genes are involved in DNA-damage/genotoxicity pathways [57,
58] and have previously been reported to be affected in Caco-2 cells exposed to E171 (TiO»
NM) [26, 59]. At the pathway level, 5 and 38 gene sets (in the Transwell and gut-on-chip,
respectively) were significantly downregulated. The affected pathways were different for the
two culturing conditions. For Caco-2 cells grown in Transwells, the pathway associated with
the immune response ‘intestinal immune network for IgA production’ was most prominently
downregulated. Pathways that were affected in Caco-2 cells grown in the gut-on-chip were
associated with DNA damage. The pathway, ‘homologous recombination’ was the most
prominently downregulated pathway. These results corroborate previous observations of
effects of different types of TiO> NMs (including E171) on gene expression in epithelial cells
that showed involvement of pathways related to oxidative stress, DNA repair and immune
system impairment [25, 26, 59, 60].
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Exposure to ZnO NM induced much stronger responses in Caco-2 cells cultured in
the gut-on-chip compared to cells grown in the Transwell model at the individual gene
expression level. Twenty-one individual genes were differentially regulated in Caco-2 cells
grown in the gut-on-chip. Of the 16 upregulated genes, the highest upregulated genes were
metallothionein genes (i.e. MT1B, MT1M, MT1H). High upregulation of metallothionein
genes is a common response after exposure to metal NMs and especially metallic ions [61,
62], but metallothionein genes have also been shown to be induced by shear stress, as
observed in our previous study (unpublished Kulthong et al., 2020). In cells grown in
Transwells only 5 genes were differentially expressed, all without a relation to a known
biological function. Also, on a pathway level, stronger responses were observed to ZnO NM
exposure in cells cultured in the gut-on-chip than in the Transwell. In the cells grown in gut-
on-chip a total of 123 pathways was enriched, while in the static system 51 pathways were
enriched. 70 pathways were specifically upregulated in cells grown in gut-on-chip which
include pathways associated with apoptosis, MAPK-, Jak-STAT-, p53- and NF-Kappa B-
and NOD-like receptor signalling. These pathways have important regulatory roles in a wide
variety of cellular processes including cell proliferation, differentiation, apoptosis, stress
responses and immune responses in mammalian cells [63-66]. Like for the expression of the
metallothionein genes, these affected pathways were also shown to be induced at a basal level
(without exposure) in Caco-2 cells cultured in the gut-on-chip compared to static culturing,
suggesting a partial contribution of shear stress related responses.

Downregulated pathways after ZnO NM exposure related to cellular metabolism
(like ‘propanoate metabolism’ under the ‘metabolism’ KEGG category) in cells grown under
both conditions, while other pathways involved in metabolism were additionally
downregulated in cells grown under static (e.g. ‘fructose and mannose metabolism’) or
dynamic (e.g. ‘pyruvate and butanoate metabolism”) conditions. This might indicate that
ZnO NM exposure negatively modulated cellular metabolism, interfering with the cellular
energy levels in Caco-2 cells. This corroborates the observed decrease of glucose metabolism
in lung epithelial cells exposed to ZnO nanoparticles reported in the study of Lai et al, [67].
The mechanism or degree of modulation of the cellular metabolism, however, also appears
to depend on the culture conditions. Downregulation of pathways involved in cellular
metabolism was also noticed in our previous study comparing Caco-2 cells cultured under
static and dynamic conditions (Kulthong et al 2020). Interestingly, the 25 overlapping gene
sets that were modulated in the Caco-2 cells cultured under both culturing conditions
included the autophagy pathway. Autophagy has been proposed as a mechanism involved in
nanomaterial toxicity [68] and has been identified as a major modulator of ZnO NM induced
cellular toxicity [69, 70]. In addition, several other pathways were exclusively downregulated
in cells grown under dynamic culturing conditions. Pathways associated with DNA repair
and replication (under the ‘replication and repair’ KEGG category subgroup) were observed
as prominently downregulated pathways (i.e. DNA replication, mismatch repair, homologous
recombination are in the top 5 of downregulated pathways). This finding is consistent with

134



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

the Nanogenotox report where ZnO (NM110) has been considered as potential positive
control for genotoxicity (study in Caco-2) [71].

In conclusion, the obtained results showed that there was no overlap in either
differential expression of individual genes or of affected pathways in Caco-2 cells cultured
under the two different conditions after exposure to TiO, NM. However, in both cases genes
involved in DNA damage were affected. Following exposure to ZnO NM general stronger
effects on the differential gene expression were observed. In spite of the absence of overlap
in differentially expressed genes at the individual gene level, some shared pathways were
affected between the two different culture conditions. Both materials caused a stronger
transcriptional impact at both the individual gene expression and pathway level in cells
cultured under dynamic conditions in a gut-on-chip compared to culturing under static
conditions in a Transwell. This suggests that shear stress renders the Caco-2 cells more
sensitive and might imply the underestimation of cell-nanomaterial interaction of intestinal
epithelial cells cultured on a static condition in vitro. Nonetheless, to the authors knowledge,
there is no study revealing the gene expression profile of human epithelial cells in vivo upon
TiO2and ZnO NM exposure, therefore it is quite challenging to clearly indicate which of the
two culturing conditions of the Caco-2 cells resembles the human in vivo situation best. This
manuscript is a first effort to evaluate the response of (food-associated) NMs in Caco-2 cells
cultured under different conditions (i.e. dynamic and static). The data in this study suggest
that the dynamically cultured cells are more sensitive, and thus might be an attractive model
to be used in the toxicological hazard characterisation more extensively than so far done.

Acknowledgement

The authors sincerely acknowledge the support and critical comments of prof.dr.ir. IMCM
(Ivonne) Rietjens. K. K. is supported by a Royal Thai government Scholarship. This work
was in part supported by the Dutch Ministry of Agriculture, Nature and Food Quality (project
KB-23-002-022)

135



Chapter 5

References

1. Weir, A., et al., Titanium dioxide nanoparticles in food and personal care products. Environ Sci Technol,
2012. 46(4): p. 2242-50.

2. Dekkers, S., et al., Presence and risks of nanosilica in food products. Nanotoxicology, 2011. 5(3): p.
393-405.

3. P.J.P. Espitia, C.G.O., N.F.F. Soares, Zinc Oxide Nanoparticles for Food Packaging Applications, in
Antimicrobial Food Packaging, J. Barros-Velazquez, Editor. 2016, Academic Press. p. 425-431.

4. He, Y., et al., Study on the mechanism of antibacterial action of magnesium oxide nanoparticles against
foodborne pathogens. ] Nanobiotechnology, 2016. 14(1): p. 54.

5. Ranjan, S., et al., Toxicity and regulations of food nanomaterials. Environmental Chemistry Letters,
2019. 17(2): p. 929-944.

6. Bahadar, H., et al., Toxicity of Nanoparticles and an Overview of Current Experimental Models. Iran
Biomed J, 2016. 20(1): p. 1-11.

7. Bajak, E., et al., Changes in Caco-2 cells transcriptome profiles upon exposure to gold nanoparticles.
Toxicology Letters, 2015. 233(2): p. 187-199.

8. Mao, X., et al., Engineered Nanoparticles as Potential Food Contaminants and Their Toxicity to Caco-
2 Cells. J Food Sci, 2016. 81(8): p. T2107-13.

9. Chen, N, et al., Toxicological Effects of Caco-2 Cells Following Short-Term and Long-Term Exposure
to Ag Nanoparticles. Int ] Mol Sci, 2016. 17(6).

10. Bhise, N.S., et al., Organ-on-a-chip platforms for studying drug delivery systems. J Control Release,
2014. 190: p. 82-93.

11. Kimura, H., Y. Sakai, and T. Fujii, Organ/body-on-a-chip based on microfluidic technology for drug
discovery. Drug Metab Pharmacokinet, 2018. 33(1): p. 43-48.

12. Kim, H.J., et al., Human gut-on-a-chip inhabited by microbial flora that experiences intestinal
peristalsis-like motions and flow. Lab Chip, 2012. 12(12): p. 2165-74.

13. Kim, H.J. and D.E. Ingber, Gut-on-a-Chip microenvironment induces human intestinal cells to undergo
villus differentiation. Integr Biol (Camb), 2013. 5(9): p. 1130-40.

14. Beaurivage, C., et al., Development of a Gut-On-A-Chip Model for High Throughput Disease Modeling
and Drug Discovery. Int ] Mol Sci, 2019. 20(22).

15. Kulthong, K., et al., Microfluidic chip for culturing intestinal epithelial cell layers: Characterization and
comparison of drug transport between dynamic and static models. Toxicol In Vitro, 2020. 65: p. 104815.

16. Santbergen, M.J.C., et al., Dynamic in vitro intestinal barrier model coupled to chip-based liquid
chromatography mass spectrometry for oral bioavailability studies. Anal Bioanal Chem, 2020. 412(5):
p. 1111-1122.

17. Shin, W. and H.J. Kim, Intestinal barrier dysfunction orchestrates the onset of inflammatory host-
microbiome cross-talk in a human gut inflammation-on-a-chip. Proc Natl Acad Sci U S A,2018. 115(45):
p. E10539-E10547.

18. Kulthong, K., et al., Implementation of a dynamic intestinal gut-on-a-chip barrier model for transport
studies of lipophilic dioxin congeners. Rsc Advances, 2018. 8(57): p. 32440-32453.

19. Chi, M., et al., 4 microfluidic cell culture device (muFFCCD) to culture epithelial cells with physiological
and morphological properties that mimic those of the human intestine. Biomed Microdevices, 2015.
17(3): p. 9966.

20. Sakharov, D., et al., Towards embedding Caco-2 model of gut interface in a microfluidic device to enable
multi-organ models for systems biology. BMC Syst Biol, 2019. 13(Suppl 1): p. 19.

21. Kim, H.J., et al., Contributions of microbiome and mechanical deformation to intestinal bacterial
overgrowth and inflammation in a human gut-on-a-chip. Proc Natl Acad Sci U S A, 2016. 113(1): p. E7-
15.

22. Vance, M.E., et al., Nanotechnology in the real world: Redeveloping the nanomaterial consumer

136

products inventory. Beilstein ] Nanotechnol, 2015. 6: p. 1769-80.



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Rompelberg, C., et al., Oral intake of added titanium dioxide and its nanofraction from food products,
food supplements and toothpaste by the Dutch population. Nanotoxicology, 2016. 10(10): p. 1404-1414.
Rasmussen, J.W., et al., Zinc oxide nanoparticles for selective destruction of tumor cells and potential
for drug delivery applications. Expert Opin Drug Deliv, 2010. 7(9): p. 1063-77.

Proquin, H., et al., Transcriptome changes in undifferentiated Caco-2 cells exposed to food-grade
titanium dioxide (E171): contribution of the nano- and micro- sized particles. Sci Rep, 2019. 9(1): p.
18287.

Dorier, M., et al., Continuous in vitro exposure of intestinal epithelial cells to E171 food additive causes
oxidative stress, inducing oxidation of DNA bases but no endoplasmic reticulum stress. Nanotoxicology,
2017. 11(6): p. 751-761.

Moos, P.J., et al.,, Responses of human cells to ZnO nanoparticles: a gene transcription study.
Metallomics, 2011. 3(11): p. 1199-211.

Moreno-Olivas, F., E. Tako, and G.J. Mahler, ZnO nanoparticles affect nutrient transport in an in vitro
model of the small intestine. Food and Chemical Toxicology, 2019. 124: p. 112-127.

Warheit, D.B. and S.C. Brown, What is the impact of surface modifications and particle size on
commercial titanium dioxide particle samples? — A review of in vivo pulmonary and oral toxicity studies
— Revised 11-6-2018. Toxicology Letters, 2019. 302: p. 42-59.

Singh, S., et al., Endocytosis, oxidative stress and IL-8 expression in human lung epithelial cells upon
treatment with fine and ultrafine TiO2: Role of the specific surface area and of surface methylation of
the particles. Toxicology and Applied Pharmacology, 2007. 222(2): p. 141-151.

Mudunkotuwa, L.A., et al., Dissolution of ZnO nanoparticles at circumneutral pH: a study of size effects
in the presence and absence of citric acid. Langmuir, 2012. 28(1): p. 396-403.

Cao, Y., et al., Synergistic effects of zinc oxide nanoparticles and Fatty acids on toxicity to caco-2 cells.
Int J Toxicol, 2015. 34(1): p. 67-76.

Hubatsch, 1., E.G. Ragnarsson, and P. Artursson, Determination of drug permeability and prediction of
drug absorption in Caco-2 monolayers. Nat Protoc, 2007. 2(9): p. 2111-9.

Helsper, J.P., et al., Physicochemical characterization of titanium dioxide pigments using various
techniques for size determination and asymmetric flow field flow fractionation hyphenated with
inductively coupled plasma mass spectrometry. Anal Bioanal Chem, 2016. 408(24): p. 6679-91.

Peters, R.J., et al., Characterization of titanium dioxide nanoparticles in food products: analytical
methods to define nanoparticles. J Agric Food Chem, 2014. 62(27): p. 6285-93.

Jensen KA, K.Y., Christiansen E, Jacobsen NR, Wallin H, Guiot C, Spalla O, and Witschger O, Final
protocol for producing suitable manufactured nanomaterial exposure media, in Towards a method for
detecting the potential genotoxicity of nanomaterials, K.A.J.a.N. Thieriet, Editor. 2011, The National
Research Centre for the Working Environment: Denmark.

Hinderliter, P.M., et al., ISDD: A computational model of particle sedimentation, diffusion and target
cell dosimetry for in vitro toxicity studies. Particle and Fibre Toxicology, 2010. 7.

Abdelkhaliq, A., et al., Impact of nanoparticle surface functionalization on the protein corona and
cellular adhesion, uptake and transport. Journal of Nanobiotechnology, 2018. 16.

Lin, K., et al., MADMAX - Management and analysis database for multiple ~omics experiments. J Integr
Bioinform, 2011. 8(2): p. 160.

Irizarry, R.A., et al., Exploration, normalization, and summaries of high density oligonucleotide array
probe level data. Biostatistics, 2003. 4(2): p. 249-64.

Bolstad, B.M., et al., A comparison of normalization methods for high density oligonucleotide array data
based on variance and bias. Bioinformatics, 2003. 19(2): p. 185-93.

Dai, M.H,, et al., Evolving gene/transcript definitions significantly alter the interpretation of GeneChip
data. Nucleic Acids Research, 2005. 33(20).

Ritchie, M.E., et al., limma powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Research, 2015. 43(7).

137




Chapter 5

44,
45,
46.
47,
48.
49.

50.

51.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
65.

66.

138

Sartor, M.A., et al., Intensity-based hierarchical Bayes method improves testing for differentially
expressed genes in microarray experiments. Bmc Bioinformatics, 2006. 7.

Abatangelo, L., et al., Comparative study of gene set enrichment methods. BMC Bioinformatics, 2009.
10: p. 275.

Allison, D.B., et al., Microarray data analysis: from disarray to consolidation and consensus. Nat Rev
Genet, 2006. 7(1): p. 55-65.

Subramanian, A., et al., Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A, 2005. 102(43): p. 15545-50.

Kanehisa, M., et al., KEGG: new perspectives on genomes, pathways, diseases and drugs. Nucleic Acids
Res, 2017.45(D1): p. D353-D361.

Stetefeld, J., S.A. McKenna, and T.R. Patel, Dynamic light scattering: a practical guide and applications
in biomedical sciences. Biophys Rev, 2016. 8(4): p. 409-427.

Singh, C., Friedrichs, S., Levin, M., Birkedal, R., Jensen, K.J., Pojana, G., Wohlleben, W., Schulte, S.,
Wiench, K., Turney, T., Koulaeva, O., Marshall, D., Hund-Rinke, K., Koérdel, W., Van Doren, E., De
Temmerman, P.J., Abi Daoud Francisco, M., Mast, J., N Gibson, N., Koeber, R., Linsinger, T., Klein,
C.L., NM-Series of Representative Manufactured Nanomaterials - Zinc Oxide NM-110, NM-111, NM-
112, NM-113: Characterisation and Test Item Preparation. 2011.

Gerloff, K., et al., Influence of simulated gastrointestinal conditions on particle-induced cytotoxicity and
interleukin-8 regulation in differentiated and undifferentiated Caco-2 cells. Nanotoxicology, 2013. 7(4):
p. 353-66.

Thompson, C.M., et al., Assessment of Cr(VI)-induced cytotoxicity and genotoxicity using high content
analysis. PLoS One, 2012. 7(8): p. e42720.

Delon, L.C., et al., 4 systematic investigation of the effect of the fluid shear stress on Caco-2cells towards
the optimization of epithelial organ-on-chip models. Biomaterials, 2019. 225: p. 119521.

Kim, S.W., et al., Shear stress induces noncanonical autophagy in intestinal epithelial monolayers. Mol
Biol Cell, 2017. 28(22): p. 3043-3056.

Feng, S., et al., Online Analysis of Drug Toxicity to Cells with Shear Stress on an Integrated Microfluidic
Chip. ACS Sens, 2019. 4(2): p. 521-527.

Sakolish, C.M., B. Philip, and G.J. Mahler, 4 human proximal tubule-on-a-chip to study renal disease
and toxicity. Biomicrofluidics, 2019. 13(1): p. 014107.

Cornu, T.1, et al., DNA-binding Specificity Is a Major Determinant of the Activity and Toxicity of Zinc-
finger Nucleases. Mol Ther, 2008. 16(2): p. 352-358.

Wang, Y., et al., Upregulation of EID3 sensitizes breast cancer cells to ionizing radiation-induced
cellular senescence. Biomed Pharmacother, 2018. 107: p. 606-614.

Proquin, H., et al., Titanium dioxide food additive (E171) induces ROS formation and genotoxicity:
contribution of micro and nano-sized fractions. Mutagenesis, 2017. 32(1): p. 139-149.

Gerloff, K., et al., Distinctive toxicity of TiO2 rutile/anatase mixed phase nanoparticles on Caco-2 cells.
Chem Res Toxicol, 2012. 25(3): p. 646-55.

van der Zande, M., et al., Different responses of Caco-2 and MCF-7 cells to silver nanoparticles are
based on highly similar mechanisms of action. Nanotoxicology, 2016. 10(10): p. 1431-1441.

Sahu, S.C., Altered global gene expression profiles in human gastrointestinal epithelial Caco2 cells
exposed to nanosilver. Toxicol Rep, 2016. 3: p. 262-268.

Chen, G., et al., NOD-like receptors: role in innate immunity and inflammatory disease. Annu Rev
Pathol, 2009. 4: p. 365-98.

Harrison, D.A., The Jak/STAT pathway. Cold Spring Harb Perspect Biol, 2012. 4(3).

Eric Ho, J.W., Mitogen-Activated Protein Kinases, in Handbook of Cell Signaling E.A.D. Ralph A.
Bradshaw, Editor. 2010, Academic Press. p. 533-538.

Mitchell, S., J. Vargas, and A. Hoffmann, Signaling via the NFkappaB system. Wiley Interdiscip Rev
Syst Biol Med, 2016. 8(3): p. 227-41.



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

67.

68.

69.

70.

71.

Lai, X., et al., The effect of Fe203 and ZnO nanoparticles on cytotoxicity and glucose metabolism in
lung epithelial cells. J Appl Toxicol, 2015. 35(6): p. 651-64.

Stern, S.T., P.P. Adiseshaiah, and R.M. Crist, Autophagy and lysosomal dysfunction as emerging
mechanisms of nanomaterial toxicity. Part Fibre Toxicol, 2012. 9: p. 20.

Song, W.J., et al., Zinc Oxide Nanoparticles Induce Autophagy and Apoptosis via Oxidative Injury and
Pro-Inflammatory Cytokines in Primary Astrocyte Cultures. Nanomaterials (Basel), 2019. 9(7).

Roy, R., et al., Zinc oxide nanoparticles induce apoptosis by enhancement of autophagy via
PI3K/Akt/mTOR inhibition. Toxicol Lett, 2014. 227(1): p. 29-40.

Norppa, H., Siivola, K., Fessard, V.,Tarantini, A., Apostolova, M., Jacobsen, N.R., Wallin, H., Goetz,
M.E., Fieblinger, M., Stepnik, M., Simar, S., Quarre, S., Nesslany, F., de Jong, W.H., Marcos, R., Vales,
G., Troisfontaines, P., Guichard, Y., Tavares, A., Louro, H., Silva, M.J., In vitro testing strategy for
nanomaterials including database. 2013, Finnish Institute of Occupational Health Nanosafety Research
Center: Helsinki.

139




Chapter 5

5657 VN Surpoo urejord-uou oruagiour uog
SLTH6LOTDOT pazHeideIRyoun

P9E6LESOIDOT PazLlidpoe.tepun

$2S1 VN Surpod urojord-uou oruagdioyur Suog

1 VN osuesiue 30d

9f Joquiaw D AJweiqns 4 Ajrwe) 103dodar A1039ejj0
L¥rT VN Surpod ursjoxd-uou oruagdiojur Juop
006¥CLT0TD0T pazilejoeleyoun

YLSY86L01D0T Pazilajoeleyoun

V Joquiowt /G Ajurepiwurs douanbas yym Ajrwey
uondiosuern

Jo Joye[n3ardn ‘Y NYOU[ PjeIoosse [XAd
02089TT11D07T pazirejdeleyoun

1

Joquiaw ) A[rwrejqns (] Ajrurey 103dooar £1030850
7 Joquow I, Ajruejqns ¢ Ajrurey 103dosor K1ojoejjo
6¥YELESOTDOT pazilejoeleyoun

PCELLESOTDOT pazilejoeleyoun

71 duogopnasd ¢ AN

$V Ioquiow | AJrurey aserafsuenjAsouornon(3 Jan
€ Joquiowr D) Ajrwrejqns ¢ Ajrurey 103doder A10308)]0
1 uoSopnasd y aserowost [Kjoxd JgN

(peay 0} peay) [ VN 9SUSSHUE SIS
86C986L01D0T pazLejoeleyoun

6TY¥86L01D0 T paziIejdeleyoun

Sojowoy suaSoouo Sy d[osnw

¢ auoSopnasd [ 1ONS

6£89LESOTDOT pazirajdeleyoun

SITELESOIDOT pazliejorieyoun

HNVNANID

68°0
660
66°0
€60
660
680
08°0
60
080
660

¥8°0
680

LO0
€8°0
88°0
S1°0
960
660
L60
08°0
£€6°0
68°0
660
LT0
680
£€9°0
L60
HAAA [[Pmsues
SA 3D TOLL

S[[99 Z-09€)) ur arnsodxa ¢O1], uodn soua3d passardxa A[enuaIdip jo agueyd pjoq ‘1 9[qel Areyuswo(ddng

00°0
100
100
00°0
100
00°0
00°0
00°0
00°0
10°0

00°0
00°0

000
000
000
000
10°0
10°0
10°0
000
000
000
10°0
000
000
000
10°0
anpead”
[PMSURI) SA 1)) LOLL

A
SL'T
081
081
1871
4!
(49}
43!
€81
S8l

981
98’1

981
L8'1
881
16'1
[N
Y6'1
96°1
96°1
00'C
¥0°C
$0°C
S0'T
6v'C
$8'C
0¢'¢
agueyd proy [[Pmsue.n)
SA 11D ZOLL

08°0
18°0
£8°0
S8°0
98°0
98°0
L8°0
L80
88°0
680

68°0
06°0

060
060
16°0
£€6°0
60
96°0
L6°0
L6°0
00T
€01
€0°'1
¥0°1
451
161
Ll
DAT30[ [[dMsued)
SA 11D TOLL

S6STOONI'T
SLT986LOIDOT
$9€6LESOTIDOT

YCSTOONIT

ISv-304d
Bigei2: (0]

LYYTOONIT
006¥CLTOIOOT
YLSY86LOIDOT

VLSTNVA

LNT1d
02089CCI1D01

1001490
[any:(e]
6¥YELESOTOOT
YCELLESOTIOOT
CIdEANY
PVILON
[3012R:(0)
1dVIdddd
ISV-¥SddS
867986L01D001
6TY¥86L0T1DOT
SVIN
€d1IDNS
6€89LESOTOOT
SITELESOIDOT

TOdINAS

140



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

£ urjoxd Surpuiq wniojed

II-1 pueS| ujo1dooA[3 unoafes-4
1-9STT Voo

SY6¥CLTOTDOT pazLiejorreyoun

1 VNI asudsnue Z.1 DSV
99¥909201D01 pazLIejoereydun
€CS8LESOTDOT pazLIvporIRydUN

¢ Sururol eddey urynqojounuurur

[ urojo1d pajeroosse [ A A
€C9€LESOTIDOT pazLIsjoeleydun

1S€6L£S01D0T pazliepoeleyoun
Quogopnasd ‘g

1] S[[99 projoAur uo passardxo 101dooar ureS3iny
ouoSopnasd 16 urejord 1eSury ourz

T PRl SV

1769L£S0TDOT PozLIL)deIRydUNn

T 9)epIpued

Ayiqndaosns ewourdred proiAyy Arefided

¥4 Joquiow Aruey HOVIN

suadopnasd “y¢g Sururejuod Jpow anaedin
8YLYLESOTDOT pazLIsjorIeydoUn

€CE8TO101D0T pazliajorreyoun

€L9Y VN Yoo

[4

Toquow DY A[rurejqns ¢ Ajrwey 103dooar £1030e310
qegyS VNYoIow

urqoj3oydey

¢ orwse[doj£o ureyord Surpuiq (y)Ajod
12€90S001D0T paziiejoereyoun

L8169€S01D0T pazLiejdeleyoun

snoo[ xa[dwoo

[V Ioquidw 7 AJTurey oseldjsuenjAsouonan|s Jan
1 ydurosuen sruonur [TL4DL

LT pueSI] dUBOWaYd Jnour 5-0

1 1duosuer) Surpod-uou juddelpe ¢I¢N0Od

VY Ioquiaw Ajrurey urjpurds

8TryLESO1DOT pazliejorreyoun

$8°0
£8°0
8L°0
66°0
68°0
w60
08°0
66°0
€60
68°0
L80

66°0
6v°0
96°0
8L°0

950
68°0
L6°0
08°0
880
08°0

L8°0
08°0
08°0
$8°0
€80
68°0

66°0
0670
L6°0
0L°0
68°0
¥8°0

00°0
00°0
000
100
000
00°0
00°0
100
00°0
00°0
00°0

100
000
00°0
000

00°0
00°0
100
000
00°0
000

00°0
000
00°0
000
00°0
00°0

100
00°0
100
000
00°0
00°0

4!
[
€51
[
PS1
S
S
991
LS'1
651
651

651
191
19'1
w91

w1
w1l
€91
¥9°1
S9'1
S9'1

99°'1
99°1
991
891
891
891

891
891
69°1
[/
(4
LT

19°0
19°0
19°0
w90
w90
€90
€90
$9°0
$9°0
L9°0
L9°0

L9°0
69°0
69°0
69°0

69°0
0L°0
IL°0
L0
Lo
Lo

€L°0
€L°0
¥L°0
SLO
SLO
SLO

SLO
SLO
SLO
8L°0
8L°0
6L°0

LdavDO
L£9966001D0T
1dSTTEIN
SY6¥CLTOIDOT
[SV-24dDSVY
99¥909201D00T
€768LESOIDOT
€001

IdVIAA
€C9€LESOIDOT
16€6L£SO01D0T

dSTNIIL
99911001
SVId
1769L£S0TDOT

¢OSOLd
YHIOVIN
dVESNTYL
8YLYLESOIDOT
€2e8T6101D07T
ELOVITIN

OVTI0
dV8ySUIN

dH

£0dgvd
12€905001D071
L8169€S01D0T

IVZ1onN
[LI-TT24DL
LTTIOD
TYINVd
VINIdS
8TPYLESOTOOT

141



Chapter 5

0¥LZ VNI Surpoo urejord-uou orudgrour Suoy
ase[Ax0qIedap duldsAojLouayiojuedoydsoyd
quoSopnasd ‘¢ Jea[onu [[ews ) VNI

G djepIpued

‘U0IT2I SWOSOWOIYD SUIOIPUAS STUITRIA-HWS
L89YCLTOTDO T pazLiejorleyoun

106 VN Surpos urejord-uou orusgioqur Juog
6.9 urar01d 103ury ourz

10ST VN Suipoo urdjord-uou orud3ivyur Juof
Z1-01 urojoxd pajeroosse uneroy

V¢ uojoxd pajeinar uoSoipue pue[d Arefrxewqns
9P8ETLTOTDOT pazLisjoereyoun

ouogopnasd ‘Op¢ Teatonu [ews 9N VNI

74 Sururejuos jnowr O

z oudopnosd 9T unerdy

1 Sururejuod urewop urxad

€871 VN Suipoo urajord-uou orueSiour Suop
697 VNYo»Iw

7 9seuadAxouowr dulIuB[AyIowWIp SUIUILIUOD UIAB[)
€ pajeIoosse sisaudgojeutads

381S VoI

8 X0qoauwoy

0E€PILESOTDOT pazirajoereyoun

87ST VN Surpoo urejord-uou orudgrour Suoy
0¢ Surureyuoo urewop NyJS pue 103ulj ourz

[ VN osuasiue 1404

1LS VN Surpoo urejord-uou orudgiour Suop
8CE8LESOIDOT pazLsjoeIRyoun

909T1 VNYoIou

7 auagopnasd gsND

€ Sururejuod urewop 1Yo pue I ZdaNVY
1 ureyo AAeay 103quyur ursdAn-eydye-1our
1S6¥LES0TDOT pazliajoereyoun

S1.27 VN Surpoo urojord-uou oruegiour 3uof
1L¥C VN Suipoo urdjord-uou orudgidjur Juof
10)0eJ 9FUBYOX0 OPI0S[ONU duUTULNT [BUOINSU
966 VN Su1pod urdjoad-uou d1uagidjur Suog

660
08°0
66°0

66°0
60
860
66°0
08°0
68°0
£8°0
68°0
880
68°0
98°0
96°0
66°0
96°0
880
£8°0
08°0
960
L60
08°0
80
66°0
660
€L0
w60
66°0
68°0
£8°0
S1°0
6v°0
68°0
660
£€8°0

100
00°0
100

100
00°0
100
10°0
00°0
00°0
00°0
00°0
000
00°0
00°0
100
100
100
00°0
00°0
00°0
10°0
100
00°0
000
100
100
00°0
00°0
100
00°0
00°0
00°0
00°0
000
10°0
00°0

or'l
171
14!

7'l
(LA
w1
Il
wl
wl
wl
el
el
el
At
'l
A
vl
vl
Il
Il
Il
it
LY'1
Lyl
871
871
6v'1
67’1
6yl
67’1
0s'1
(U
Is°1
Is°1
4!
w«<'l

60
6v°0
0S°0

0S°0
0S°0
0S°0
0s°0
05°0
05°0
10
1S°0
10
0
0
€50
€50
¥$°0
¥$°0
¥$°0
¥$°0
¥$°0
SS0
95°0
950
LSO
LSO
LSO
LSO
86°0
860
8570
86°0
65°0
65°0
09°0
19°0

0FLTODNI'T
2ddDdd
dEI-PANYT

SIONS
L89¥TLTOIDOT
10600DONI'T
6L9dNZ
T0STOONI'T
TI-01dVLI
VEINS
9¥8€TLTOIDOT
dOvE-9NNA
74001
Td9TLAY
10aX1d
€8CI0DNIT
T69PAIN
TONA
EVLVdS
D8YSUATN
8aXOH
0EVILESOTDOT
8TSTOONIT
0TNVOSZ
[SV-¥1dDd
[LSO0ONI'T
8TEBLESOIDOT
09T 1IN
7ddsno
€ddOy

THILI
1S6¥LESOTD0T
STLTZOONIT
[L¥TOONI'T
A4ON
966000NI'T

142



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

€1 o119ads snsa)

{ ose1ojsuenjAururesojoe[ed[L1ooe-N apndodAjod
7 Joquiotl 99 AJIuuey JOLLIED 9Jn[Os
0€TYLESOTDOT pazilejoeleyoun

0S+Z VN Surpod urdjord-uou oruagdiojur Juop

§ pIoe orounal £q pajernuins

€1.7 VNI Surpoo urdjoxd-uou orusSioyur Suop

L Joquiout

3 Ajrwreyqns [ouueyd urewop a10d omy wnissejod
T8y VoI

6 u1ajoxd Surpuiq proe Anejy

Arurej ouaSoouo VY QIO VgV

91 o[qeurea eydie 103dodar [[99 |,

SL01 VN Surpoo ureyord-uou oruagiour Suoy

1 urayoxd Suryoop

aseuny 9Je[APIAYIAX0P

90¥¥86L01D0 T pazllajoeleyoun
868L9TC11D07T pazilejoeleyoun

9 Joquiowr g Afrwrejqns gg Ajruey 103dosor £10308)]0
€9%7 VNI Surpoo urejord-uou orusgiojur Suoy

1 Ioquidwr O AJrurejqns o)assed Surpuiq J LV

G oseuny] oseury oseury urejoid pajeAnse-udfojru
1208261010071 pazirejdeleyoun

91 dwely Jurpear uado gz SWIOSOWOIYd
(ouaSopnasd) y¢ urewop asepndodofeiow INVAV
€£57 VNI Surpoo urdjoxd-uou oruaSioyur Suoj
99,7 VN Surpod urajord-uou oruagiour Suof
(1lydonmnau) ase[oIpAy [KoeAxo[hoe

90SY VNyoII

€81 VNyomoru

8C1 ®19q uIsusjop

¥9S VN oo

[888LESOTDOOT pazlmdjoeleyoun

[S¥$86L01D0T pazliajoeleyoun

7 Ioquidw 103dodal | d1se)

8916LESOTDOT pazirdjdereyoun
79 urewop jeadaa urikyue

96°0
96°0
68°0
68°0
86°0
66°0
66°0

660
66°0
660
88°0
66°0
88°0
68°0
08°0
L6°0
68°0
66°0
68°0
680
66°0
660
660
L8°0
66°0
L6°0
66°0
(430
€60
66°0
660
88°0
66°0
S6°0
68°0
08°0

10°0
100
00°0
00°0
10°0
10°0
10°0

100
10°0
100
00°0
10°0
00°0
00°0
00°0
100
00°0
100
00°0
00°0
10°0
100
10°0
00°0
10°0
10°0
10°0
0070
00°0
100
10°0
00°0
10°0
00°0
00°0
00°0

8C'1
8Tl
6C'1
6Tl
6C'1
0¢'1
1el

1T
1€l
€€l
€'l
el
el
el
Sel
Se'l
Se'l
Se'l
9¢'1
9¢'1
LE'T
LET
LE'T
LET
8¢'1
8¢l
8¢l
6¢'l
6l
6¢'l
(U
(U
or'1
(Ut
(U
oF'1

9¢°0
9¢'0
9¢°0
9¢°0
LEO
8¢°0
8¢€°0

6€°0
6£°0
170
wo
wo
wo
wo
(340
€0
70
¥°0
70
540
SY'0
540
SY'0
90
90
90
LY'0
LY0
8170
870
870
870
870
6¥°0
6v°0
6¥°0

€IVOSL
YINTVD
TV99I71S
0€TPLESOIDOT
0SYCOONI'T
8VILS
€I1LTOONIT

LYINDA
[4:142:104\
6d9Vvd
veedavd
9IAVIL
SLOTOONI'T
»oda

JANALA
90¥¥86L01D0T
868L9TCI1D0T
PE4%: (6]
€9YCOONI'T
1908V
STIEdVIN
120826101001
9131020
VENVAV
€ESTOONI'T
99LTOONIT
dIESTNVA
90STIIN
E8TIIN
8¢ld44dd
POSAIN
I888L£S0ID0T
I§¥S$86L01D0T
TIISVL
8916L£S01D0T
COTIAINY

143



Chapter 5

L o1qetrea eydpe 103dooa1 [[90 1,

9f awely Furpear uado 4 SWOSOWOIYd

7 103dooa1 Sururejuoos urewop Y1 urynqojounuutur
ewwed jrungns onAjeieo

oseuny-¢ eydsoydsiq-g p-jonsourjApneydsoyd
¢ urajoxd pajerdosse e[jaSeyj pue eIfIo

ST urao1d pajeroosse AJnqnioIoN

©)[op JUNQgns [ 9SEYUAS 1V

7 Sururejuod adK)-Z A 103ury ourz

[ € 9SBUD| SUIUOAIY}/QULIDS

7-6 91qetrea eydye 103dooar [[90 T,

1 10ssaidor [euonduiosuen Ajrwey [reus

1 suoxadeyo Ajquasse owosedjoid
6LEYTLTOTDOT pazLiejoeleyoun

968€LESOTDOT pazliajoereyoun

T UTRWIOP [BUIULIS)-AX0QIED [OL

dsy/niD yum 1oyeanosesuen Sunoeayur 0ocd/dqD
¢ uroyoxd Surpuiq oproa[oNU PeLy AUIPHSIY

[ Joquiowr ¢¢ AJIurey IOLLIeDd 9n[os

] 9se[oplesuen

4!

Joquuowr AJrurej urewop d[qronpur erxodAy [O1H
10)08] 110dsuen pue uone[suen ‘uonduosuen YN
1

jungns onAJeres urdjord Suneanoe ased 10 £V
103dod0r urnsur

7 ureyo derpawioiul | orwuse[dojAo uroukp

¢ urewiop NI'T pue Zdd

T 9Seury duISOIA) o[

g urjord Surpuiq AN

D Burpuiq 1D parefar sey

9se[0IpAy094[3 (9asoqu-gqv)Ajod

urydonn

1 VN osuasiue zgVv.L

d¢ uonduosuen Jo I0jeAnOR pue 1oonpsuer) [eusis
g9 103depe Sururejuoo jeadar opnodfonuLn
T96LLESOIDOT PIZIId)dEIEHUN

66°0
€60
66°0

66°0
66°0
66°0
660
S6°0
660
66°0
66°0
68°0
66°0
66°0

96°0
66°0
66°0
66°0

66°0
66°0

66°0
66°0
66°0
66°0
66°0
66°0
660
08°0
66°0
66°0
96°0
66°0
w60

100
00°0
10°0

10°0
100
10°0
100
0070
100
10°0
100
000
10°0
100

100
10°0
10°0
10°0

10°0
10°0

100
10°0
100
10°0
100
10°0
10°0
0070
100
10°0
00°0
10°0
00°0

€1
el
el

0¢'l-
6C'1-
8C'1-
LT1-
LT1-
9T'1-
9’1~
9T'1-
ST
YTl
€l

wl-
wl-
0T’ 1-
81~

8’1~
LT'1-

48!
LI'T
LI'1
LT'T
811
wl
'l
€Tl
€Tl
4
Tl
LTT
8T'1

6£°0-
6£°0-
6£°0-

8¢€°0-
LE0"
9¢°0-
Se0-
Se0-
P€0-
€60
£€°0-
£€°0-
1€0-
0€°0-

6C°0-
870~
970~
YT 0-

€C0-
€0

81°0
€C0
€C0
€C0
Y0
870
6C°0
0€°0
0€°0
€0
(4%
Se0
SE°0

LAVIL
220 48]
[4:(e91

DOEMId
Erdvd4D
SIdVIN
ardsdLv
TZINZ

1€31LS
TO6AVIL
IIVNS

IDINSd
6LEYTLTOIODOT
968€LESOTDOT

[{CERRI0)
€LNIH
IVeEEDTS
10d1VL

VIAOIH
AVALY

1dvDedvy
USNI
CIIONAd
SINI'Tdd
TALNT
CdIDAN
2OvVId
DYIVd
NILN
ISV-tdvLl
dSLVILS
g9DUNL
196LLESOTOOT

144



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

§ oserdjsuenjAypow duruidie urojod

0€9 VN Surpod urejord-uou orusgioqur Juog
 Joquiawt

Anuey adojaaud resjonu Jururejuod jeadar urpoads
769 uroro1d 103uy ouiz

3 Ioquidw Ajwey gy uigjod

g Joquiowl 77 A[Iuey JoLLIed 0jnjos

ouoSopnasd ‘szg

Joquiow 7 AJwuey dserojsuenjAsouoinon|s Jan
I VN osuasiue qAdd

P106C6101D07T pazlejoereyoun

1 Jossaxdar [euonduosuen NSNI

TL9% P14 ureroad pozudjoereyoun danend

1 uraoid sueiquidwsuen you durjoid

1 osedseo

1 u19)o1d QUBIqUISWISULI) YOLI QUIONI] UJOdUOIqIY
uedsoores

9 Ioquiow

H Arwejgns [ouueyo pajes-oFe)joa wnissejod
18€T VN Surpoo urejord-uou orudgiour Suof
I VN asussnue LANLOTO

 POALIOP JUSWR[Q d[qesodsuen) 10331

urdjoxd pajeroosse u03os0}L0 parenSar Ayanoe
9797 VN Surpos urejord-uou oruagiour Suof
¥ Ioquiow ATIurej 017

8181LESOIDOT pazliejdeleyoun

861 SUIUIRIUOD UTRWIOP [109-PI[10d

6 uLeypesojord

X 10198} A10je[ngor

G ouaZopnasd 9¢T urdjord [ewosoqLl

LTT VNYoIoru

9601 VN Surpoo urdjord-uou orudgdioyur Juoj

TTI8LT610TDOT pozLdjoereyoun
ouoSopnasd (¢ urajoxd ourIqUIdWISUET)
0S6¥CLTOTDOT pozLIdjoereyoun

D Jdqudw

Amurey z¢ udyoxdoydsoyd aedpnu dproe

66°0
¥6°0

66°0
€80
660
66°0

66°0
68°0
660
68°0
¥6°0
68°0
w60
66°0
68°0

66°0
660
£8°0
66°0
660
66°0
960
L60
66°0
68°0
L6°0
68°0
66°0
68°0
66°0
68°0
68°0

68°0

100
000

100
000
10°0
100

10°0
000
100
000
00°0
000
00°0
100
00°0

100
10°0
000
100
10°0
100
100
100
10°0
00°0
100
00°0
100
00°0
100
000
000

00°0

I¥'1-
1v1-

1=
oy’ 1-
ov'l-
6¢'1-

8¢~
8¢'1-
8¢°1-
8¢1-
8¢'1-
LET-
LET-
LET-
LET-

9¢'1-
9¢°1-
9¢'1-
9¢'1-
el
el
e
el
e
el
e~
€~
[
el
€el-
£el-
(40

w-

05°0-
6v°0-

6v°0-
6v°0-
87°0-
870~

LY0-
Ly'0-
LY'0-
90~
90~
90~
90~
Sv0-
Sv'0-

0"
y'0-
r'0-
70"
wo-
w0
wo-
w0
w0
w0
w0
w0
w0
1¥°0-
Iv0-
170"
0¥°0-

0r°0-

SLINYId
0€900DNIT

VANAS
C694ANZ
AVHTOD
8VTTIIS

dscdelon
ISV-dAdd
10626101001
TINSNI
666LT6101D0T
1LYAd
1dSVD
TLATA

NdSS

9HNOM
I8E€TODNI'T
ISV-LANLOTD
YaDIL

ouv
9Z9T0ONI'T
¥O1Z
8I81LESOIDOT
8610000
6HADd

vXAd
Sd9g1dd
LITIIN
96010DONI'T
118LT610100T
dD0SWAN.L
0S6¥TLT01D0T

DTEdNV

145



Chapter 5

LE6TLESOTDOT pazLiejorleyoun

ouogopnasd ‘G Jearonu [ews 9 VNI

¢ ouagopnosd | aserowost ajeydsoydosorn

8127 VN Surpoo urejord-uou orudgioyur Suoy

1 VN osuasiue 1gvVa

VN 2suosnue yduosuen XOH

jungns

zewwred 103dodar v od£) proe duAinqourwe-ewnues
1E€ETLESOTDOT pazliajoereyoun

L1 Ioquiow g Aqweiqns ¢ Ajrure) 10)dodar A103oejjo
Xoqoawoy XOdds

9L9TLESOTDOT pazirajoereyoun

SI¥6C6101D0T pazLisjorreoun

8816C6101D07T pazLjorleyoun

1 9YI] [UUBYD SUBIqUISWISUE)

(ouoSopnosd/ouasd) |

Joquiow YV Ajrueiqns ¢ Ajiuuey 103dooar A10308J]0
616LT6101D07T pazLiejoeleyoun

TS passardxa snso)

[ Joquiow 3 ATrureyqns | Ajrure) 10)dodar A10joejjo
0€E€TLESOTDOT pazirajoereyoun

9961 VNYoIou

[BUIOSOSA] ‘7 9SBO[ONUOQLIAX0dP

¢ Joquiow 7 dnoi3 g Ajrueyqns 103dooar redronu
9€81LESOTDOT paziiejoereyoun

PP88LESOTOOT Paziiajoereyoun

1 VN osuasiue NILOVDO

GL1 Surure)uod Urewiop [109-pafiod

©)]Op Nunqgns uiqoj3oway

Aqrurey auoS0ouo Sy IOqQUIdW ‘[ VY

jdurosuen; JudIdAIp [ZVZH

Vv oserdysarpoydsoyd

SY0LT610TDOT pazLisjorreroun

ai-ureyod (11 [-eydie usgeyjoo

88990S001D0T pazLjorleyoun

8CL69ESOIDOT pazLiejorleyoun

8V 1oquiow A[uey FHVIA

08°0
08°0
660
€L0
L8°0
L6°0

66°0
66°0
L6°0
66°0
66°0
880
660
68°0

660
880
68°0
66°0
660
66°0
€60
08°0
68°0
68°0
660
660
¥8°0
66°0
66°0
¥6°0
66°0
66°0
L60
860
660

000
00°0
100
00°0
000
100

10°0
100
100
100
100
00°0
10°0
00°0

10°0
00°0
00°0
10°0
100
100
00°0
00°0
000
00°0
100
10°0
00°0
100
100
00°0
100
100
100
100
10°0

Sl
€SI
€51
[4as
[N
171

16°1-
6v'1-
81~
81~
8v'I-
8v'I-
8y 1-
8v'I-

Ly'1-
Ly'1-
Ly'1-
LY'1-
Ly'1-
Ly'1-
LY'1-
wl-
Il-
wl-
or'1-
SyI-
Sy'l-
I24%
-
el
el-
el
evl-
wl-
-

90"
29°0-
90"
19°0-
19°0-
65°0-

65°0-
850~
LS0-
LS0-
95°0-
9¢°0-
95°0-
95°0-

95°0-
95°0-
95°0-
95°0-
95°0-
95°0-
S50~
§S°0-
§S°0-
$S°0-
$$°0-
¥5°0-
¥$°0-
£€5°0-
0"
S0
0"
0"
15°0-
05°0-
05°0-

LE6TLESOIDOT
dSYT-9NNA
€dl1dL
8TCTODONIT
ISv-1dva
dIVIOH

OdavoD
[€ETLESOIDOT
L14dS¥0
Xog4ds
9L9TLESOIDOT
SI¥6C6101D07T
8816C610100T
IDINL

[R:A4%:(0)
616LT6101D0T
°SXdL

D218 (6]
0€ETLESOIDOT
96 1IN
CASVNA
CHTIN
9€81LESOTDOT
Pr88LESOIDOT
ISV-NILDOVD
SLIDADD
adH

ravd
Ld-1ZVcH
vecaad
SY0LT6101D0T
1¥88¢610100T
889905001001
8CL69€ESOIDOT
SVADVIN

146



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

81¥C89TC1 1DOT paziidjoeieyoun
1S08T6101D0T paziejoeleyoun

uaSourwsed

16€LT6101D0T PaziIdjoeIeyoun

8¢ urayord 103ury ourz

7 Joquow  Afrwejqns g Afrurey 103dooar K1030e)10
[ 10)dadar A\ pue g sopndadoimou

8¢ uroyoxd 1a3ury ourz

7€0T VN Surpoo ureyoxd-uou oruaSiojur Suoy
paje1oosse xa[dwoo [eLpuoyo0W v ANAN
€597 VN oI

1 suagopnosd

G 103daoa1 pojdnos-urjoid o uorsaype
00SLLESOTOOT pazirajoeleyoun
001+2LT0IDOT pozLeioeleydun

97-7 91qelIeA AAedY UInqojSounurtur
LSTTLESOTOOT pazirajoeleyoun

eurwes 103dooar aye[oy

P11 X0q /D VN Ie[oo[onu [[ews

HET X0q /D VN FB[0S[onU [fews
0€YETLTOTIDOT PazLIdjdRIRyOUN

€8.7 VNI Suipoo urdjord-uou druadioyur Suoj
19v1¥86L01D0 T paziidjoeleyoun

1 suaSopnasd / Joquioul g A[1wey JOLLIED N[0S
D Ioquidw /4 Ajreqruars doudnbos yym Ajrurej
C NI 11 oseor|ay x0q-H/Avad
LSTRITTI1DOT pazuisjoeleydun

wdiquio

[ Ioquau J Ajrweyqns (] Ajrwe) 10)dodar A1039ej[0
[ Sururejuoo urewop ¢HS

90€£7 VN Surpod urajord-uou oruagoyur Juop
€19 urjoxd 1o8ury ourz

96651 VN Surpod urdjord-uou oruagdour Juop
SESS86L0IDOT pazleioeIeyoun

89 owrel Surpear uado | dwosOWOIYO

[ VN osuashue ¢ddVIN

8TI8T6101D0T PaZLId)dEIRYOUN

¥6°0
68°0
8¥°0
68°0
66°0
€80
0L0
8¥°0
68°0
66°0
08°0

€L°0
66°0
68°0
6v°0
6v°0
€L°0
€9°0
08°0
660
66°0
€L°0
¥8°0
€80
68°0
¥8°0
66°0
66°0
6v°0
€80
680
68°0
S8°0
08°0
08°0
08°0

00°0
0070
0070
0070
10°0
0070
0070
00°0
0070
100
00°0

00°0
10°0
0070
0070
0070
0070
00°0
00°0
100
100
00°0
00°0
00°0
0070
00°0
10°0
100
0070
0070
00°0
00°0
00°0
0070
00°0
00°0

8TT
SI'e
80°C
66'1-
S6'1-
98°I-
S8'I-
¥8'1-
€81~
08°1-
8L'1-

9L'1-
L1~
YL 1-
Ll-
-
0LT-
0L'I-
(/N
69°1-
69'1-
L9T-
99°1-
99'1-
S9'I-
€9°1-
19°1-
09°1-
651~
651~
851~
LS'T-
LST-
9¢'1-
Sl
SS°1-

611~
1rI-
90°1-
66°0-
960~
06°0-
68°0-
88°0-
L8°0-
$8°0-
€80~

8°0-
18°0-
08°0-
8L°0-
LLO-
LLO-
LL 0"
9L°0-
9L°0-
SL0-
¥L'0-
€L°0-
€L°0"
Lo
0L°0-
89°0-
89°0-
L9°0-
L9°0-
99°0-
$9°0-
$9°0-
¥9°0-
€9°0-
€9°0-

8¥¢89¢C110071
1508261010071
DT1d
16€LT6101D07T
C8EANZ
[a44:(¢]
HIMIdN
8CSINZ
CTEOTOONIT
YVANAN
ESOIIN

1ds44Oav
00SLLESOTDOT
001¥CLT0IDOT
9C-CAHDOI
LSTTLESOIDOT
€d104

PV TAYONS
HETAIONS
0€VECLTOIDOT
€8LTOONI'T
19%¥86L0TDOT
[dLV6DTS
JLYINVA
¢Irxaa
LST89TCI1D0T
gNd

1d0T¥O
IcdeHS
90€TOONIT
€19ANZ
9SSTOONIT
§€GS86L01D0T
89J101D
[SV-€HddVIN
8118T6101D071

147



Chapter 5

19€7#9D0T PazZLIdorIRyOUN

L11 ureroxd 108uyy ouiz

duosuern passardxos Ajjeurdjew pajundun 614
8098¢6101D07T pazLiejdeleyoun
616¥CLT01D0T PazLddeIRyoun
$88986L01D0T Pazlaoe.rerpun

08°0
6¥°0
08°0
0L0
¥8°0
6¥°0

000
000
000
000
000
00°0

0T°e-
e€re
98°C
6L°CT
S9°C-
67T

891~
¥9'1-
-
81~
1=
611~

19€ T900T
LITANZ

61H
809826101001
616¥CLT0IDOT
¥88986L01D00T

148



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

66¢SLESOTDOT pazLjorleyoun

7S u1o101d [BWOSOQLI [BLIPUOYI0ITL

junqgns onAeieo oseSi| ourd)sKo-orewren|s
VIEI ©1eq uIsusjop

[ 9SEuAS QuISOUILD

¢ 101da0a1 pojdnoo-urarord n

Joquiaw AJrwrey z10g ‘1oyerngai sisoydode [TON
6891 VN Surpoo urdjord-uou orudgivyur Juof
Y UIUoIyjo[[e1ow

aseprxorad [rydoursos

8Tty VNYooIW

9TTT VNoroIu

Y8LE VNYOIoIW

7 nunqns x9[dwos uondussuen LON-1IDD
1 aseurjopnasd sajqqLy

V1 Joquiawr Ajruregrodns 103doodr NI

I VN osuashue 3aivO

01 1oquiaw ¢ AJIwe] 19LLIBD 9)N[0S

8 NI TINY-LIN

9 10308} oYI] [oddnry]

€TTLY6LOTDOT pazLisporreyoun

1 Joquiour ()¢ AJrurey I9LLIEDd N[0S

1 fonqryur 3joeqpagy 101deoar g3

Y19 VNyooru

1 yduosuen sruonur Z)UA

Vv Ioquiout

G dnoi3 ) sse[o 103dooar pajdnoos-ursrord H

1 osuodsar yamoIs A[1eo

HINVNANID

SE0
SE°0
SE0
S€°0
€0
1€°0
1€°0
1€°0
1€°0
1€°0
1€°0
1€°0
920
ST0
¥T0
61°0
61°0
81°0
81°0
81°0
81°0
81°0
81°0
90°0
90°0
90°0
S0°0

Hg¥yad diyp

SA D OQUZ

S[199 Z-00e)) u1 ainsodxd Quz uodn souo3 passaidxo Ajenuaioyip jo agueyos pjo ‘'z d1qel Arejuowojddng

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
anpead digd
SA LD OuZ

S9'1
or'1-
6T'1
€91
6v'1-
6’1
STl
or'1-
LY’
€SI
€SI
43
L1
6T'1
8¢l
6T'1
161
LY'1-
90°C-
43
oL’
€Sl
8¢l
9’1
SS'I-
LE'T
S9'1
agueyd
pIoy diyd sa [ QuZ

Lo
670~
LEO
1L°0-
LSO
8S°0
430
8¥°0-
S9]
19°0-
19°0-
98°0
€30
9¢°0
LY'0
LEO
6°0
SS°0-
$0°1-
(140}
9L0
90
LY'0
S0
€9°0-
IS4
Lo
D301 diya-uo
-ng sA 1) QUZ

66CSLESOIDOT
SN
10D
vieldgddaa
ISNAVO
[44:1:69)
I'TON
689T0DNIT
VZLN

Xddq
STEVAIN
9TTTEIN
HBLEIIN
CLOND
1drdL
VCIASYANL
ISV-8aIVO
0IV6EDTS
STCINILIN
94T
€CTLY6LOIDOT
IVOEDTS
JRER: R G
VI9dIN
1LI-2O¥d

VeOudD

174454

TOdINAS

149



Chapter 5

Suryorjyen 9seyyuks oprxo olIu

T SOIWRUAp 9[ngmoIoI Jo 101e[n3ax

©)9q [ UD[NIoIUL

€9 X0q VDV/H VN 1e[09[onu [[ews

SSLY VNYoIm

6881 VN Surpoo urdjord-uou orud3ioyur Juof
7 oseuny Jossaxddns Jown) oSre|

1. uroyoxd 1o3ury ourz

€CTI86L01D0T pazLivporrerdun

€ELY VN oI

X UIuoIyjo[[eIow

09 SurureIuod UIRWOp [109-PI[10d

TV oseury 9§ urejord [ewosoqu

€ 9seI9JsueN[A[AUSpE 9p103[oNU PIUBUNOIIU
ouoSopnasd ‘9]¢ Jeafonu [fews 9 VNI
€161 VN Suipoo urajord-uou druoegrojur Suoy
Sururejuoo jeador gy ‘snoo] TINA

1 urdjo1d SuLIOyOUR 9SBULY-Y

1 ose1djsuenojns urajord[AsoIk)
LEIELESOTDOT pazLsjorleyoun

ewwes jiunqns X 1030ej uondiiosuern Jeajonu
T VN 9suesnue yNIND

UIXOA

99/, uroyoxd 1a3ury ourz

[ VN osuasiiue TTVIN

€507 VN Su1poo urajord-uou druoedioyur Suop
08I8LESOTDOT pazirajoereyoun

988 VN Surpos urejord-uou orusgioyur Juoy
9S9TLESOTOOT pazirdjoereyoun

(4

oserosarpoydsoyd/asereydsoydorAd oprosjonuo)os
L1 dud3opnasd

1 eydye 1 10308} UOIBSUO[S UOIIR[SURI) OOAIENND
©)0 urojord uoneAnor aseusgAxoouour

-6 ueydojdAn/oseuaSAxoouow-¢ dUISOIA}

1 10)IQIYUI (IMOIZ PIONpUI SSANS dATIBPIXO

v°0
70
v°0
70
v°0
r°0
¥¥°0
v0
70
70
70
0
r°0
70
0
8€0
LEO
LEO
LEO
LEO
LEO
LEO
LE0
LEO
LE0
LEO
LEO
LEO
LEO
LEO

LEO

000
00°0
000
00°0
000
000
00°0
00°0
00°0
00°0
00°0
00°0
00°0
00°0
000
00°0
000
00°0
00°0
000
00°0
00°0
00°0
00°0
00°0
00°0
000
00°0
000
00°0
000

00°0

00°0

Se'l
'l
L9°1-
(U
6L'T
or'1
STl
LS'T-
8’1
wl-
Sl
8v'1-
€51
LET
1€°C
6S°1-
L4
wl
LET
9l
9¢'1
£l
881~
6¢°1-
171
8¢'1-
8¥'1-
81
96'1-
Lyl

9¢°1-

0
£5°0
YL 0~
6570~
80
6v°0
(4%
§9°0-
9¢°0
15°0-
¥$°0
95°0-
190
90
171
L9°0-
610
60
540
S0
940]
(4}
1670~
LY'0-
650
90~
9¢°0-
88°0
L6°0-
960
Sv'0-
Se0

LY'0

NIJILSON
INANY

q1711
DEIVIONS
SSLYIIN
688T0DNI'T
CSLVT

1LANZ
€2T986L01D07T
CELVIIN
XITLN
0912dDD
CV9Sdd
ELVNIAN
d9TET-9NNY
€I6T0DNIT
AMNa
1dVAV

1LSdL
LEIELESOIDOT
DAAN
CSV-YNIND
NXA

99LANZ
ISV-TTVIN
€S0TODONIT
0818L€SOIDOT
98800DNIT
969TLESOIDOT

<ddNd

L1d1VIddd

HVHMA

INIDSO

150



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

junqns
10308] uonduosuen [-Jv ‘ousgoouo-ojoid gunp
87 uryo1d 108uyy ourz

¢ ouagopnasd [DINS

4

Joqudl Y AJTwrej urewop a1 A3ojowoy utnsyoold
8,81 VN Surpoo urejord-uou oruagiour uoy
66 urarord 1a3ury ourz

T VN osuasiue T TSNV

656586L01D0T pazllajoeleyoun

T uIols

[ QUOISTY PaIdISNd VZH

759 VNI Surpoo ureyoxd-uou oruagiojur Suoy
CIyy8TOOT pazimdjoeleyoun

d¢ sre wads Jo 19q1y 9sudp 1IN0
00€8T6101D0T pazirajoereyoun
0606L£S0TDOT pazirejoeleyoun

Junqgns IAIpow dses1| duIeIsAd-jewein|3
yduosuern oy1oads 9AnOR X

urojoid NI eqnle

90TS VNgoIomu

¢ Joquiowu AJruuey A109m}

9seyjuAs ouruads

¢ SuIuIRIUOD UTRWOP UN)SILIL

gt Suturejuoo jeador oL duIond|

g1 urewop asepndadojielow NVQAV

V Joquidw £ 7z Ayreqruars doudnbos yim Ajrurej
CTCESLESOTDOT pazirejoeleyoun

0€22 VN Surpos urjord-uou oruagdiour Suof
98SSLESOTDOOT pazirajoeleyoun
CTLITLESOTDOOT pazirejoereyoun

1 urewop jeadar uLIAyue

urdjo1d uoneZLIDWIP ‘] I0J0BINUT X VI

V Jdquidu 9] Ayrreqrurs 3duanbas ym Apuey

8¥°0
8¥°0
8%°0

8¥°0
8¥°0
8¥°0
LY'0
LY0
LY0
LY'0
LY0
LY'0
LY'0
LY'0
LY'0
LY'0
9’0
9’0
9’0
9’0
¥r'0
0
¥r'0
o
0
o
¥r0
o
¥r'0
o
o

00°0
00°0

0070
00°0
0070
0070
0070
00°0
000
0070
00°0
00°0
00°0
00°0
0070
00°0
0070
00°0
0070
00°0
0070
00°0
00°0
00°0
00°0
0070
00°0
0070
0070
00°0

9C'C
el

6¢°1-
[4n!
Iz
€el
0€'1
88°1-
8¢'1
651
8L'1-
o6y’ 1-
9¢°CT
71
LT1-
1Tl
[
€1
el
8¢'1-
1=
Pe1-
9¢°'1
6¢°1-
8¢l
SI'C
(U
09°1
6¢°1-
0L'T-

0¥°0
81°1
0
90
LY0-
19°0
w90
0
8¢€0
16°0-
9’0
L9°0
£8°0-
LS0-
YT1-
0S°0
¥€0-
LT0
09°0-
6£°0-
6€°0-
LY'0-
€5°0-
wo-
¥9°0
87°0-
90
(Ut
8170
89°0
LY0-
LLO-

aNnr

8CINZ
€dIDNS

CVATHd

8L8TODNIT
YSSANZ
ISV-TI'ISNVA
656586L01D0T
INOLS

LOVCH
TS900DNI'T
CIvr8TOOT
d¢d4do
00£8T6101D0T
0606L£S0TDOT
WTDD

LOVX

vanry
D0CSAIN
€HALL

SINS

[30ler. 207
arIOddT
STANVAV
VLTTNVA
CTCESLESOIDOT
0E€CTOONIT
9865LES0ID0T
CTLITLESOIDOT
[AEINYV
TIXIN
VISTNVA

151



Chapter 5

6L6986L01D07T pazLiojorleyoun

 Ioquioux

payurl-X ‘Ajrurey 1030ej uondLiosuen Jooys jesy|

9 9sed LV ‘Nungns §9g dwosedjord

0¢ owely Surpear uado 4 SWIOSOWOIYD

I VN osuasiiue [VIZ

1 uroyoxd pojeroosse undununy

€ surewiop ]I J[eY © pue Inoy

11 uroro1d sueIquIdWSULL)

1 Joquiow (09dsH) @ Aqrwrey ureyod yooys jeay
8¥9T9D071 paziiejoeleyoun

Quogoouo-ojoxd ayI| T[S

0S¢ u01d 103uly ourz

LIEPLESOTDOT pazLiajdrleyoun

0] oseury aseuny aseuny urajoid pajeAnoe-usSoyrur
841 urojoxd 1o8ury Suur

9 ‘Y Aruejqns ewwes uLoypeoojold

[ urejord Surpulq VNI SMA

D¢ IojeAnoe oseury goOIN

SSH1 VN Suipoo urejord-uou oruoegiour Suop
eydre ‘g junqns A10jenSoar ¢ osejeydsoyd ureyord
1] aseIdysueno[okd apndod-jAurwe)n|d
811¥86L01D0T pazLiejoeleyoun

¢ osuodsar A[1ea dyerpawl

v 2eydsoydsig-asojonyy ‘osejopye
LSTY86L0TDOT pazLiajorleyoun

 X0qOwoIyd

0d unqns y[ejs [erdje] urdjold jewosoqur

8817 VN Surpoo urojord-uou oruegiour Suof
urojord HTH ‘T Sutpulq YN Jo 1oyqryut
suogopnasd ‘g Tesjonu [lews 10 VNI

7 urayoxd Surseadjar [Auend Sy

[ Joquiowr 7 A[rurejqns | AJTwey 0Syd dWOIYd0)40
[ Joquiow § AJrwejqns § A[ruwey 103dadar £1039ej]0
€L969€S01D0T pazlisjoeieyoun

1 urjoad Suppdop

00°0
000
00°0
000
00°0
000
00°0
000
00°0
000
00°0
000
000
000
00°0
000
00°0
000
00°0
000
00°0
000
00°0
000
000
000
000
000
00°0
000
00°0
000
00°0
000
00°0

L91-
96’1
ST1
[4a
Sl
6€'1
1€l
1e1-
4!
LY'1-
el
Is1
651
6€°1-
14!
LE'T
11
[43!
[N
LT'T
LT
IL'1-
8Tl
e~
09°1
LT
Sy'I-
weT
851
[ BN
-
LET-
w9l
81~
L

YL0-
L6°0
o
0v°0-
¥S°0
LY'0
8¢°0
6£°0-
1€°0
95°0-
6£°0
65°0
L9°0
LY0-
0s°0
9’0
8T°0
0r'0
170
o
y€°0-
8L°0-
9¢°0
wo-
89°0
Se0
y$°0-
SI'I-
99°0
98°0-
£5°0-
S0~
0L°0-
88°0-
wo

6L6986L01DOT
YXASH

9DNSd
0831090
ISV-1VdZ
1dVH

€THA

[P TINHINLL
[ddSH
8¥9Tr9001
S

0SE€ANZ
LTEYLESOTOOT
0IdAEdVIN

Y TANY
9VOHADd
asma
DEdON
SSYTOONI'T
geddd
11040
811¥86L01D01
€4l

voaiv
LSTY86L01D0T
YXd0

0d'1dd
88ITOONIT

1ar

dTy-TNNA
<dIDSVYE
IVIdAD
1S8Y0
€L969€S01D0T
»oda

152



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

[V urxauue

1 L urayoxd 103u1y ourz

YT VNYooIu

J1ungns ©19q uruio)-gdon 9sesi| yo)-9jeuroons
1Ly 10¥D0OT paziiajoereyoun

76 Suturof eydye 103dadax 1190

9 asejeydsoyd Ayroyroads enp

0SL69€S01DOT paziiajoereyoun
099SLESOTDOT pazirejdereyoun

1 1030€] Suroryds

[ Joquiaw 7 AJrureyqns | Ajrurej 103dosor A1ojoejjo
 utuedsenoy

8¢ asepndad onyroads unibign

£ nunqgns xo[dwod o1y urwSne SNVH

G 9sedl[ay X0q-avad

0Tyy VNgoIom

7 Sojowoy on3odwoyAjod

J10)0e} uonduosuen HTHq ‘QuoSoouo-o0joid D AN
¢8 ouwreyy Surpear uado 7 SWOSOWOIYO

1 pueSi| yojoN [esruoued pagel

81 UpnaLjur

1 urajoxd Surpuiq 10exn surpruAdAjod

991§ VNYoIou

YCELLESOTOOT PaZlIajoereyoun

1 uoqisdo uroid uonoun( ded

D UIOUOTYIO[[B)o

g urajoid 1ojdepe Sururejuoo urewop HS

7 Sururejuod urewop HJy Jossaiddns

[ Suniodsuen +gze) sueiquiow ewseld osed 1y
£91¢€ VNJooru

ouoFopnasd [ oyI] A uIokd

8L98LESOTDOT pazLiejdeleyoun

[ ureyIOpuUd

I VN osueshue NdH

7 X0qoawoy 7 SSe[d NOd

C9L8T6101D07T pazLiejoeleyoun

uoud uppyyen 13103 [SAS

950
950
950
95°0
9¢°0
95°0
950
9¢°0
950
9¢°0
950
950
S50
SS0
S50
§S0
SS0
SS0
SS0
SS0
S0
S50
S50
S50
S50
S50
S50
SS0
SS0
§S0
SS0
SS0
§S0
§S0
SS0
S50
$S°0

00°0
00°0
00°0
00°0
0070
0070
00°0
0070
00°0
0070
00°0
000
00°0
0070
00°0
0070
0070
000
0070
00°0
00°0
00°0
00°0
00°0
00°0
0070
00°0
0070
0070
0070
0070
00°0
0070
00°0
00°0
0070
00°0

67’1
ev'l-
0L'1
Yo1-
86'1-
' 1-
9Tl
9¢°1
0S°'T
Il
Lyl
9¢'T-
4!
[0
811
Ly'1-
!
0€'T
LET-
0Tl
€'l
49!
09°1
Lyl
Se'l
€Ie
€Tl
0¢'l
811
09°1
€51
Sv'l-
9¢'1
9¢'1-
Pl
9¢°1
LTI

850
S0
9L°0
1€0-
86°0-
§S°0-
£€0
¥9°0
850
8C0
950
S¥'0-
1€°0
¥°0-
0
§S°0-
0
8¢°0
Sv'0-
970
170
61°0
89°0
950
340
60°1
0€°0
8¢€0
€20
89°0
190
¥$°0-
¥°0
S¥'0-
$$°0
¥9°0
SE°0

VXNV
[LYINZ
YCCTIIN
O10NS
ILY10YD0T
CSIVIL
9dSna
0SL69€S0ID0T
099SLESOTOOT
14S

14140
YNVdSL
8¢dSN

LSNVH

§Xaa
0TrdIN
COHd

DAN

€8J102D

1OVl

811

Idd.Ld
CHITSIIN
YCELLESOTDOT
14ro

DILN

gHS

¢addvs
1dcdLv
E9TEAIN
L9E1¥900T
8L98LESOIDOT
INa3
ISV-NdH
cdcnod
9L8T6101D0071
ISAS

153



Chapter 5

T 49D pajeroosse 198y NVIL

¢ Jnouwr | adKy

urpuodsoquioiy) yum asepndadofielow Ny AV
79869€S01D0T pazliejoereyoun

¥ VN osuosiue 0zd 197

ouodopnosd ‘6, Tedjonu [jews 9N VNI

€6 X0q VOV/H ‘VNY 1e[od]onu [fews
122007001 pazLiajoereyoun

urajold A1038[N31

parerdosse | xo[dwoo ureyord pajeror 10ydepe
80L1 VN Surpoo ursjord-uou oruoSioyur Suoy
[ 10ye[n321 [RIUOWIO[9AIP POIB[T UOILIAIUT
€ uneisiy

[ 9seuniyo

65927 VN Surpod urejord-uou oruagiour Suof
1S8¥86L01DOT pazliajoereroun

1 VN osuasnue gINYD

OSBUTUIBAP UISOUOPE

I VN osuasiue DYV

1 utnaodojo

T6ESLESOTDOT pazliejoereyoun

9 Ioquiowl / AJIuej I9LLIED 9)N[Os

7 X0qoauwoy §O

19%0LESOTDOT paziiejdeleyoun

Ay oseAypowdp duIsA|

[ owosoysanbas

1 urgoxd Sunoeroyur 1A

D 1o8ury ouz Ajrwey QX7

/1 dwey Surpeal udado | SWOSOWOIYd

96S VNYoIo1u

I VN osuasiue 8¢ ddD

607€TLT01DOT pazLdjoeIRyOUN
11 uroyoxd 103 ury SuLr

7 J0je[ngo1 uerpeoiro porrod

T 11 9sedrjoo

N Ioquiowr AJTurey gy uIdjos
161SLESOTDOT pazLIejoereyoun
9se[Ax0qIedap duldsAojLouayiojuedoydsoyd
T VNI asuaspue ¢gov

650
65°0
65°0
65°0
65°0
65°0
65°0
65°0
65°0
650
65°0
65°0
65°0
65°0
65°0
65°0
65°0
65°0
65°0
86°0
LSO
LSO
LSO
LSO
950
950
950
95°0
950

8¢'1-
1$°C
el
L'l
99°1
LET-
el
Sel-
STl
4!
¥9°1
Se'l
1=
(1!
(4N
Sel-
6¢'1-
LET-
wl
Sv'1-
0s°1-
7'1-
811
8T'1-
STl
LT
S8'1-
8¢1-
Syl
8I'I-
€e1
(Uat
9¢'1-
09°'1
el
PS'I

LY'0-
€~
8¢€°0-
80
€L°0
St'0-
0€'0
70~
(430
190
IL°0
3 4l0]
60~
6v°0
0¥°0-
£7°0-
87°0-
90~
870
50~
85°0-
60~
0
9¢€°0-
€€0
Se0
68°0-
90~
50
Y0~
170
60~
¥9°0-
89°0
0¥°0-
€9°0

CNVIL
¢SLANVAV

$9869€S01D01
¥SV-0cdL9Z
dL6L-9NNY
d6VIONS
LyyTer1d

AVIdY

80LTODNIT
1YL

ENLLH

ILLIHO
6S9TODNIT
1S8¥86L0TDOT
ISV-8INID
vav
I[SV-DIDVd
1dOLO
T6ESLESOIDOT
IVLITIS

IXSH
19%0L€S01D0T
arna
TINLSOS
IdITdIN
odXZ
YLIFOTID

965 UIN
[SV-8STddD
60¥7€CLTOIDOT
IPTANY

ddd

CTISdTO
ASVOHTOD
T61SLESOTOOT
2ddOdd
ISV-¢1dDV

154



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

Vi o1 v oserowost [AjoxdjApndod

C VN osussnue ¢NXOJ

86SLT6101D0T pazirejdeleyoun

VLYY VNJoIoI

| 9se1ojsuenjAuriesojored-[£109e-N-°[-€1oq
[ VN osuesiue Z1dl

pajea1 aseury 9§ urjord [ewosoqr

o[nos[oW o[ D

L€€1 VN Surpoo urdjord-uou oruogioyur Suof
Ly owrery Surpear uodo { SWIOSOWOIYD
 parero1 { J1ojoe juowd[duiod

7 surewop jeada1 ULIANuE pue Jnow N

€ UIXO[JOIOPIS

11 suagopnasd [ ANY

1€ osepndad orj10ads unmbign
61LYCLT0IDOT pazirejoeleyoun
097986L01D07T pazilejdeleyoun

ULIOPUIdS

1 9seuaS0IpAyap [ounar

 Joquiow A[rurey Surpulq uLi3oul pue wnio[ed
[ JeuoINoU SueIqUIdWISULI) Jeadal YoLI dUIINI|
7 duadopnasd ¢z uraoid [ewosoqrr
quo3opnasd g e1oq uLroypesojold

1 Surureuoo

Jnow Surpuiq YN pue odK-)HDD I98ul ourz
¢ uajo1d Suneanoe ased 1O oyy OHOY-LI'TS
[ urj01d 011080149 91A00ydwA|

[ urajo1d yoLI QULISS [100-PI[10d

AYI[-Z-A] 10}0€J UONENIUI UOT)E[SUET)

€ PuESI| SUDjOWAY JHowW J-X-0O

g Jnow [ ad4)

urpuodsoquiolyy yim asepndadofelow NVAV
9L6SLESOTDOT pazlejorreyoun

{ 10)0e] uonduosuen Xoq- X S

af-ureyd (I11) [-eyde uoge[jod

uofisdo oseury [01004[3[KoeIp

787 uayoxd 103ury ourz

ouoSopnasd ‘ursowkyo

681 SUIUIE)UOD UTBWOP [109-P3[10D

09°0
650
650
65°0
650
650
650
650
6S°0
65°0
65°0
650
65°0
650
650
65°0
650
650
650
650
650
650
65°0
650
650
650
650
650
650
650
650
650
650
650
650
650
65°0

00°0
00°0
00°0
00°0
00°0
0070
00°0
0070
000
0070
000
00°0
000
00°0
00°0
00°0
00°0
00°0
00°0
0070
00°0
000
000
00°0
00°0
00°0
00°0
0070
00°0

000
0070
00°0
0070
00°0
00°0
00°0

1v1-
ov'1-
6¢'1
el
vrl-
0s°'T
Sl
16°1-
Sel-
(40
8¢°1-
6T'1
9C'1-
991
171
STl
€5°1
[4¢
el
1=
€el-
99°1
ev'l-
9T'1-
Pe1-
LT'T-
or'1-
8y'1-
10T
8¢1-
8¢'1-
[
£v'l-
el
€Tl
8¢1-
Wl

0S°0-
8%°0-
LY'0
340
£5°0-
65°0
¥$°0
09°0-
£v°0-
7°0-
99°0-
LEO
£€°0-
€L0
8T°0
0
19°0
0v°0
wo
05°0-
70
€L°0
50
£€°0-
£7°0-
€00~
S50~
95°0-
101
LY'0-
%0~
STo
S0
6€°0
0€°0
Ly'0-
09°0

ViIvVIidd
CSV-ENXOd
86SLT6101D0T
VLYY AIN
LINTVOYd
ISv-a1dl
AASH

q41dd
LECTOONIT
LP3I0¥D
YIHAD
TINVA
ENXAS
ITdTANY
1edsn
61L¥TLT0IDOT
097986L01D0T
NIDS

CITHAY

ydID

TINLIAT
¢deT1dd
d819dHADd

194907

£dVDUS

1dOT

[¥ISOD
LY6L9TTI 1001
£10XD

8SLANVAV

9L6SLESOTDOT
¥XO0S
68CELESOIDOT
IOda

C8TINZ

dINAD
6810020

155



Chapter 5

9% X0q d/D VN 1e[0d[onU [[ews

¢z urar01d duerquisw [eIZaIUl [[RWS

6SLY VNYooIW

€9$7 VNI Surpoo urejord-uou oruegiojur Suof
urojoxd Sunoeroyur | uIsoyolko

I VN osuasnue AN

poyuI[-X  uIgiomou

1¢ 103dooar pojdnoo-urojord o

jungns 1039e} uonesuold 1S ‘Sojowoy G 1dS
1 waroxd Surpuiq NVY

g1 asejeydsoyd Kroyroads [enp
96¥ELESOTDOT pazirajoereyoun

€61 VN Suitpoo urdjord-uou orud3idyur Juof
STS0LESOIDOT PazLisjoeIeyoun

009¥8COOT pazliajoereyoun

679986L01D0T pazlIajoereyoun

puens

aisoddo gz ose31] urejord unimbiqn ¢ Y dupeLe
6¢ uroro1d Suneanoe ased 1.0 oy

L9114 urejoxd pazirajoereyoun aanemnd

1 Surureuod urewop O udgouriqly

6 Joquiow ATrurej 1oydoser Qodipe pue unsaford
JuowIoy SuISed[al SUOWLIOY IMO0I3

Vv Idquidw gzz Aurefrwrs oouanbas yym Ajrwrey
quoSopnasd ‘| unod| Surpuiq dsouuew

€€€1 VN Surpoo urojord-uou orusgiojur 3uof
[ Ioquiaw AJrwrey urewrop NJH pue utiAd

7 eap 199 powuerSord

01 xo1dwos sjonted ureyoid Juryoryyen

s uroroxd 1a3ury ourz

€ BpquIe] UOIQJIdIUL

[-GC d]qeLieA ©19q 103dadal 190 |,

g Joquidwi /(] Ayreqrurs doudnbos yum Arurej
 aseuny ay1j ojod

D88 X0q @/D VN Te[od[onu [[ews

VL 11unqns asepIxo 9 dWoIyd0j4£d

urajoxd rejosonu 91 JON

S JdqudW D) A[Iureyqns 3)39ssed uipulq 4LV

09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0

100
100
100
100
10°0
100
100
100
10°0
100
100
100
100
100
100
100
100
100
100
100
100
10°0
100
100
100
100
100
100
100
10°0
100
100
00°0
00°0
000
00°0
00°0

-
6C'1-
6¢°1
-
Se'l
81~
81~
681
LT'T
€1
€Tl
el
SS'I-
€51
el
w91
9¢'1-
wl
8S°1
€=
w91
wl
81~
0s°1-
Sel-
0¢'1-
€E'1
SI'1
6¢'1-
9¢°'1-
Iv'1-
Pl
€51
-
€l
vl
01

0¥°0-
9¢°0-
870
€5°0-
¥°0
LS0-
95°0-
w60
€C0
6€°0
6C°0
170~
£€9°0-
190
6£°0-
0L°0-
¥r'0-
1°0
990
170~
69°0-
IS0
95°0-
65°0-
£v°0-
8¢°0-
170
0T°0
LY'0-
¥9°0-
6¥°0-
(4]
190
S0
1¥°0-
0
8¢°0

9YAIONS
ETNTNS
6SLYIIN
EVYCOONIT
dILAD
ISV-CATIN
XYNOIN
1€4dD
HSLINS
1INV
81dsnd
96¥ELESOTDOT
YE6T0DNIT
SIS0LESOIDOT
009t8¢D01
6¥9986L01D0T

SOCHIYY

6£dVOHIY
116L9TC1100T
1aodid
640Vd
HYHD
VSTTNVA
dI'TdN
€EETOONTIT
INIHAd
7anad
010ddV¥L
YTSANZ
€INAT
[-STAIL
dLOTNVA
Id
D88AIONS
TVLX0D
91dON
$004av

156



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

1 3duosuen Surdderoao ZHSIA

8] Joquuiowr 9 AJTuIe) IOLLIED 9)njos
8910LESOTDOT paziiadeleyoun

€

108u1y Suwr pue urewop eutuniol-N dsepndod NOT
1 X0qoawoy 10308} paonpul g0 1,

1 urajoxd Surroyoue oseury H

urdjoxd Sunoerorur IV

[ 10ye[n3a1 sisoydode pue 9[0Ad UOISIAIP [[90
£z udyoxd 103ury ourz

 9seury| auIsoIA) paje[ar suy

L~

¢-¢ urejo1d pajeroosse uneroy
LTILLESOTOOT poziajoeleyoun

7€ Toquiowr g7 AJTuue) IoLLIeo 9)njos
ouoSopnosd ‘g4 Jesjonu [rews [ VNI
1 VN osuasiue ZONI

1€ uroyoxd 103 ury SuLr

81 10ydosor pajdnoo-urajoid o

asse urojoid 1o8ury ourz

€9¢1 VNyoIu

T-611¢€ VNYoIou

€70 Joquiow AJrwey x1joy-doo[-x1jay diseq
£55007D0T pazliejoereyoun

1 Modsuen dure 9[oISOA

dq11 ueSnue pojeroosse wiads

¢ 10300} Jurords YyoLI QuIUISIE pue QULIdS
7z 1 Modsuen JefjeSeryenul

¢8¢ udoid 1o3uy ourz

1 uijoxd Kurejod (o0 seued opyoud

1V 1oquow ¢ Aqrurejqns urprydoifing

urdjo1d Sunoeroyur-xojdwoos o1od redjonu

BppS VO
TTO0LESOIDOT paziejoereyoun
Y6TF VNJowIW

1 101dooar surwreydAnAxoIpAy-¢g
$1 unessy

09°0
09°0
090
090
090
09°0
09°0
09°0
09°0
09°0
09°0
09°0
09°0
090
09°0
09°0
090
09°0
090
09°0
09°0
09°0
09°0
09°0
09°0
090
09°0
090
090
09°0
09°0
09°0
09°0
09°0
09°0
09°0

100
100
100

100
10°0
100
10°0
10°0
100
10°0
100
100
100
100
100
100
10°0
10°0
10°0
100
10°0
10°0
100
100
100
100
10°0
100
100
100
100
10°0
10°0
100
10°0

€51
Sel-
8¢1-
vl
€Tl
LET
wl
9l'l
'l
[
9¢'1-
9¢'1
6C1-
€Tl
8v'1-
Sel-
9Tl
0¢'l
6T'1-
e1-
6C'1
-
SS'l-
611~
69°1-
48!
£CI=
ov'l
6¢°1
LET-
891
8¥'1-
Sl
67’1
6C'1-
99°1-

29°0-
£v0-
LY'0-
6v°0
0€°0
540
8C°0
1T0
6C°0
wo-
70~
¥r°0
LE0-
0¢°0
LS0-
€0~
€60
8¢°0
LE0-
£70-
LEO
6v°0-
£9°0-
ST0-
9L°0-
61°0
0€°0-
LSO
8¥°0
9%°0-
SLO
LS°0-
w90
LSO
LE0-
€L°0-

[LO-CHSIN
8IV9DTIS
8910LESOID0T

€LINOT

4151
1dVID
dIIIV
VIO
LTTINZ
YL

LOIN
€-edVLIA
LTILLESOIDOT
CEVSTIIS
d8YI-INNYA
ISV-ZONE
TEANYT
81ddD
AS8EANZ
E€9TTIIN
TOITEIIN
€CHHTHE
€5500¥00T
[LVA
d119VvdS
€ASYUS
CCILAT
£8EANZ
[4TI01d
IVENLE
dy1ddIdN
-dc0axdad
VivrSdIN
CT00LESOIDOT
YOoTrdIN
VdLH
PLLAA

157



Chapter 5

10qIyul y3moI3 pajerndar uagonsd a1 SV
81 J10j0r) uonduosuer) xoq- A S

C-qI81 VNYomo

L6¥0LESOTDOT pazLivjorleyoun

] X91109 [eINAU-[EULIOPO)OD

[ upuodsoquionyy

H0L X0q VOV/H ‘VNY 1e[0d]onu [[ews

¢-G urejoxd pajeroosse upeIy

S Junqns QUBIQUIAW JSLYIUAS LV

1621 VN Surpod ursjord-uou oruadiour 3uog
1 uroro1d SunoeIuI X 1030B) POIRIOOSSE UI[SUBI)
T unod[ojul

[ Sururejuoo 108uly qHJ pue URWOPOWoIq
J0uqIyuI uorjeAnoe asedseo pue sisoydode

7 udyo1d 1on0dsuen 103dacax

¢ 103dooar a1 urnqorSounwur 9K203na|

[ Suturejuod ynow S INAD Pue 11711

{ 1stuoSeyue Surjeudis 1Y Anoids

¢ 10)dodor ursdAn 1o urquoay) aNI| YA

8¢S urojoid [ewrosoqu

jduosuer) JuaSI0AIp TSTVOT

L Toquuow A rurey gL,

urdjoxd Sunoeroyur [Quueyd DY L ULNYUD

T VN osuasnue INDIN

89 X0q VOV/H VN 18[09[onu [[ews

g Ioquiowl 97 A[Iuiey JoLLIEd onjos

11 Joquidw g A[rureyqns 9)39sseo Juipuiq J 1LV
[L6TLESOTOOT pazimajoereyoun

O181 VNyomoru

1 pore[nSa1 weansumop oAw-N

ewwes ¢ Joquiow AJwey Sunerouadar

$C1 ©1eq uIsusop

0998¢LOOT pazlidjoereyoun

¢ oweyy Surpeal uado gz SWOSOWOIYd

9 Surureyuod yeadar yoLr ourona|
6LS69€S01D0T pazirajoereyoun
6£6S86L01DO0T PazLId)dEIRydun

09°0
090
09°0
090
090
090
090
090
09°0
090
09°0
09°0
09°0
090
09°0
090
09°0
090
090
090
090
090
09°0
090
09°0
090
09°0
090
09°0
090
090
090
090
090
09°0
090
09°0

10°0
10°0
100
10°0
100
100
100
100
100
100
100
10°0
10°0
10°0
10°0
10°0
100
10°0
100
100
10°0
100
10°0
100
100
100
10°0
100
100
100
100
100
10°0
10°0
100
10°0
10°0

or'1-
9¢'1-
4!
8Tl
9Tl
ov’'l
9¢°1
€S-
6T'1
Sy1-
(4N
oWl
8Tl
(4N}
el
Ly'1-
81~
el
8¢'1-
Is1
€51~
LET-
v'l-
'l
9T'1-
€el
[4N!
(40
ev'l-
€C1-
Is°1-
1=
€51
Il
or'1-
w1
01

6v°0-
70"
60
9¢°0
€€0
8¥°0
¥9°0
19°0-
LEO
¥$°0-
0v’0
15°0-
S€0
0’0
w0
95°0-
LS0-
6£°0
90~
6S°0
19°0-
SY0-
S0
0
€€°0-
wo
0¥°0
0v°0-
1s°0-
0€°0-
09°0-
0"
19°0
SS0
8%°0-
6v°0
6S°0

(92 (20

81XO0S
CHISTIIN
L6Y0LESOTOOT
IONA

ISEHL
HOLVIONS
€-SdVLIA
DNSILV
T6CIOONI'T
IdIXVNSL
CNILL

1dddd

NAAV

<dLd

PEATIT
1040711
YAddS

€TdCd

8¢Sdd
LA-ISTVOT
LATL

ANINA
ISV-8INOIN
89VIONS
8VITIIS
11dgogv
IL6TLESOIDOT
DI8TAIN
I9YAN
DEDHY
ycrgd4da
0998¢LD01
yaI0TTd
9TO¥AT
6L569€S01D0T
6£6586L01D0T

158



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

618586L01D0T pazilejoeleyoun

VS 10)0B] UONRNIUI UOTJR[SURT) O1J0AIR)ND
10308} uonduosuen ‘g oudgoouo-ojord S
{ 101e[n321 urreusis 4o Adoued

7 9SBIdWOS] B)[op YO0)-[Aoud

19 uxj01d pajeroosse e[[age)y pue eijo

€V Ioquiaw ‘g6 Ajreqruurs oouanbas ypim Ajrure)
-9 91qeLrea eydye 10)dooar [[99 I,
6¥969€S01D0T paziaioereyoun

L1 1030e] O¥1] [oddnryf

9961 VNYoIoI

9 10)0®] (IMO0IT ISe[qOIqI)

G Sururejuoo urewop jpow eydye 9110)s
0T¥6T6101D07T pazirejoereyoun

AYI] | 9sepIxo surd)sAojAuaid

¥ VN osuasiue INVTIDH

 Joquiowt 7] AJIuey JOLLIED 9Jnj0S

Sojowoy urejoxd Surpuiq sInoo duls

8¢ Sururejuod juow oynredun

8 ©)aq yrunqns urgajur

¢t osepndad ogroads unmbign

7 911 010z urejoid urfoAwr

88SELESOTDOT pazHILIdEIRYIUN
9€TILESOTDOT pazieioereyoun
9€8¥LESOTDOT pazirejoeleyoun

€ QUBIQUISW [BLIPUOTD0}IW JOUUT JO dSBOO[SUET)
] 9seUdSAXOIp QUOJONPAIIOE

[¥¥89CCI1DO0T pazilajoeleyoun

7V 10ydaodar Hdq

601€LESOTDOT pazieioereyoun

¢ Amouu [[95 pue judwynud

9 oy11 unarodorSue

19 VN Surpod urdjord-uou oruagdioyur Juop
7 loquiaui ()¢ AJIue] I9LLIBD 9)NjOS

¢ ‘g Aqrwreqns ewwes uLoypesojord

S

1 Surureyuod urewop A ¥JS pue [] od4) unosuoiqry
uInpowod)so

19°0
190
190
190
190
19°0
19°0
190
19°0
190
190
19°0
19°0
19'0
190
19°0
190
190
190
190
190
19°0
190
19°0
19°0
190
190
190
190
19°0
190
19'0
090
09°0
09°0
09°0
09°0

10°0
100
100
100
100
100
10°0
100
100
10°0
100
100
100
100
100
100
100
100
10°0
100
10°0
100
100
10°0
100
100
100
100
100
10°0
100
100
10°0
100
100

w1
6Tl
11
Sel
wl-
el
wl-
Sel-
£l
(N
£l
(40
LET
9¢'1-
LT1-
0¢'1-
61l
8T'1-
LA
oyl
0¢'l
LT'T-
6¢'1
'l
09°C
61l
€Tl
0¢'1-
[4N!
SCl1-
LT1-
(4N
Iz
191
6¢'1-

L1

19°0-
LEO

8C°0

€70

670"
6£°0-
05°0-
£v0-
50"
8¢°0-
1570~
0v°0-
9’0

70~
¥€0-
8¢€°0-
970

9¢°0-
050
8¥°0
8¢°0
o
LY'0
S0
8¢l

§To
670
8¢°0-
0¥°0
(40
y€0-
0¥°0-
w90
69°0
LY'0-
w0

Pe0-

618586L01D0T
cvedia

S1H

YAIND

aod

19dvd4D
CdIVZONVA
1-9CAVHL
6¥969¢S01D0T
LTATI

96 TIIN
9454

SANVS
0T¥6T6101D0T
TIXOADd
YSV-INVT4DH
PVTIOIS
ddos

SYINIYL

84DLI

£rdSN

TIZdN
88SELESOTDOT
9€T9LESOTDOT
9€8¥LESOTDOT
ECININLL

lav
IP¥89TC11D001
CVHdd
60T€ELESOTOOT
COWTH
9TLdDONV
1¥900DNI'T
TVO0EDTS
€dOHADd

T1asd
ano

159



Chapter 5

1 urayoxd urewop Suipuiq HAD-[Ayrow

7 Kemyped SurpeuSis TN\ JO J0NQIUUI (SIN

[ VN osusshue VdVN

96¢ urdr01d 103ury ourz

 o[qerea eydye 103dada1 [[90 |,

[ VN osuashue ¢JINZ

7 Joquiowl 77 A[Iuey IoLLIED 0Jnjos

1 2ua8opnasd 91 ase[oIpAy xIpnu

o]

Joquiow Arwey urewop jeadol ULIAYUE YBMOPUOSOS
17 wordar  eddesy urnqoSounuuu

10 urejoxd Surpuiq [eUSIS UOT)BUIQUIOOAT
8%SL0S00TDOT pazLiejdeleyoun

g Joquow 981 Ajre[rurs oouanbos yim Ajrurey
S08ELESOTDOT pazLivjorIRyduUn

11 yungns x9[dwoo Sunowoid oseydeue

1v osepndadAxoqieo

OSEJ LD €TV JO 10)eANSR TdY
€0T6C1001D0T pazLvjoereyoun

€500L£S01D0T pazliojoereyoun
¢¢ owexy Surpear uodo § QWOSOWOIYO

1-¢ u1oj01d PajeIdosse UreIay

yrungns (1 eydpe srurooru 10ydesar ordourjoyo
eydye jiungns onAyeyes g eseyeydsoyd urojoxd
1-0Z u1a01d pajeIdosse uresoy

[ Surureluoo Jjpouwr Jeup

urojoxd Suryorggen o[o1saA “y ojowoy 7zDAS
01 payurl-X 9duosuen o1y1oods-snso)

V¢ Surureiuod urewop unod| adA-)y

1V surewop- Suruueds sueiquowr

(peay 01 peay)) | VNI osuasiue 7g40L
oudgopnasd | surewrop NI Jjey & pue mnoj
10€¥CLTOTOOT paziiajoereyoun

€601 VN Surpoo ursjord-uou oruoSiour Suoy
7 Ajrureqns J1poey urdjoxd your ourjoxd

9 urewop jeador opndadooinens

Y3noaypeds A999A T-1999A1

190
19°0
19°0
19°0
19°0
19°0
19°0
190
19°0
19°0
190
19°0
19°0
19°0
19°0
19°0
19°0
19°0
19°0
19°0
19°0
19°0
190
19°0
190
19°0
19°0
19°0
19°0
190
19°0
19°0
19°0
19°0

19°0

100
10°0
100
100
100
10°0
100
10°0

100
100
100
10°0
100
100
100
100
10°0
100
10°0
100
10°0
100
10°0
100
10°0
10°0
10°0
100
10°0
100
100
100
100

10°0

Tl
Sel-
8T'1-
9¢'1
€571
1€l
€el
el
8C'1
£l

SS'1-
el
el
yT1-
8Tl
811
Is1
0€'1-
4
w1l
el
wl
LT
67’1
STl
Se'l
yT1-
oy’ 1-
8¢l
LET-
Ut
o'1-
SyI-
8Tl

981

1€°0
£7'0-
9¢€°0-
70
190
6£°0
0
6€°0-

170~

¥9°0-
6£°0
w0
1€°0-
SE0
20
6570
8€°0-
€0
0L°0
6£°0
670
8L°0-
LSO
£€°0-
340
1€°0-
87°0-
90
SY°0-
870
¥$°0-
€5°0-
9¢'0

¥9°0

1adn
AN
ISV-VdVN
96€AINZ
YAVIL
ISV-€1INZ
YTVeeoIS
[d9TLANN

DHVMOS

dgd

8%5L0S001D0T
d98TINVA
S08€LESOIDOT
TTDdVNYV
IvdO

o
€0T6C1001D07T
€500LESOIDOT
€€J108D
[-edV.LIA
O0TVNYIHD
vOuddd
1-02dV.LIA
ITNIVNI
VTTOds
OTALLL
VeOdTIO
IV¥SIN
ISV-td4D1L
91810010071
10€¥CLT0ID0T
€60TOONI'T
THId

90LL

d9D9AT
~d9D9A1

160



Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

008+%¢LT0O1DOT pazliejdeleyoun

¢rd

Joquow (pdsH) Ajrwey urejold yooys jeay feud
8Y-S11 X0q /D VN Je[09[onU [[ews

[-889¢ VN oI

€ VN osuasnue ¢TI

6€L0LESOTDOT pazLajdrleyoun

151 uroyoxd 1a3ury Sunr

@ 1quowr ATurey z¢ urdjoxdoydsoyd esjonu d1proe
6 ©19q uLaypesojord

g6, Sururejuoo yeadal yoLr duIoNnd|

[ O1A20IIAIS-UOU ‘B)oq ULPRoAds

(aaneind) 41 adKy fezey] ‘1onqryur asepndad ouries
€€€68C001D0T pazLjoereyoun

a

Joquiow AJrwrey urewrop jeadal ULIAYUER [BMOPUOSOS
$9€7 VN Surpoo urojord-uou oruegiour Suof

] I0Je[NWNS UOTBIOOSSIP JAD-sed 1D 1dey

1 tonquyut Aemped Surjeusts [N Jdoxorp
payuI[-X uruoSojoure

881579001 pazLIojoereroun

6¥98C6101D071 pazLiejoeleyoun

10)R[NWINS

UONBHUAIYIP PUB G [ NYd JO 101BUIPIO0D

1 ewwed

Jiungns AIeI[IXne [QUUBYD poje3-o3e)joA WNIo[ed
1€57 VN Surpod urejord-uou oruagioqur Juog
AT yuapuadap +zuN/+zSIN ‘osereydsoyd ureyord
6T Passa1dxa snsa)

quoSopnasd ¢ Sururejuoo urewop NS

¢ Joquiow (JJews) g Aqrwej urojoid yooys Jeay
SEV69ES0TDOT pazLIejoeIRydUn
19€0LESOTDOT paziiajoereyoun

9 ouadopnoasd

19 Joquidwa | AJTuuej 9sejonpal 03oy-op[e

0¢ urojoxd 1o8ury ourz

91SL0S001DOT pazLiejdeleyoun

98] urdoad JuriquIdWISULI)

w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
w90
19°0
190
19°0
19°0
19°0
19°0
19°0
19°0
190

100
10°0
100
100
100
100
100
100
100
100
100
10°0
100
10°0
100
100
100
100
10°0
10°0
100
10°0
100
100
100
100
100
100
100
10°0
10°0
100
10°0

£v'l-
8¢1-
LT'1
9Tl
ST1
SSI-
LT
9¢'T-
871
8T'I-
(Ut
sTl-
16°1
-
8S°1
YTl
w1
Se'l
LET-
6¢°1
1Tl
8¢1-
£el-
LT'1
!
11
Sel-
0€'T
6C'1-
LET-
LT
ev'l-
LTl

S0
90~
SE0
€0
€0
¥9°0-
Se0
70~
950
Se0-
€10
e0-
€60
€5°0-
990
€0
05°0
€70
S¥'0-
LY'0

LY0-
170"
SE0
60
65°0
£v°0-
LEO
LE0"
S¥°0-
SE0
1570~
SE°0

008¥CLTOIDOT
C1dIVNA

8Y-STTAYONS
1-889CUIN
ESV-¢TTIAA
6€L0LESOIDOT
ISTANY
ATEINV
6dHADd
gSLOUAT
ING.LdS
VI2INIAS
£€€68C001D0T

dHVMOS

S9ETOONIT
I1SADIdVy
>ra

XTANV
881579001
¥'CTINSEE-DLD

SYdOD

IDNOVO

TE€STOONIT
WTINdd
6CXHL
dTANVDOS
¢€ddSH
SEV69€S0ID0T
19€0L£S0ID0T

od1d 1AV

0€ANZ
91SL0S00TDOT
98 TINHIN.L

161



Chapter 5

€l 0 74 0 A4 pue D] @of

¢ m O m ¢ Uoﬁw—:‘wmuﬁao a

91 4 1 € porensardn

1T S It 8 [ead pue D] Z8o]

89¢C vl L8T 4 ST0>AAd

59 69% SLT 10°0>Tead

ST S 39 01 T'I=< [Dd] ¥80[

diyd-uo-jnn [PMsueIL], diyd-uo-jnn [PMsueIL],

ouzZ 011

-onfea-d = rea'd

‘a8ueyo ploy 2301 = || "Iy 9 10} S[[99 ¢-09.) 0} 2Insodxd sa[ontedouru Jo Blep ABIIBROIOIU ) UO SISATRUE J9)Je SOUdS passardxo A[[enuaIajIp Jo synsal Arewwung ‘¢ 9[qe] Arejudwoiddng

dc i esiys

87ST VN Surpoo ureyoxd-uou oruaSiojur Suoy
PojeIoOSSE SIsouagojeuads ‘g ss9[-[[90 W13

9 JoquIow  Arurejqns 4 Arurey 103doodr £10308510
71 Joquiow J A[rurejqns 4 A[Twey 0Gyd SWoIyd0)£0
561 urjoid 108uly ourz

6SSELESOTDOT pazLjorreyoun

g aurdoo

0$9¢ VNYoIoIu

¢ ¢z uroyoxd ueIquIdWISULRI}

1 urj01d urewop Sy [BI[PYIOpUS

onoafowr 7D

[ ugo1d Surpuiq YN dSeO1[aY UIRWOPOWOIYO
D9¢€ X0q VIV/H VN 1e[0d[onu [[ews

G Joquiow AJrurej jstuoSejue JNG urewop NvVQ

4
eydje yiungns £10je[n3au aseuny asejLioydsoyd

€9°0
€9°0
€9°0
£9°0
€9°0
€9°0
£9°0
€90
€90
w90
w90
w90
w90
w90
w90

90

100
100
100
100
100
100
10°0
100
10°0
10°0
10°0
100
10°0
100
100

10°0

(LA
el
-
€9°1-
89'1-
91
0€'1-
€Tl
w1
LT
811
or'1-
LT'T
6¢°1
6¢°1-

LT

6v°0
wo-
05°0-
0L'0-
YL 0-
0L°0
LE0-
0€°0
0S°0
SE0-
¥20
87°0-
€20
810
87°0-

wo

dTTVSIHS
8YSTOONIT
CTIOND
9ayrdo
CldPdAD
S61INZ
6SSELESOTOOT
8INID
0S9EIIN
CECNIINL
ISVdd

an

IdHO
D9EVIONS
SANVa

CVIHd

162
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https://www.ncbi.nlm.nih.gov/gene
https://www.genome.jp/kegg/genes.html

Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO
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Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO
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Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO
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Transcriptomes of cells cultured statically or dynamically following exposure to TiO> and ZnO

9000 0000 (€681~ [ELYO- Lo 7€0°0 PP T | $SE€°0 6S wisIjoqelaw proe ourury| wISI[0qeIRIA| uorepeI3op aursA|
w0 | z€oo [Covl-  |og€0- 7010 L2700 | 8¥¥'1 | ovE0 8, |uonepeiSop pue Sunios ‘Surpjo| Surssoo01d uonRULIOJUT O1}OUID) uonepeIsap VY|
8170 6v0°0 [l0E'1- |F8TO- 2010 100°0 T€9°1 | TSE0 $Tl [ieap pue mois o)) $9ss0901d 1RIN[[OD) 910K3 [[9D)
PITO | 0FO°0 [SPPI-  [06€°0 €200 LEOO | 19¥°1- | 16€°0 It woIsAs 9Ansadi(| swa)sAs TewstueSIQ)| uondiosqe pue uonsasIp je|
500 €000 |0LS T |L¥VEO- L0 +00°0 1€S°1- | 9€€°0- 48! sdewr MIIAIOAO pUE [BqO[D) wIST[OqRIAA] wIsIjoqelow uoqre))
LT0°0 | 0000 [V89'T- [0LEO- TLI0 000 | €vS'T- | 8€€0- | 911 wistjoqejow A31oug| wISI[OqRIDN]| uonejAroydsoyd oAneprxQ)|
S00°0 | 0000 [ST6'1- 00S 0 SS10 €100 | 8951~ | LOVO- LY WISI[0qe)oW PIoe ourury/| wSI[0qeId]\| UONEPEISOP SUIONI[OSI PUB JUIONI] QUI[B A
L20°0 | 2000 |169°1- |60¥°0- €ro 2000 | 8OL'T- | T1¥°0~ 89 wis[joqeIdw AeIpAyoqrey wSI[0qRIdA| S1S0Ua300U00N[3/SISK[0IA]D)
+00°0 0000 [CS6'I- [€SS0- 10 +00°0 | 9¢L'1- | 06170~ (X3 wsIjoqe)ow d)eIpAyoqIe)) wISI[OqeIA]| wsijoqejowt djeouedol|
TLOO | S000 | LOS'T | 8€€°0 0020 8100 | zov'l | 00€0 | 621 uoponpsuen [eudlg| Sulssa00Id UONBULIOJUT [B)USUIUOIIAU]| Kemyred Surfeudis Oxo]|
1€0°0 | 1000 | €0L'T | ¥6€0 6070 $20°0 | sov'1 | 60€0 | OI1 uoponpsuen [eudig| Suissao0Id UONRULIOJUT [B)USUIUOIIAU| Kemuyyed Surreusis N
7900 9000 [ €SS’ | 99€°0 6L1°0 200 eP'l | 1T€°0 L6 sadAy oy1oads :100ue)) SOSLISIp UeWNH| 190ued 9)eIsol |
Y600 | 6200 | 9FKT | $9€0 | 9LTO 9200 | St¥1 | LvEO 99 sadAy oygroads :1oouey SOSBASIP UBWNH]| BLIOUIOIRD [[90 [RUY|
. . . . . uonodjur LojAd|
0€0°0 000 [ 969°1 £Tr'0 ELT'O €200 9Sv'L | 9vE0 0L
[BLI2)0Bq :9SBASIP snonoju]| S9SBASIP UBWNH]| 1910eqO01]9Y Ul Surjeusis []oo [erjayndy|
¥10°0 0000 1181 | 80%°0 LLT'O 800°0 LSY'T | €1€0 LTl wsIjoqeed pue Jodsuel ] s9s$9001d IRN][OD) [ewnue-A3eydoiny)|
1000 | 0000 | S€1'T | Ths0 | SLI'0 | 6200 | TO¥'1 | vs€0 | +9 wSI[0qe)ed pue podsuel | sassa001d e[y [ewiue-A3eydonn|
10 | 8700 | SOo¥'I | £L9€0 | +S1°0 LT0°0 | 98%'1 | €L£0 €S [eLI)ORQ 19SBASIP SNONOYU] SOSBASIP UBWNH]| UOTIOJUT 1[0 BIYILIAYISH OruaSoyed|
§€0°0 | 8000 | €991 | L9¥'0 | 8¥I'0 | 6200 | 96v'1 | €ov'0 | 6 [1eap pue yImoid o) sossoo01d Tenyra)) s1s03dorio ||
1o LEOO [ 6LET | 9TE0 Ir1°0 6000 | SOS'T | I¥€0 €6 sady oyyroads :100uB)) SOSBASIP UBWINH] I00uEd Funj [[09 [eus|
1€0°0 | 6000 | 1891 | 0150 o S€0°0 | 61ST | SHb O 8T uononpsuen [eudig Surssadold uoneuwlroyul [ejuswuoIiAug|  sa1oads ojdnnw-Kemyyed Surjeusis oddiy|
190°0 | £00°0 | L9S'T | €8€0 Ivro 6000 | ¥¥ST | T9E0 9L sad£) oyyroads :100ue))| SISBASIP URWINY| BIWNNI] PIO[OAW OIUOIY D)
L80°0 | €200 | €LV1 | TYEO | 9vI0 8000 | L¥S'T | €9€0 SL sadA&y oygroads :10oue))y SOSBOSIP UBWINH]| 109UED OjBAIOUR ]|
8L00 [ €100 | S6¥'1 | 65€°0 9¢1'0 9000 | T9S'T | LSE0 98 sad£y oyy1oads :190uE))| SISBASIP UBWINY| 190URD [B}0I0[0))
0000 | 0000 | SLET | 8IS0 | 9¥I0 0000 | €951 | szeo | 091 |uonepeiSop pue Supios ‘Suipjo| Surssaooxd uoneuLIojur 9130UAD) WINNANAI drwsejdopud ur Jurssaooid urdlo1d|
0200 | 0000 | TLLT | 1¥€0 | 6210 0000 | S6ST | 1670 | 9Lv [RIIA :0SBISIP SNONOJU]| SOSBISIP UBWNY| uonodjur | sniia xoduns sadioy|
€500 | 1000 | 9651 | 9v€0 1o 0000 | ¥€9°1 | 8€€0 | 291 MIIAIOAO :190URD) SOSBASIP UBWNH]| SI1SOUaS0UIOIRD [RITA|
890°0 | 8200 | C€sl | €50 | LI1'0O | ¥100 | 6€9°1 | 990 | 1€ wsIjoqeres pue jrodsue]] $3s59001d TRN[[A)) 1oy10-ASeydoiny
0000 | 0000 | 6£¥'T | 0590 | 8200 | 0000 | T981 | LL¥O | 6F woysAs ANSTI(| SWQISAS [ewsIueSIO) uondIosqe [eIoulA|
TeA Tea-d IeA Tea
-b 4ad| WON SiN sa -b yaa [-d INON| SAN | sd AZIS | dnoadqns £10331ed HOI £1039) HOAN dwreu Lemped HOI
diya-uo-;nn [PMsuRI],

amsodxa QuZ uodn suONIPUOd I[N JUAIAIP Ul $39s duds Jo derano oy, ‘71 9[qe] Areyuowdiddng

179






CHAPTER 6

General discussion and future perspectives



Chapter 6

General discussion

Recent advances in cell biology, microfabrication and microfluidics have led to the
development of micro-engineered in vitro cellular models that emulate specific functional
units of selected human organs. A unique characteristic of these so-called organ-on-chip
models is that they allow for flow of cell culture medium over the cells cultured in such a
device. This opens new avenues to recapitulate human organ functionality. In recent years
the promises of organ-on-chip models have been many, however, at the same time several
challenges remain before these new models can become widely accepted as standard in vitro
models to be used in, for instance, toxicological safety testing. To benefit the development
of this technology on the short/medium term, the focus should lie on the qualification of the
devices and on the identification of well-defined contexts of use. The typical qualification
process applied to organ-on-chip models is a comparison between data obtained in the organ-
on-chip model and data derived from conventional in vitro approaches and human clinical
data if available [1]. The work described in this thesis aimed to characterize a novel gut-on-
chip model focused on transport functionality and cellular responses of Caco-2 cells cultured
in a gut-on-chip model and compare its performance to that of a conventional static in vitro
model and to human in vivo data. The main results and conclusions of this work are
summarized next.

An overview of the state-of-the-art in vifro models for the human intestine was
provided in Chapter 1 (including details on various gut-on-chip models in Table 2 and 3).
This overview illustrated the current diversity in gut-on chip models and the broad range of
applications, i.e. their use for transport studies, local effect studies as well as fundamental
studies like studying the influence of shear stress on cellular functions and cell morphology.
The data obtained so far suggest that recently developed microfluidic human gut-on-chip
models may more closely emulate the structure, function, physiology, and pathology of the
human intestine. In Chapter 2-5, a novel glass-based commercially available gut-on-chip
model was used to culture human intestinal epithelial Caco-2 cells on a porous membrane
under dynamic conditions (i.e. flow) and compare its characteristics to those of the same cells
grown in a conventional static in vitro model. Glass-based chips possess several advantages
such as thermal resistance, chemical inertness and low non-specific adsorption, compared to
polymeric-based chips. The resealable-chip design, with a separate disposable membrane
layer allows for offline visual analysis of the cells such as fluorescence imaging and cell
collection. In contrast to static culture conditions, cells cultured under dynamic conditions,
in a gut-on-chip, are exposed to shear stress generated by fluid flow and known to be
influenced by the applied flow rate and the dimensions of the device. Chapter 2-5
demonstrated Caco-2 cells can be maintained and form monolayers of cells under the applied
flow rate of 25-100 uL/h, corresponding to a shear stress of ~0.0001-0.002 dyne/cm?. To
study the applicability domain of the gut-on-chip using Caco-2 human intestinal epithelial
cells, several biokinetic (Chapter 2 and 3) and biodynamic studies (Chapter 4 and 5) have
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been performed and the observed effects were compared to those obtained using a
conventional static in vitro model and, if available, to in vivo data obtained from the literature.

In Chapter 2, the gut-on-chip model was used to study the potential cellular
association and transport of an important group of food contaminants, i.e. dioxins (highly
lipophilic compounds). This urged the selection of tubing and syringe materials with minimal
non-specific binding on the material surface because of the large (relative) surface areas of
the capillary tubing. The results revealed that glass syringes, polytetrafluoroethylene tubing
and glass microfluidic chips were able to minimize surface adsorption of the dioxins during
the transport studies, indicated by a dioxin mass balance of ~84-100% in the gut-on-chip
model.

Caco-2 cells cultured under flow for 7 days formed confluent and polarized
monolayers that were visually comparable to cells cultured for 21 days under static conditions
in Transwells. In this study, transport of 17 dioxin congeners across the Caco-2 cell layer was
investigated. These 17 congeners are all present in a congener mix that is used as a reference
set for food monitoring [2]. Gas chromatography-high resolution mass spectrometry analysis
demonstrated that the cellular association and transport of individual dioxin congeners across
the Caco-2 cell monolayers was similar between the dynamic gut-on-chip model and the
static Transwell model. The relationship between the transport of individual congeners and
their physicochemical characteristics was studied using computational modelling.
Quantitative structure-property relationship modelling revealed that the transport of
individual congeners across the cell barrier was dependent on their number of chlorine atoms
and substitution patterns. The study showed that the gut-on-chip can be used to study the
cellular association and transport of lipophilic compounds like dioxins.

Further optimization and characterization of the gut-on-chip was performed in
Chapter 3. In this chapter the transport of well-known pharmaceuticals (antipyrine,
ketoprofen, digoxin and amoxicillin), for which information was available on in vivo
bioavailability and transport mechanisms (high and low oral permeability class compounds
with different absorption mechanisms), was assessed. In addition, cell layer integrity and cell
differentiation were evaluated by determination of lucifer yellow transport and alkaline
phosphatase activity in the cells.

It was concluded that the gut-on-chip provides an adequate model for transport
studies. The obtained transport values of the compounds were in line with expectations based
on the compound properties from the Biopharmaceuticals Classification System. The
transport of the low permeability compound, amoxicillin, was similar in both the dynamic
and static in vitro model, while under the dynamic conditions the transport of the high
permeability compounds antipyrine, ketoprofen and digoxin was lower (i.e. 4.2-, 2.7- and
1.9-fold, respectively) in the gut-on-chip model compared to the transport in the static
Transwell model. Most likely this can be explained by the laminar flow defined by the low
Reynolds number in the gut-on-chip model resulting in in less contact of the compounds with
the cell surface, which is discussed below. The obtained in vitro transport values of the
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compounds correlated with data reported in vivo (i.e. the fraction absorbed in humans (%Fa))
with the exception of digoxin permeability (higher transport in this study), which likely can
be explained by the low expression of P-gp , the efflux transporter, by Caco-2 cells.

After completion of the biokinetic studies, work moved to study responses of cells
cultured under both conditions with and without subsequent chemical exposure. As a first
step the basal gene expression of Caco-2 cells, cultured statically in a Transwell system or
dynamically in a gut-on-chip device, was analyzed and compared to that of intestinal tissues
in vivo in Chapter 4. A whole genome transcriptomics analysis was applied to compare the
gene expression profiles on a single gene level and subsequently a principal component
analysis was performed. In addition, a comparison of the gene expression profiles of the cells
grown in the static and dynamic in vitro models was performed on the level of biological
pathways. For the in vivo data, the data from a publicly accessible database that contained
transcriptome profiles (from duodenum, jejunum, ileum, and colon) from healthy human
volunteers was used.

Dynamic culture conditions led to a total of 5927 differentially expressed genes
(3280 upregulated and 2647 downregulated genes) compared to static culture conditions.
Gene set enrichment analysis revealed that upregulated pathways were mainly related to
cellular homeostasis, immunological responses, cell growth and dead, as well as signal
transduction, while general cellular metabolism and absorption pathways were repressed.
These differences in expression of genes coding for metabolism and absorption did not result
in observable differences in transport of chemicals as studies in Chapter 2 and 3 showed. It
needs to be noted, however, that in these two chapters a lower shear stress was applied to the
cells than in Chapter 4. The comparison of the in vitro gene expression data with
transcriptomic profiles of human in vivo duodenum, jejunum, ileum and colon tissue samples
did not reveal a striking similarity with any of these segments. In the principle component
analysis both in vitro culturing conditions clustered separate from the in vivo human samples.
Since some specific gene functions are differently modulated in each model, it is concluded
that both the static and the dynamic gut-on-chip model could be used to study human
intestinal epithelial responses depending on the endpoint of interest.

Lastly, the responses of cells cultured under both conditions were evaluated
following exposure to different classes of nanomaterials, i.e. titanium oxide (TiO2) and zinc
oxide (ZnO) nanomaterials in Chapter 5. The potential for use of organ-on-chip applications
for toxicological hazard and risk assessment within the industrial development of chemical
and agro-food consumer products including nanomaterials, has been advised to be explored
by experts in the EU roadmap for organ-on-chip development [1, 3]. Whole genome
transcriptomics analysis was performed to compare the cellular responses of Caco-2 cells
cultured under dynamic and static conditions following exposure to E171 (TiO,) and NM110
(ZnO) nanomaterials. The nanomaterials induced a higher number of differentially expressed
genes in cells cultured in the gut-on-chip when compared to the static model. The shear stress
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in the organ-on-chip might be a major factor in increasing cellular sensitivity to chemicals as
observed previously in endothelial cells [4].

The results of transport studies in this thesis indicated that our gut-on-chip can be
used as an alternative model to the conventionally static model to evaluate transport
(biokinetics). The model performed equally well, while better taking the potential shear stress
occurring in vivo into account. Shear stress especially influenced the transport of high
permeability compounds. This aspect will be discussed in the next section. Generally, use of
a simpler and cheaper in vitro model is preferred, if the outcome can be used to predict the
in vivo situation (e.g. a static Transwell model for permeability evaluation). It is quite clear
that manipulation of microfluidic devices is more complex and challenging than use of a
conventional static model, which is why (for now) the use of the conventional static model
is likely preferable for most research questions on transport of compounds. However, a
microfluidic system offers several advantages over a conventional model for transport studies
in terms of experimental conditions for example, the ability for (real time) semi-automated
detection and chemical gradient generation and low reagent consumption [5]. In addition,
gut-on-chip models are still in the developmental stage and various models have been
described with various outcomes, some studies describe a gut-on-chip model that more
closely mimicked the transport of compounds (i.e. FITC-dextran, atenolol) to the human in
vivo data than the static Transwell model [6, 7]. Therefore, development of dynamic gut-on-
chip systems is necessary to get better insights into the potential of these type of models and
could possibly result in a better predictive model for transport studies in the future. For
biodynamic studies, our gut-on-chip offers an alternative model to the conventional static
model with a higher sensitivity to compound exposure. This indicates that the gut-on-chip
model might be preferable over the static conventional model for toxicity studies, depending
on the research question.

Important points to take into consideration for using gut-on-chip models

In the scientific literature a great diversity of different microfluidic devices are used in organ-
on-chip studies. Based on the performed experiments in this thesis a few critical (design)
properties can be identified. Firstly, the choice of the materials used to manufacture the
microfluidic chips. As shown in Chapter 2, glass-based chips and syringes were successfully
used with minimal surface adsorption, but only in combination with teflon
(polytetrafluoroethylene) tubing, which has unique properties such as nonreactivity,
hydrophobicity, and a low friction coefficient [8]. This was the optimal setup for the dioxin
transport study, resulting in a mass balance of 84-100%. The use of other materials for the
tubing and syringes resulted in a much greater loss of materials (i.e. only 26 % recovery).
Therefore, the selection of tubing material for the compounds of interest in a microfluidic
system should always be considered during microfluidic model development, since the
(relative) surface areas of the capillary tubing is large and can have a large impact on recovery
of especially (very) lipophilic compounds. Furthermore, device materials like PDMS are
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known to absorb (lipophilic) small molecules [9]. The glass based-chip was therefore selected
in this study to avoid loss of compound during transport experiments.

Secondly, the fluid flow that is applied to the system not only affects the cellular
responses itself, but might also affect the concentration of a chemical that reaches the cells.
In general, the fluid flow within microfluidic channels is laminar and influence of laminar
flow on transport of high permeability compounds was reported in Chapter 3. In the dynamic
gut-on-chip model the transport of the high permeability compounds antipyrine, ketoprofen
and digoxin was lower (i.e. 4.2-, 2.7- and 1.9-fold, respectively) compared with the transport
in the static Transwell. The transport of the low permeability compound, amoxicillin, was
comparable in both the dynamic and static in vitro model. From the experiments without cells
and without flow it could be concluded that the differences in transport of the high
permeability compounds were caused by (laminar) flow related effects (i.e. dosimetry) and
by the design of the chip and/or the material of the membrane. Laminar flow consists of long
thin parallel layers of liquid with no disruption between them and results in a domination of
viscous forces, which implies a low migration (or diffusion) of dissolved chemicals across
the layers in cell culture medium resulting in less contact of the compounds with the cell
surface [10]. Therefore, the compound concentration, delivered to the cells in the gut-on-
chip, was lower than in the static Transwell, leading to the lower permeability. The laminar
fluid flow in the gut-on-chip affected the transport of high permeability compounds more
than that of low permeability compounds, as demonstrated by transport of dioxins (Chapter
2) and amoxicillin (Chapter 3), which was similar to the static system. It is likely that for
low permeability compounds the cell monolayer mainly dominates their transport. This
indicates that to compare the outcome of dynamic and static systems, the exposure
concentrations (or doses) to the cells should be taken into account to avoid misinterpretation
of the potential of the model.

The critical importance of diffusion, and nanomaterial sedimentation on cells (thus
cellular dosimetry) for in vitro toxicity studies is well established [11-13] and should be
considered when performing comparative studies across multiple systems. In chapter 5,
three different culturing devices (i.e. 96 well plates for the cell viability experiments and
Transwells and gut-on-chips for the gene expression experiments) were used. The three
different culturing devices have different dimensions (i.e. the height and width of the cell
culture compartment). In order to compare the gene expression profiles between the two
different models, the deposited mass of nanomaterials on the cells was predicted. For this the
In vitro Sedimentation, Diffusion and Dosimetry (ISDD) model [14] was used to achieve
similarity between exposure doses.

Ultimately, dosimetry considerations like discussed above need to be included in
future organ-on-chip studies, especially if different designs are combined to study the
relevance of dosing compared with in vivo conditions. Currently this is lacking in most
published studies. For this, developing a strategy such as a computer modeling that can
predict the chemical behavior (i.e. localization, sedimentation, binding affinity to the wall)
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under fluid flow [15-17] might be a suitable approach to provide the accurate cellular dosage
of chemicals and nanoparticles delivered to cells.

Influence of shear stress on cell functionality

The flow of cell culture medium over the cells in a microfluidic device has proven to affect
the cells as shown in this thesis (Chapter 4 and 5) and in the literature [6, 18, 19]. The liquid
flow is thought to emulate the physiological conditions as observed in vivo. Yet, there is
lacking knowledge on the desired magnitude of the shear stress. Understanding the interplay
between cellular behavior and the microenvironmental conditions created by microfluidic
devices, such as shear stress would accelerate the development of microfluidic cell culture
technology. Recently, the effect of the fluid shear stress on Caco-2 cells, has been
investigated in the literature (as shown in Chapter 1, Table 2 and 3) and also in the present
thesis. Largely different shear stresses magnitudes, ranging from ~0.00004-0.7 dyne/cm?,
have been used for Caco-2 cells and differences in cellular behavior were reported under
different shear stress conditions. For example, the ALP activity of Caco-2 cells exposed to a
shear stress of ~0.0002-0.0017 dyne/cm? in this thesis (Chapter 3) was similar to that of cells
cultured under static conditions. A shear stress of 0.02 dyne/cm? resulted in a full Caco-2
differentiation after only 5 days of culturing [6]. Furthermore, the application of ~0-0.03
dyne/cm? shear stress significantly altered the production of mucus, expression of tight
junctions, vacuolization, organization of cytoskeleton, formation of microvilli, mitochondrial
activity and expression of cytochrome of Caco-2 cells [20]. Data in literature on in vivo shear
stress values in the gut are highly variable and range between ~0.002-12.0 dyne/cm? [6, 21,
22], depending on the intestinal location and viscosity of digesta. Therefore, to mimic the
real shear stress experienced by epithelial cells within the intestinal lumen is still challenging
in vitro. Admittedly, organ-on-chip technology is still in its infancy and efforts in this field
are ongoing to improve performance and standardization. Currently, gut-on-chip
development is mostly carried out in various academic laboratories using different chip
devices and cell culturing protocols, and thus, the results can vary from laboratory to
laboratory. However, the knowledge generated by academia will enable the future application
of in vitro organs-on-chip models with well-defined and designed characteristics and
protocols for a specific purpose, and drive the commercialization of organ-on-chip
technology to improve manufacturing processes, robustness, cost, and ease of use.

Future perspectives

Improving physiological relevance (biological aspects)

The gut-on-chip reported in this thesis, as well as some of the recently published gut-on-chips
(as shown in Chapter 1, Table 2 and 3), makes use of the (immortalized) epithelial cell line
Caco-2, to replicate the intestinal barrier. But there are many other cell types in the human
intestinal epithelium that influence and maintain intestinal function, as was shown in Table
1 of Chapter 1. The choice of the cell model to be used should reflect the research questions.

187



Chapter 6

For transport studies well characterized and relatively simple cell model systems (like Caco-
2 cells) could be preferred, especially in combination with PBPK modelling. For other
research questions, for instance related to local intestinal inflammatory responses, model
variants with M cells can be considered. Intestinal M (microfold) cells are reported to take
up intestinal microbial antigens and deliver them to gut-associated lymphoid tissue for
efficient mucosal as well as systemic immune responses [23], incorporation of immune cells
to induce M cell-like morphology in vitro can also be considered. The methods for combining
the cultivation of immune cells (i.e. Raji, THP-1, RAW264.7 cells) with Caco-2 cells cultured
under static conditions are well established in the literature [24-26]. Transferring these
models to microfluidic chips would allow to study antigen-cell uptake and subsequent
responses under fluid flow as more in vivo physical relevance, for example, which is not
possible in current static models.

The alternative direction is to move away from cell-line based models, and
incorporate stem cell-based models in the gut-on-chip which are expected to better resemble
human enterocytes than the cell lines. Both human induced pluripotent stem cells (hiPSCs)
and models exploiting adult intestinal stem-cells could be considered. Nowadays, methods
to differentiate hiPSCs and adult intestinal stem-cells into intestinal-like cells in static culture
as a monolayer have been reported and utilized with success in compound absorption and
metabolism studies [27-29]. Moving towards a microfluidic model has shown to be
interesting as culturing of primary cell-based intestine (duodenum) in a chip better matched
the in vivo tissue (transcriptomic profile) than the same organoids cultured without flow [30].
Moreover, the use of patient-derived stem cells in organ-on-chip systems can also contribute
to the development of personalized medicine and drug screening technologies [31].

The intestinal microbiome has a crucial effect on intestinal function, development
and homeostasis [32]. Co-culturing intestinal bacteria with epithelial cells, however, has
several challenges, for which gut-on-chip microfluidic devices might provide some solutions.
The constant liquid flow in gut-on-chip systems may facilitate the cocultivation of the cells
with the bacteria by washing off the overgrowth of the bacteria in the system with the fluid
flow. Some initial work on anaerobic culturing under fluid flow has been reported recently
[33, 34]. Future gut-on-chip models that include the intestinal microbiota might further
innovate studies on host-microbe interactions. In addition, these might be interesting for
toxicological studies as well as the intestinal microbiota are known to mediate biochemical
transformations of compounds which can have consequences for the efficacy and toxicity of
dietary components and environmental toxins [35, 36].

Generally, to improve physiological relevance of in vitro model systems, the balance
between model predictive value and complexity should be weighed. If the research question
can be addressed by a simple model, the more complex model with additional components is
not necessary. If, however, the model is too simple to answer the research question, then
extension of the model to incorporate more physiological parameters may be required [37].
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Besides the development of in vitro single organ-on-on-chip systems including the
gut-on-chip, a multi-organ-on-a-chip referred to as “body-on-a-chip” has been proposed with
the ultimate aim to obtain a better correlation between in vitro and in vivo models. It offers
the opportunity of combining more tissues, where a completely independent system might
adequately provide the physiological function of a tissue, the combination of tissues allows
communication between tissues and might better mimic the in vivo capacity. Current research
has already reported several multi-organ-on-a-chip platforms for ADME studies [38-40].

Improving device design and fabrication

Well-functioning organs-on-chip platforms rely on solid microfluidic engineering and a
robust biology. From the studies performed in this thesis, it becomes clear that the
engineering choices for basic aspects of the device can influence cellular functioning. Also,
the choice of the material has been mentioned (and its consequences for absorption and
availability of chemicals). Most of the devices use a rigid substrate to support the cells,
however a more natural support or scaffold for the cells could be considered to be
incorporated. Cells cultured on an extracellular matrix represent more accurately the actual
microenvironment where cells reside in tissues. Thus, the behavior of cells is more reflective
of in vivo cellular responses. The most simple and already frequently used approach would
be to use a collagen coating on the membranes [41, 42]. Care needs to be taken as a collagen
scaffold proved to be a barrier to the diffusion of some drugs [43]. Another approach is the
use of a biomimetic scaffold. Incorporating scaffolding into microfluidic organ-on-a-chip
devices enables the creation of a biomimetic microenvironment with a heterogeneous 3D
structure as observed in vivo, for instance to generate the crypt-villus architecture of the
intestine which supports the growth and differentiation of the intestinal epithelium [44, 45].

As discussed in this thesis the flow, and especially laminar flow can affect the dose
of a chemical that reaches the cells. One solution to minimize the influence of laminar flow
on compound transport can be to incorporate herringbone-shaped groves into the model to
create a more turbid flow and thus enhance overall compound migration [46]. Another
proposed technique is narrowing of the microfluidic channel [47] and integrating artificial
cilia, a hair-like structure material, into the system to promote mixing of the liquid in the
microchannels [48].

Although, many studies in literature as well the studies in this thesis have revealed
that the application of shear stress alone affects the properties of Caco-2 cells grown in
microfluidic environments, the study of Kim et al, indicated that the addition of periodic
peristalsis of the membrane in the gut-on-chip increased the expression of brush border
enzyme (aminopeptidase) levels and induced paracellular permeability, compared with
applying fluid flow alone. These authors considered this combination to more closely mimic
human intestinal functioning in vivo, [6]. Also, Cremer et al., showed that for a co-culture
with bacteria the repeated contraction is needed to maintain a stably distributed bacterial
density in the gut-like channel microdevice [49]. This might indicate that, depending on the
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purpose of use, including peristaltic movements in the intestinal gut on-chip platforms needs
to be considered.

Improving readout systems

A microfluidic gut-on-chip system can be explored to enable automated online (real-time)
measurement of parameters by readout systems including sensors, reporter cells or online
coupling to analytical equipment [50]. Currently existing examples of integrated sensors can
be used to evaluate cellular function (secretion) and composition of the cellular
microenvironment such as a sensor for detecting glucose and lactate concentrations
(mitochondrial function) [51], growth factor release [52], the cell culture medium pH [53],
and the oxygen level [54]. Incorporating sensors in microfluidic chips avoids time-
consuming, manual sample collection and large working volumes as used in traditional
techniques. Also, the detection of cellular secretion of signaling molecules, indicating a
certain toxic endpoint upon compound exposure, might be performed (semi) automatedly by
coupling a microfluid culture device with a reporter cell-based assay (living cells) such as,
for example, transfected cells for G protein-coupled receptor activation [55]. A sensor for
evaluation of cell monolayer integrity (TEER) can also be integrated into a microfluid system
[56, 57]. Attachment of the electrodes to the device itself would eliminate the noise generated
by a manual insertion of the detecting electrodes. Online coupling to high-end
instrumentation such as a mass spectrometer to detect targeted substances is another crucial
future development for these types of systems. In a gut-on-chip model this enabled semi-
continuous identification and quantification of multiple target analytes, expected metabolites
as well as secreted cell products in a small sample volume with high sensitivity [58].

Combination with computational modelling

In this thesis computational modelling (i.e. QSAR approaches) has been used to correlate
observed transport of chemicals in a gut-on-a-chip with physicochemical properties of the
chemicals. Further integration of results of microfluidic culture systems with computer
modeling such as the physiologically based pharmacokinetic model (PBK) is another
possible approach to further utilize the system for comprehensive in vitro screening. The
PBK model attempts to recapitulate the entire body as a closed circulatory system with
interconnected compartments for a pharmacokinetics which specify tissue compartments
[59].

The recent literature shows that the in vitro to in vivo extrapolation of ADME using
an in silico model built using experimental data obtained from multiple organ-on-chip can be
used to predict human PK parameters in vitro with high similarity to those obtained in human
clinical studies [60].

The use of the gut-on-chip model for risk assessment
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Current research, as illustrated in the present work, shows that the convergence of
microfabrication and tissue engineering resulting in organ-on-a-chip platforms could offer an
alternative to conventional in vivo models for drug discovery and chemical or (food)
toxicology. As for other in vitro models, also for a gut-on-chip it is important that the results
obtained correlate with human clinical readouts (i.e. have human physiological relevance).
Extrapolation (with computational approaches) to the human irn vivo situation is important to
incorporate in gut-on-chip approaches in an animal free next generation risk assessment
framework.

Over the past decades, various alternatives to animal testing have been proposed to
overcome the drawbacks associated with animal experiments and avoid unneeded and
unethical testing procedures. A strategy of 3 Rs (i.e. reduction, refinement and replacement)
is being applied to manage the laboratory use of animals. Often a tiered approach of model
complexity is proposed. Such an approach starts with using simple cell free models to study
chemical and (nano) material reactivity or single cell type models for hazard screening
followed by use of co-culture and other more complex 3D cell culture in vitro approaches.
Among these methods, there are several in vitro models that have been validated and accepted
by regulatory agencies to replace the animal studies [61]. The need and desire for
replacements of animals used for scientific purposes are still moving forward. Organs-on-
chip are the new kid on the block.

Organ-on-chip technology offers interesting opportunities as evidence is growing that
these models are able to emulate key aspects of human physiology (and disease) crucial for
the understanding of compound effects, improving preclinical safety and efficacy testing. At
present, although authorities have already accepted in vitro methods for some toxicity
endpoints for regulatory safety assessment (e.g. genotoxicity and skin/eye irritation), there is
a lack of accepted in vitro methods for the more complex and systemic endpoints (e.g. acute
toxicity, repeated dose toxicity, carcinogenicity, and neurotoxicity). To address these more
complex toxicity endpoints, organ-on-chip systems could potentially be of great value by
offering a multi-organ platform to study interactions between cells or tissues as well as
systemic toxicity endpoints [62]. In combination with appropriate computational models for
biokinetics, in vitro results, generated in organ-on-chip systems, can be converted into dose
response curves or relative potency information relating to the entire target [63], and the data
could then be used to derive safe limit values for humans. It is promising to note that the FDA
is currently evaluating the effectiveness of these devices for safety testing [64]. But what is
really needed to advance the use of these models in toxicological risk assessment:

- Standard system; a standard model (i.e. design, operational processes) required for

specific application endpoints (tests) and target tissues

- Robustness; a reproducible production of stable outcomes over time and in different

laboratories (users) when using the same protocol or slightly varied protocol

- Costs; manufacturing costs at an affordable level for users both in academia and

industry
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- Ease of use; simple devices and operation displaying a user-friendly system

- Reference materials; establishment of relevant sets of benchmarking compounds
with well-known study in vivo for model quantification

- Proofs of principle; the proofs to support the performance of the models for hazard
identification and quantification and ultimately risk and safety assessment

Overall conclusion

The present thesis presents the development, qualification and application of a gut-on-chip
model with Caco-2 intestinal epithelial cells. This gut-on-chip has been successfully used to
culture intestinal epithelial cells under fluid flow. The gut-on-chip model can be used to study
transport of chemicals as shown for dioxins and pharmaceuticals (i.e. antipyrine, ketoprofen,
digoxin, amoxicillin). This thesis addressed the interplay between experimental outcome and
the microfluidic chip in terms of non-selective binding of compound to the chip and tubing
material, laminar low and shear stress. The influence of (laminar) flow on transport studies
has been shown. In addition, the dynamic flow conditions affect the gene expression and
biological functioning of Caco-2 cells under control and chemical exposure conditions.
Exposure to food-related TiO; and ZnO nanomaterials resulted in more prominent effects on
the differential gene expression of Caco-2 cells cultured in the microfluidic chip compared
to cells grown in the static Transwell model. Taking all together it is concluded that gut-on-
chip models provide a promising in vitro tool to study absorption and toxicity.
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Chapter 7

Summary

Chapter 1 introduced the principal objectives of this thesis and background information
regarding to the small intestinal complex anatomy, functions and the laboratory models that
have been employed or developed both in vivo animal models and in vitro models to
investigate specific aspects of its functions focusing on absorption and local responses. The
current state of the art and the limitations of each model was reported with the highlighting
on the in vitro (dynamic) gut-on-chip models. Finally, the general outline of the present thesis
was provided.

Chapter 2 reported the development of a gut-on-chip model with aiming to study the
potential cellular association and transport of (17 congeners) dioxin which is an important
class of food contaminants entered the human body via the oral exposure route. For this,
Caco-2 cells were cultured on a porous polyester membrane which assembled between two
glass slides to form two separate flow chamber and were then introduced to the fluid flow.
Glass syringes, polytetrafluoroethylene tubing and glass microfluidic chips were selected to
minimize surface adsorption of the highly lipophilic dioxins during the transport studies.
Confocal microscopy studies was used to visualize cell barrier formation and polarization
and gas chromatography-high resolution mass spectrometry, a very sensitive method, was
used to assess the cellular association and transport of individual dioxin congeners across the
Caco-2 cell monolayers. The relationship between dioxin structures and their transport across
a cell monolayer was revealed by quantitative structure—property relationship modelling. The
results obtained showed that cells upon culturing under constant flow in the gut-on-chip
model formed complete and polarized monolayers as observed under static conditions in
Transwells. The amount of transported dioxin mixture was similar in both the dynamic gut-
on-a-chip model and the static Transwell model. The transport of individual congeners
corresponded with their number of chlorine atoms and substitution patterns. The general
conclusion was the gut-on-a-chip model can be used, as well as the traditional static
Transwell system, to study the cellular association and transport of lipophilic compounds like
dioxins.

In Chapter 3, the development and characterization of the gut-on-chip model was further
explored. In this chapter the transport of well-known pharmaceuticals (antipyrine,
ketoprofen, digoxin and amoxicillin) with available information on in vivo bioavailability
and transport mechanisms (high and low oral permeability class compounds with different
absorption mechanisms) was assessed. In addition to visualizing the (Caco-2) cells by
confocal microscopy as in Chapter 2, cell layer integrity and cell differentiation was
additionally evaluated by determination of lucifer yellow transport and alkaline phosphatase
activity in the cells. The interplay between experimental outcome and engineering in
microfluids (geometry, laminar low) was also reported. The results obtained showed that in
the dynamic gut-on-chip model the transport of the high permeability compounds antipyrine,
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ketoprofen and digoxin was lower (i.e. 4.2-, 2.7- and 1.9-fold respectively) compared to the
transport in the static Transwell model which most likely can be explained by the laminar
flow defined by the low Reynolds number in the gut-on-chip model resulting in in less contact
of the compounds with the cell surface. The transport of the low permeability compound,
amoxicillin, was similar in both the dynamic and static in vitro model. The obtained transport
values of the compounds were in line with the compound Biopharmaceuticals Classification
System and were also line with data reported in human in vivo, fraction absorbed in human
(%Fa) with the exception of Digoxin permeability (higher transport in this study) which
likely can be explained by the low expression of P-gp , the efflux transporter, in Caco-2 cells.
The general conclusion was the gut-on-chip provides an adequate model for transport studies
based on the tested pharmaceutical compounds.

Chapter 4 assessed the basal gene expression of Caco-2 cells, cultured statically or
dynamically in the gut-on-chip device and compared to that of intestinal tissues in vivo. For
this, a whole genome transcriptomics analysis was applied to compare the gene expression
profiles on a single gene level and the level of biological pathways. For the in vivo data, the
data from a publicly accessible database that contained transcriptome profiles from
duodenum, jejunum, ileum, and colon) from healthy human volunteers was used and a
principal component analysis was performed. The results obtained showed dynamic culture
conditions led to a total of 5927 differentially expressed genes (3280 upregulated and 2647
downregulated genes) compared to static culture conditions. Gene set enrichment analysis
revealed that upregulated pathways were mainly related to cellular homeostasis,
immunological responses, cell growth and dead, as well as signal transduction, while general
cellular metabolism and absorption pathways were repressed. The comparison of the in vitro
gene expression data with transcriptomic profiles of human in vivo duodenum, jejunum,
ileum and colon tissue samples did not reveal a striking similarity with any of these segments,
even though both models slightly vary from each other. Since some specific gene functions
are differently modulated in each model, it is concluded that both the static and the dynamic
gut-on-chip model are could be used to study human intestinal epithelial responses depending
on the endpoint of interest.

Chapter 5 presented the responses of Caco-2 cells cultured under statically or dynamically
in the gut-on-chip device following exposure to different classes of nanomaterials, i.e.
titanium (Ti02) and zinc oxide nanomaterials (ZnO) at both a single gene level and the level
of biological pathways by applying whole genome transcriptomics analysis and the
comparison of the resulted to their respective control groups and between the two culture
conditions. TiO, and ZnO nanomaterials are among the most popular food-related
nanomaterials used in the food industry and these two nanomaterials cover extreme
physicochemical properties. TiO, remains as a particle in suspension whereas ZnO
nanomaterials readily dissolve. In vitro Sedimentation, Diffusion and Dosimetry (ISDD)
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model was used to calculated deposited mass of nanomaterials on the cells according to their
predicted sedimentation, diffusion to achieve the similarly exposed doses between the
different models. The results obtained showed that both nanomaterials induced stronger
response at a single gene level and affected pathways revealed by gene set enrichment
analysis in cells cultured in the gut-on-chip when compared to the static model. It might be
concluded that the fluid flow resulting in shear stress in the gut-on-chip is a major factor in
the difference in cell responses (sensitivity) as observed in Chapter 4. The dynamically
cultured cells influence on sensitivity in response to nanomaterial exposure, and thus might
be an attractive tool to create a custom use model in the toxicological hazard identification.

Chapter 6 of the present thesis included an overview on principal results and the discussion
with remarks of the results obtained in the thesis and future perspectives. Also, in this chapter
the concluding on the value obtained from an organ-on-chip model to support of the use of
the model in toxicological risk assessment was incorporated.
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