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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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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.  

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 

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 

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 
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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.
• 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.

• 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.
• Transporter mediated transport requires a dedicated transporter and is

molecule specific.
• 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)-κB, 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-ƴ, interleukins, IL-4 and TGF-β, 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 
β-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 (TiO2 and 
ZnO) 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]. TiO2 and ZnO nanomaterials are 
among the most popular food-related nanomaterials used in the food industry. E171 is a food 
grade TiO2 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 TiO2 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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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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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. 

Figure. 1 Structures of investigated compounds 

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

Congeners LogP LOQ 
(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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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. 

2

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 µm pore size, 12 µm thickness, 1.6 x 106 
pore density and 1 cm2 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 mm3 and 75 mm3 for the AP and BL side respectively, which makes the total 
volume of the device 185 mm3 (µL). 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 µL/h resulting in a shear rate in the AP compartment of ~ 0.0001-
0.0005 Dyne/cm2 (at the membrane and glass surface, respectively) and in the BL 
compartment of ~ 0.0005 Dyne/cm2.   
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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 µL/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 (pGudLuc1.1), 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 cm2 in 12-well Transwell 
polyester inserts (0.4 µm pore size, 1.12 cm2 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 cm2, 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 µg/mL of the 
conjugated antibody ZO-1/TJP1-Alexa Fluor 594 (Invitrogen, Waltham, MA). The nuclei 
were stained with 5 µg/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 µm 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 cm2 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 µL 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 µL/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 µL 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 µl 
DMEM+ containing 0.2 ng/mL of the dioxin mixture (in 1% DMSO) in the apical 
compartment. The basolateral compartment was filled with 600 µL 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 µL 
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 13C-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 13C-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 
of 10,000 (10% peak valley). The GC column was a DB5 MS (60 m, 0.25 mm i.d., 0.25 μm; 
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 μL of the extract containing PCDD/Fs on the GC. The results were corrected for recovery 
of the 13C-labelled internal standards and the performance was checked through an in-house 
reference sample sunflower oil spiked at approximately 1 pg TEQ g−1 fat PCDD/F, 0.8 pg 
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TEQ g−1 fat dl-PCBs and 15 ng g−1 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 Zth 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, ATS5m and MATS5m for transport models. In general
autocorrelation descriptors are based on the autocorrelation function ACk presented in the
Equation 1.

𝐴𝐴𝐴𝐴𝑘𝑘 =  ∫ 𝑓𝑓(𝑥𝑥) ∙ 𝑓𝑓(𝑥𝑥 + 𝑘𝑘) ∙ 𝑑𝑑𝑑𝑑𝑏𝑏
𝑎𝑎        (1) 

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 (h) and the standardized residual values. The h values that 
defines the similarity of ith compound to the training set were calculated according to the 
Equation 2, where xi is a vector containing descriptors for ith compound and X is a matrix 
containing descriptors for every compound from the training set. 

 ℎ𝑖𝑖 = 𝑥𝑥𝑖𝑖𝑇𝑇(𝑋𝑋𝑇𝑇𝑋𝑋)−1𝑥𝑥𝑖𝑖 (2) 
When the h value for a compound is higher than the critical value h* (calculated based on the 
Equation 3), then the model predicted the endpoint value for this compound by extrapolation. 

ℎ∗ = 3𝑝𝑝𝑛𝑛−1    (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 (R2) and root mean square 
error of calibration (RMSEC). Their robustness and stability was evaluated by the cross-
validation coefficient (Q2

CV) and the root mean square error of cross-validation (RMSECV). 
The predicting capabilities of the models were examined by external validation coefficient 
(Q2

EXT) and root mean square error of prediction (RMSEEXT) [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. Table1). 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 61±2 

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 µL/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/cm2), induced by the continuous flow, as shown before
for endothelial cells exposed to a shear stress of 15 Dyne/cm2 [52], and placenta (i.e. BeWo)
cells exposed to shear stresses ranging from 0.001 to 0.12 Dyne/cm2 [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 µm 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/cm2) [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 µl/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 µm. 

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.  

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)  

Components 

Mass balance (%)  

Chip Transwell 

Congener  
2,3,7,8-TCDF 82±5 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 94±5 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 79±2 

2,3,7,8-TCDD 85±5 81±2 

1,2,3,7,8-PeCDD 92±6 85±2 

1,2,3,4,7,8-HxCDD 98±8 84±2 

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 83±2 

OCDD 100±8 82±2 

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 (R2=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 (R2=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 II 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 10-2µCi/mL U-14 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 (ο ) 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=OCDD; 
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=2,3,4,6,7,8-
HxCDF; 10=2,3,4,7,8-PeCDF; 11=1,2,3,7,8,9-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 PCDFs 
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. 

2



Chapter 2 

50 

Table 4. Molecular descriptor pairs for the developed QSPR models 

Pair of models Descriptors 

Cell QSPR models 

ATSC3v Centred Broto-Moreau autocorrelation of lag 3 weighted 
by van der Waals volume 

GATS5v Geary autocorrelation of lag 5 weighted by van der Waals 
volume 

Transport QSPR models 
ATS5m Centred Broto-Moreau autocorrelation of lag 5 weighted 

by mass 

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 = -9,9324 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 (R2), internal and external validation 
coefficients (Q2

CV and Q2
EXT) and root mean square errors (RMSEC, RMSECV, RMSEEXT) 

presented in Table 5. indicate good quality, stability and predictive capabilities of the models. 

Table 5. Parameters of quality evaluation for developed models 

R2 RMSEC Q2
CV RMSECV Q2

EXT RMSEEXT 

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 4.31 

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 (◊) and validation 
set (■). 1=1,2,3,7,8,9-HxCDD; 2=1,2,3,6,7,8-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=OCDF; 16=1,2,3,4,7,8-HxCDD; 17=OCDD

To verify models applicability domains (AD) we applied Williams plots11 (values 
of standardized residuals versus the leverage values). AD is limited by the critical values of 
standardized residuals (three standard deviaton units-3σ) and the critical leverage value (h*). 
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 (±3σ and h*) define the applicability 
 domain of the model, the training (◊) and validation set (■). 

All the compounds are situated in the range of ±3 standard deviations from 0 and 
none of them exceeded the critical leverage value (h*). 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 GATS5v for uptake (and/or association) models, ATS5m and 
MATS5m 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-
GATS5v- 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 (ATS5m) 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 in 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. 

Congeners  

Adsorption in various compartments (%) Total adsorption (%) 

Chip TW Chip TW 

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 2.20 0.37 2.38 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 2.97 1.39 
2,3,7,8-TCDD 7.23 0.67 4.91 0.40 7.90 5.31 
1,2,3,7,8-PeCDD 4.21 0.52 3.62 0.14 4.74 3.76 
1,2,3,4,7,8-HxCDD 4.18 0.43 3.86 0.06 4.61 3.91 
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 2.78 0.82 1.34 0.18 3.60 1.52 

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 

Supp Table 2. The p-value of statistical analysis obtained from an independent samples t-test 
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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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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], rhodamine 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 µm pore 
size and a 1 cm2 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 mm3 and 75 mm3 for 
the AP and BL side, respectively, and 185 mm3 for the total volume of the device (µL). 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 cm2 on 12-well Transwell 
polyester inserts (0.4 µm pore size, 1.12 cm2 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 cm2 
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 µL/h 
DMEM+ for 21 days. By doing so, the shear stress in the AP compartment was ~0.0002 
Dyne/cm2 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 µg/mL in DMEM+ was 
perfused through the apical channel of the chip with a flow rate of 100 µL/h. The basolateral 
channel was perfused with DMEM+ with a flow rate of 100 µL/h. Sample aliquots of 50 µL 
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 
µL/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 µg/mL conjugated antibody ZO-1/TJP1-Alexa Fluor 594 (Invitrogen, 
Waltham, MA). The nuclei were stained with 5 µg/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 µm 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 µL 
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 µL/well), containing a p-nitrophenyl Phosphate solution (5 
mM). After the plate was incubated in the dark for 60 min at 25 ◦C, 20 µL 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 cm2. 
Considering a steady flowrate of 100 µL/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/m3 
and viscosity; 6.9x10-4 Pa s-1). 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/cm2) 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 µM), ketoprofen (0, 25, 50, 100, 250 or 300 µM), digoxin (0, 25, 50, 
100, 125 or 250 µM), or amoxicillin (0, 25, 50, 100, 250 or 500 µM) in HBSS for 24 h. At 
the end of the treatment period, cells were washed with 100 µL PBS, and 60 µL 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 µL 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 µM 
antipyrine, 100 µM ketoprofen, 125 µM digoxin, and 250 µM 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 µL/h, whereas 4% BSA in HBSS was pumped through the basolateral 
channel. An aliquot (100 µL) 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 µL) 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 ℃ 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].  

Where A is the surface area (cm2), dQ is the amount of the model compound 
transported (µmol) over the respective time interval dt (s), C0 is the initial concentration (µM), 
C is the concentration in the basolateral compartment (µM) , 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 µL) were applied to a C18 reverse-phase column (150 mm x 4.6 I.D. 
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, 5 μm particle size) with a guard column (7.5 mm x 4.6 mm I.D.; Alltech, The Netherlands) 
and detected by a UV detector (Perkin-Elmer, Waltham, MA) at 260 (antipyrine) and 254 
(ketoprofen) nm. Digoxin (100 µL) and amoxicillin (50 µL) 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 µL aliquot of the basolateral Transwell samples or 25 µL of gut-on-chip samples and 
apical Transwell samples was mixed with 10 µL of internal standard working solution (25 
µg/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 N2 at 40 °C and the remaining pellet was re-suspended with either 100 µL 
25 (v/v)% MeOH for the basolateral Transwell samples or 200 µL for the basolateral gut-on-
chip samples. For the apical samples, evaporation was not necessary because of their higher 
concentrations. For all samples 100 µL was diluted with 900 µL 25% MeOH, and transferred 
to LC-MS/MS vials. Five µL 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 I.D., 1.8 μm) (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 N2 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/cm2.  

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 Papp 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 (1.10x10-6, 0.76x10-6, 0.40x10-6 
for the Transwell at day 9, 11, 15 and 0.72x10-6, 0.54x10-6, 0.64x10-6 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. 

Figure 2. Time dependent Papp (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 A), 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 µm 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).  

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 µL/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 
µm. 

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). 

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 µM, 300 µM, 250 µM and 500 µM 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 (±SEM) 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 (Papp=5.4x10-6, 5.9 x 10-6 and 8.8x10-6 
cm/s; p<0.05) than in the Transwell (Papp=22.7x10-6, 16.0x10-6 and 16.4x10-6 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=5.8x10-7 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; Papp=24.8x10-6 cm/s, gut-on-chip; Papp= 
6.0x10-6) and ketoprofen (Transwell; Papp=18.8x10-6 cm/s, gut-on-chip; Papp=4.7x10-6 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=19.1x10-6 cm/s). In the gut-
on-chip the transport of digoxin was significantly lower without cells (Papp= 2.8x10-6 cm/s). 
Amoxicillin showed an increased translocation through the membrane without cells in both 
the Transwell and gut-on-chip (Transwell; Papp=19.3x10-6 cm/s, gut-on-chip; Papp=3.7x10-6 
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=10.4x10-6 cm/s) compared to the transport with the flow 
(Papp=5.4x10-6 cm/s), but the transport was still two-fold lower than in the Transwell system 
(Papp=22.7x10-6 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 Papp values for all compounds in the gut-on-chip system (Suppl. Table 1).  
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Figure 6. Apparent permeability (Papp) 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). 

Figure 7. Apparent permeability (Papp) values (±SEM) 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 (Papp) (±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). 

Compound 

Papp (x10-6 cm/s) Literature in 
vitro Transwell 

Papp 
(x10-6cm/s ) 

Human in 
vivo Papp 

(x10-6cm/s ) 
BCS 
class 

Fa (%) Transwell Gut-on-chip 

Antipyrine 22.7±0.5 5.4±0.2 11.3-150.0a 560d Id 100d 
Ketoprofen 16.0±1.6 5.9±0.4 10.5-93.0a 870d Id 100d 

Digoxin 16.4±0.7 8.8±0.1 0.59-4.69b N/A IIe 75f 
Amoxicillin 0.11±0.02 0.58±0.2 0.021-1.8c 30d IIId 45-75d 

BCS: Biopharmaceutics Classification System. Class I and II: high permeability, class III: low permeability.  
Fa: human absorption of compounds, a data obtained from [44], b data obtained from [45, 46] , c data obtained from 
[47-49], d data obtained from [50], e data obtained from [51] and f 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 Papp 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/cm2 
which is lower compared to the 0.02 Dyne/cm2 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/cm2 [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 Papp values 
in both systems. Amoxicillin, a low transported compound, showed low Papp values in both 
systems. The Papp 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 Papp 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 Papp value of antipyrine in the gut-on-chip with cells without flow versus with
flow. Nevertheless, the Papp 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 Papp 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 Papp values of the tested compounds were obtained in the 
gut-on-chip and Transwell models for antipyrine, ketoprofen, and digoxin. The Papp 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).  

Compound 
Permeability (x 10-6 cm/s) 

TW Chip 

Antipyrine 24.8±0.3 12.7±0.2 

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 

3





CHAPTER 4 

Comparative transcriptomics of epithelial cells grown 
under static and microfluidic gut-on-chip conditions 
and benchmarked against human in vivo intestinal 

cells 

Kornphimol Kulthong, Guido J.E.J. Hooiveld, Loes 
Duivenvoorde, Ignacio Miro Estruch, Victor Marin, Meike van 

der Zande and Hans Bouwmeester 

Submitted for publication 



Chapter 4 

86 

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 µm pore size and a cell culture area of ~1.6 cm2. 
The volume of the AP chamber is 75 mm3 with a chamber height of 0.25 mm (membrane to 
top layer) and the BL chamber is 110 mm3 with a chamber height of 0.65 mm (bottom layer 
to membrane), resulting in a total volume of 185 mm3 (µL) 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. 

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 cm2 on 12-
well Transwell PET inserts (0.4 µm pore size, 1.12 cm2 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 cm2 
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 
µL/h DMEM+ until day 21 of culturing (Fig. 1B). By doing so, the shear stress in the AP 
compartment was ~0.002 dyne/cm2 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 
ZO-1/TJP1-Alexa Fluor 594 (Invitrogen, Waltham, MA) at 10 µg/mL was used to stain tight 
junctions. The nuclei were stained with 5 µg/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 µm 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 µL 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 µL 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 µL 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 µm at day 21. 

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 µL/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 
junctions (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; log2FC = 5.89) coding for 
metallothionein 1H protein, whereas the gene glucose-6-phosphatase catalytic subunit 

4
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(G6PC; log2FC = -6.79) coding for glucose-6-phosphatase catalytic subunit protein was most 
downregulated. 

 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

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. 

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/cm2 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/cm2 [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/cm2; [42, 43]) and on murine proximal 
tubular epithelial cells (with fluid shear stresses ranging from 0 to 1.9 dyne/cm2; [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, ASAH2) were downregulated under dynamic conditions. Exceptions, 
however, were genes coding for UGT1A1 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 CYP1A1 is involved in the modification of aromatic hydrocarbons. Gene 
expression of UGT1A1 and CYP1A1 is regulated by the aryl hydrocarbon receptor (AhR) [50, 
51]. The AhR gene and AhR dependent genes (i.e. CYP1B1, 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/cm2 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/cm2) regulated by MAPK signaling [63]. TGF-beta signaling is also described to 
be induced in endothelial cells by shear stress of 10 dyne/cm2 [64]. NF kappa B signaling, 
stimulating pro-inflammatory cytokine and chemokine release, was activated by a shear 
stress of 15 dyne/cm2 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 UGT1A1 and CYP1A1(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/cm2 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/cm2 [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/cm2) 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.  
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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 TiO2 (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 TiO2 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 TiO2 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. TiO2, SiO2, 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. TiO2 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 
TiO2 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 TiO2 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 TiO2 and ZnO NMs because of their different material properties. TiO2 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 TiO2 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 TiO2 
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 TiO2 and ZnO 
NMs. 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). TiO2 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 cm2 on 12-well Transwell polyester inserts (0.4 
µm pore size, 1.12 cm2 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 cm2 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 µL/h DMEM+ until day 21 of culturing. By doing so, the shear stress 
in the AP compartment was ~0.002 dyne/cm2 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 µm pore size and a cell culture area of ~1.6 cm2. The volume of the AP 
chamber is 75 mm3 with a chamber height of 0.25 mm (membrane to top layer) and the BL 
chamber is 110 mm3 with a chamber height of 0.65 mm (bottom layer to membrane), resulting 
in a total volume of 185 mm3 (µL) 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 TiO2 and ZnO was 
added to 30 μL of 96% ethanol to pre-wet the NMs followed by addition of 570 μL 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 SonifierTM S-450). After that, the stock solution 
was diluted in DMEM+ to the concentration used for size measurement (100 and 10 µg/mL 
for TiO2 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). 
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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/m2 [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/cm2) were seeded in 96-well plates. After 24h, the 
medium was discarded and was subsequently replaced with various concentrations of TiO2 
(0, 10, 25, 50, 100 or 150 µg/mL) and ZnO (0, 0.4, 2, 10, 50 or 100 µg/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 µL WST-1 solution and further 
incubated for 1 h. The plate was centrifuged at 200g for 10 min, and the 70 µL 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 µg/mL TiO2 (n=4) and 80 µg/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 µL/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 uL 
NM suspension of 50 or10 µg/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 µL DMEM+ to wash the 
cells. After that, 100 µL RLT lysis buffer was perfused trough the chip and incubated for 2 
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min followed by another 100 µL 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 µL of RLT lysis buffer were 
added after washing the cells with DMEM+, 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 TiO2 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 TiO2 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 

Material code Core material Product type 
Crystal 

structure 
Primary 

size (nm) 

Hydrodynamic diameter 
(nm) ± SD of NMs in 

DMEM+ 
PDI±SD 

E171 TiO2 Powder Rutile/anatase 60-300a 262±21 0.27±0.11 

NM110 ZnO Powder Zincite 158b 229±13 0.17±0.04 

a[34], b[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 µg/mL TiO2 and ZnO NMs, respectively, for 24h. As shown 
in Fig. 1, no cytotoxicity (>80% viability) was observed for TiO2 NMs for any of the tested 
concentrations, whereas cytotoxic effects of ZnO NMs were observed at concentrations of 
50 µg/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) TiO2, 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 TiO2 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 µg/cm2 TiO2 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 TiO2, the ~2.5 µg/cm2 TiO2 
NM dose (corresponding to a nominal NM concentration of ~10 µg/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 

*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. TiO2 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 TiO2 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. 

Material 

Simulated deposited mass dose (µg/cm2)*) 

96 well plate Transwell Gut-on-chip 

TiO2 up to ~25 ~2.5 ~2.4 

ZnO up to ~3.1 ~1.9 ~2.1 
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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 TiO2 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 TiO2 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 TiO2 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 TiO2 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 TiO2 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. SLC10A5, SLC38A4, KRT34) were related to 
sodium/bile acid transport and cellular structure. While the downregulated genes (i.e. EBLN2, 
MT1G, 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 TiO2 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. MT1B, MT1A, MT1M, MT1E, MT1G, MT1H) are coding for metallothionines. The 
other 7 upregulated genes, namely; HSPA6, SLC30A2, OR11H6, EGR2, GADD45B, RGS16 
and USP17L5, 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)TiO2 and B) ZnO NMs for 6 h;↑and ↓ 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 TiO2 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 TiO2 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 TiO2 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 TiO2 NM are presented in Table 4. 

Figure 4. Overview of downregulated pathways in Caco-2 cells cultured in the Transwell and gut-on-chip devices 
after exposure to TiO2 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. 5A 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). 

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 TiO2 (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 TiO2 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. TiO2 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 TiO2 

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 TiO2 or ZnO NMs.  

Exposure of Caco-2 cells to TiO2 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 (ZNF117) in the cells grown in Transwell and the DNA-repair (EID3) 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 (TiO2 

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 TiO2 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 
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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 TiO2  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 
TiO2 and 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. 
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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 vitro 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 µL/h, corresponding to a shear stress of ~0.0001-0.002 dyne/cm2. 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 (TiO2) 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/cm2, 
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/cm2 in this thesis (Chapter 3) was similar to that of cells 
cultured under static conditions. A shear stress of 0.02 dyne/cm2 resulted in a full Caco-2 
differentiation after only 5 days of culturing [6]. Furthermore, the application of ~0-0.03 
dyne/cm2 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/cm2 [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. 
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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 in 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 TiO2

 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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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 (TiO2) 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. TiO2 and ZnO nanomaterials are among the most popular food-related 
nanomaterials used in the food industry and these two nanomaterials cover extreme 
physicochemical properties. TiO2 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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