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Novel microfluidic technologies allow the manufacture of in vitro organ-on-a-chip systems that hold great
promise 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 the static
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Accepted 10th September 2018 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.
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1. Introduction

Determination of the oral bioavailability of compounds after
ingestion is a crucial element in the toxicological risk assess-
ment 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 investi-
gate local effects on the intestinal epithelium.'® However,
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system, to study the cellular association and transport of lipophilic compounds like dioxins.

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,*
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 reca-
pitulate not only in vivo fluid flows, but also the structure and
function of human tissues.”® For this reason, microfluidic
technology has been introduced into the field of drug discovery.
This already now has resulted in a variety of models recapitu-
lating specific organ functions, including the small intestine, in
so-called gut-on-a-chip models.>*'*"* 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."”»"* 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

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Structures of investigated compounds.

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 dibenzodiox-
ins, 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 expo-
sure 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.****
Because of their lipophilic properties, or high log P 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 contami-
nated beef and dairy products, is the primary source of dioxin
entry into the human body.**® In fact, more than 90% of

Table1 The predicted log P values of dioxin congeners,?® and limit of
quantification (LOQ) by GC-HRMS

Congeners log P 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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human dioxin exposure occurs through food ingestion.'**
About 20 congeners of dioxins can be absorbed through daily
meals,**** 17 of these congeners are present in a reference
mixture in the legal food monitoring programmes of the EU.**
The molecular composition (i.e. degree of chlorination), solu-
bility, and molecular size of each congener influences its
absorption rate, toxicity, tissue distribution, and elimination.*

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 devel-
oped 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).>* 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.

2. Experimental

2.1. The gut-on-a-chip device

The microfluidic gut-on-a-chip device consists of three reseal-
able 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 um pore size, 12 pm thickness, 1.6 x 10° pore
density and 1 cm” surface area, separates the upper apical (AP)
and the lower basolateral (BL) chambers (Micronit, Enschede,
The Netherlands). Both the upper and lower glass slides were
spaced from the middle layer membrane by 0.25 mm thick
silicone bands resulting in a volume of 110 mm?® and 75 mm’®
for the AP and BL side respectively, which makes the total
volume of the device 185 mm?® (uL). The distance between the
middle layer and the top layer was 0.25 mm and 0.65 mm for the
glass and membrane section, respectively. The distance
between the middle layer and bottom layer was 0.25 mm. The
chip was mounted with a quick locking mechanism in the chip

RSC Adv., 2018, 8, 32440-32453 | 32441
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Fig. 2
the tubing.

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 per-
formed at a constant flow rate of 25 pL h™" resulting in a shear
rate in the AP compartment of ~0.0001-0.0005 dyne per cm? (at
the membrane and glass surface, respectively) and in the BL
compartment of ~0.0005 dyne per cm?.

2.2. 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 uL 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
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(A) Schematic design of the microfluidic system. (B) Image of the chip holder used to clamp the chip together and allowing connection of

sensitive CALUX bioassay that is routinely used in our labora-
tories, as described previously.”® Briefly, rat H4IIE hepatoma
cells, stably transfected with an AhR-controlled luciferase
reporter gene plasmid (pGudLucl.1), were grown in 48 well
microtiter plates. Upon cell confluence, they were exposed in
triplicate to standards and the dioxin mixture dissolved in
culture medium. After 20-24 h of exposure, the cells were
washed, lysed and an aliquot was used to determine the lucif-
erase 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-tet-
rachlorodibenzo-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.

2.3. Culture of human intestine epithelial cells

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

The cells were seeded at density of 40 000 cells per cm” in 12
well Transwell polyester inserts (0.4 um pore size, 1.12 cm”
surface area, Corning Amsterdam, The Netherlands) cultured in
DMEM". During culture period, medium was changed for every
other day.

In the microfluidic chip cells were seeded at a density of
75 000 cell per cm?, the cells were allowed to attach to the

This journal is © The Royal Society of Chemistry 2018
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membrane without flow for 72 h and then were perfused with
low sodium bicarbonate (10 mM) DMEM" (Sigma) for opti-
mizing pH buffering capacity, through the AP and BL side for 7
days.

2.4. 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 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 ug mL™" of the
conjugated antibody ZO-1/TJP1-Alexa Fluor 594 (Invitrogen,
Waltham, MA). The nuclei were stained with 5 ug 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 pm at magnification
40x.The gain and offset for the different channels were kept
constant during the entire experiment.

2.5. 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.

2.6. Cell viability

To exclude cytotoxicity of the dioxin mixture at the concentra-
tion used for the transport studies, a WST-1 assay was per-
formed on Caco-2 cells. The WST-1 assay quantifies cellular
mitochondrial activity, which directly correlates to cell viability
and thus cytotoxicity. For this, cells were seeded in 96 well
plates at a density of 50 000 cells per cm> and were incubated
overnight and were subsequently exposed to the dioxin mixture
in DMEM" at various concentration ranging from 0.025 to 2.0 ng
mL~", for 24 h. After exposure, the cells were washed with
Hank's Balanced Salt Solution (HBSS) and incubated with 10 uL
WST-1 reagent (Roche Diagnostics GmbH, Mannheim,

This journal is © The Royal Society of Chemistry 2018
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Germany) for 3 h. The plate was read at 440 nm and 640 nm
using a microplate reader (BioTek, Winooski, VT). The back-
ground signal at 640 nm, which is directly correlated with the
cell quantity, was subtracted from the reaction signal at 440 nm.

2.7. Dioxin mixture transport experiments

In the dynamic gut-on-a-chip model, cells were cultured for 10
days, of which 7 days under continuous flow of 25 uL. h ™. At day
10, DMEM" containing 0.2 ng mL " of each congener of dioxin
(in 1% DMSO) was pumped into the apical channel, and
DMEM" without the dioxin mixture was perfused into the
basolateral channel. After 24 h, a total of 600 pL 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 uL DMEM' containing 0.2 ng
mL~' of the dioxin mixture (in 1% DMSO) in the apical
compartment. The basolateral compartment was filled with 600
uL DMEM*. After 24 h, all DMEM" was collected from both
compartments.

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

2.8. GC-HRMS analysis

Samples were analysed by GC-HRMS using previously described
methods.* In short, prior to the extraction, the samples were
spiked with "*C-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.”* Using an automated clean-up
(PowerPrep system, Fluid Management Systems, Waltham,
USA), extracts were purified on an acid silica column, a neutral
silica column, a basic alumina column and an activated carbon/
Celite column. For the elution of the columns, custom made
solvents and mixtures were used, respectively being hexane,
hexane/dichloromethane (1 : 1, v/v), ethyl acetate/toluene (1 : 1,
v/v) and toluene. The volume of the final extract was reduced to
0.5 mL using an automated evaporation system with a fixed
endpoint of 0.5 mL. The recovery standards '*C-labelled 1,2,3,4-
TCDD and 2,3,4,6,7,8-HXCDF, 100 pg, were added for the anal-
ysis 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 um; J&W, Folson, USA). The mass spec-
trometer was operated in electron impact ionization mode,

RSC Adv., 2018, 8, 32440-32453 | 32443
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using selected-ion monitoring. A large volume injector (LVI) was
used to inject 100 pL of the extract containing PCDD/Fs on the
GC. The results were corrected for recovery of the *C-labelled
internal standards and the performance was checked through
an in-house reference sample sunflower oil spiked at approxi-
mately 1 pg TEQ g~ ' fat PCDD/F, 0.8 pg TEQ g~ * fat d1-PCBs and
15 ng g ' fat non-dioxin like-PCBs. The performance of the
methods is regularly checked by participation in PT-tests (EURL
dioxins and PCBs twice a year, Folkehelse Institute, once a year),
showing good performance.

2.9. 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, phys-
ical and biological properties.*” For the QSPR modelling data
were logarithmized to make them more linear and sorted by
increasing values. To be able to validate the QSPR models the
data were split into two sets: a training set (to calibrate of model
equations), and a validation set (used for verifying the predictive
ability of the developed models). For this we used the “Z:1”
algorithm, which places every Z" compound in the validation
set (objects from this set are marked as #2) and all the
remaining objects in the training set (those objects are marked
as #1). We took Z = 5 for cellular uptake and association data
and Z = 4 for transport data.

Molecular structures of the PCDD and PCDF congeners were
build using the ConGENER software.”® The molecular geome-
tries 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.>*° 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),** 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.** In order to select from such a large
descriptors set the models that best correlate with the biological
endpoint we used genetic algorithm (GA)** implemented in the
QSARINS software (version 2.2.2).** 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.*® 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.***” 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 AC; presented in the

eqn (1).
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AC, = | F(0)f (x + K)dx (1)

Ja
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.®”

To meet the requirements of QSPR models defined by the
Organization for Economic Co-operation and Development,*”
we carried out a two-stage model validation of each model: for
the internal validation we chose the leave-one-out method
(cross-validation),*® 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 deter-
mined by values of molecular descriptors, and so resulting from
structural similarity of the compounds, in which the predic-
tions are reliable. For this purpose we calculated leverage values
(h) and the standardized residual values. The % values that
defines the similarity of /™ compound to the training set were
calculated according to the eqn (2), where x; is a vector con-
taining descriptors for /™ compound and X is a matrix con-
taining descriptors for every compound from the training set.

hi = )C;F(XTX)ilxi (2)

When the A value for a compound is higher than the critical
value h* (calculated based on the eqn (3)), then the model
predicted the endpoint value for this compound by
extrapolation.

h* = 3pn~! (3)

where p is the number of variables in model plus one, 7 is the
number of the compounds in the training set.*

We verified the fitting of the models by determination coef-
ficient (R*) and root mean square error of calibration (RMSE).
Their robustness and stability was evaluated by the cross-
validation coefficient (Qcy®) and the root mean square error of
cross-validation (RMSEcy). The predicting capabilities of the
models were examined by external validation coefficient (QEXTZ)
and root mean square error of prediction (RMSEgxry).*

2.10. Statistical analysis

SPSS (IBM) was used for all statistical evaluations. The cellular
accumulation and transport data was evaluated using an inde-
pendent paired t-test for the dioxin mixture transport experi-
ment 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.

3. Results and discussion

3.1. 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-

This journal is © The Royal Society of Chemistry 2018
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material interactions.*"** 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.**** However, PDMS has a number of
important limitations regarding its use in biological studies.*®
One of those limitations is adsorption of various molecules by
PDMS because of its permeable and hydrophobic properties.*” It
has been reported that PDMS based material adsorbed more
small-molecules and hydrophobic compounds compared to
polystyrene based material,**** and glass,> and thus dramati-
cally affecting free compound concentrations.*” Obviously, the
degree of adsorption relies on lipophilic properties of
compounds.®™** While it has been shown that continuous
rinsing with buffer might result in desorption of compounds
from PDMS,* it is clear that PDMS might not be the ideal
material for highly lipophilic compounds like dioxins. There-
fore, 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 tetra-
fluoroethylene (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 incu-
bation 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 deter-
mined 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 ESI Table 1%). This

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

Dioxin concentration

Syringes and tubing (ng BEQ per 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 per ml.

This journal is © The Royal Society of Chemistry 2018
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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.

3.2. Morphology of intestinal barriers

Monolayer integrity of Caco-2 cells grown under dynamic flow
and static conditions was evaluated using fluorescence confocal
microscopy. Representative images are shown in Fig. 3. In the
chip the Caco-2 cells were grown using a continuous flow of 25
uL h™* 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.® 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-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 per cm?), induced by the
continuous flow, as shown before for endothelial cells exposed
to a shear stress of 15 dyne per cm?** and placenta (i.e. BeWo)
cells exposed to shear stresses ranging from 0.001 to 0.12 dyne
per cm”.* 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 fila-
ments might alter cell spread, migration, elongation, or
enlargement of the cells.”>** While the thickness of the mono-
layers of cells grown under both conditions was comparable (10
pum 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 per cm?).°

3.3. 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.**** 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.

RSC Adv., 2018, 8, 32440-32453 | 32445
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Fig.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 ulL
h~1) 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 pm.

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 was only observed following an exposure
to =0.6 ng mL~" dioxin mixture for 24 h (P < 0.05, one way
ANOVA). For the cellular association and transport studies an
exposure concentration of 0.2 ng mL™" was used.

After 24 hours of exposure the cells were harvested from the
chip and Transwell membranes and the concentration of indi-
vidual 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

32446 | RSC Aadv., 2018, 8, 32440-32453

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.
Transport of dioxin congeners across the two barrier models
was low and ranged from 0.6% to 3.3% for OCDF and 1,2,3,7,8-
PeCDF respectively in the dynamic model, and ranged from
0.2% to 4.4% in the static model for OCDF and 1,2,3,7,8-PeCDF
respectively (Fig. 5A). Comparison of the transport and cellular
association of the individual congeners between both models
showed no significant differences. In addition, a similar trend
in congener transport was observed (R* = 0.96) between the two
models (Fig. 5C). The larger error bars in the chip data
compared to the Transwell data could be explained by the more
complicated (technical) setup of the chip experiments

This journal is © The Royal Society of Chemistry 2018
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Fig. 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).

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.*® 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
24 h.*® 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 associ-
ation and accumulation of dioxins is likely caused by their lip-
ophilicity as reported in the previous studies.*”*® Under both
culture conditions individual congeners were present in the
cellular fraction in a comparable pattern, as a strong correlation
between the chip and Transwell cellular amount was observed
for the whole series of test compounds (R> = 0.98; Fig. 5D).

Dioxins have been investigated extensively in vitro with most
studies focusing on their potential toxicity and metabolism,
focussing specifically on 2,3,7,8-TCDD-aryl hydrocarbon receptor
(AhR) interactions. 2,3,7,8-TCDD can induce expression of cyto-
chrome 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.*****
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,

This journal is © The Royal Society of Chemistry 2018
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a steady-state amount of approximately 13% cellular association
has been reported following 90 minutes of exposure to 3.4 x 107>
uCi mL ™" U-"*C-TCDD and less than 1.5% of apical concentration
was transported to the basal compartment.®* Our data illustrates
an amount of 2,3,7,8-TCDD in the cellular fraction of approxi-
mately 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.** This has
been reported also for polychlorinated biphenyls, PCB#52, #118,
#153 and #180, which have an extremely high hydrophobicity
(log P> 5).%

3.4. QSPR modelling for PCDDs and PCDFs

To further explore the relationship between the physicochem-
ical 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.®*® For each model equation we
chose 2 descriptors, to avoid their overfitting.*” The chosen
descriptors are presented in the Table 4.

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

Table 3 Mass balance from dioxin transport experiments analysed by
GC-HRMS (n = 3)

Mass balance (%)

Components Chip Transwell
Congener

2,3,7,8-TCDF 8245 75+1
1,2,3,7,8-PeCDF 88+5 86 + 1
2,3,4,7,8-PeCDF 93 +7 82 £ 2
1,2,3,4,7,8-HXCDF 97 + 7 85+ 2
1,2,3,6,7,8-HXCDF 9445 93 +1
2,3,4,6,7,8-HXCDF 97 + 7 87 +2
1,2,3,7,8,9-HXCDF 91+ 6 84 + 2
1,2,3,4,6,7,8-HpCDF 97 45 93+ 1
1,2,3,4,7,8,9-HpCDF 97 + 7 83 +2
OCDF 96 + 8 792
2,3,7,8-TCDD 85+ 5 8142
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 9345 9341
1,2,3,4,6,7,8-HpCDD 97 + 7 83 +2
OCDD 100 + 8 82+ 2
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Fig. 5 Comparison of dioxin congeners in the cellular fraction and transported over the cell barrier between a dynamic (m) versus a static (0)
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.

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

32448 | RSC Adv., 2018, 8, 32440-32453 This journal is © The Royal Society of Chemistry 2018
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Table 5 Parameters of quality evaluation for developed models

R* RMSEc  Ocv® RMSEcy  Opxr>  RMSEgxr
Model1  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 3 091  0.07 0.86  0.08 0.87 0.08
Model 4  0.92  0.01 0.14  0.14 0.96 0.07

and transport across the monolayer of cells. In the process of
model calibration we obtained the following eqn (3)—(6):

Model 1 (Uptake-chip): Y= —9.9324 ATSC3v —52.8616 GATS5v
+ 121.637 (@)
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Model 2 (Uptake-Transwells): ¥ = —12.7950 ATSC3v — 57.3662
GATS5v + 118.7720 (5)

Model 3 (Transport-chip): log ¥ = —1.0760 ATS5m — 0.6038
MATS5m + 4.4399 (6)

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

The values of determination coefficients (R*), internal and
external validation coefficients (Qcy’ and Q’gxr) and root mean
square errors (RMSEg, RMSEqy, RMSEgyy) presented in Table 5
indicate good quality, stability and predictive capabilities of the
models.
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Fig. 6 Experimental and predicted values of endpoint for each developed model, the training (&) and validation set (l). 1 =1,2,3,7,8,9-HxCDD;
2=1236,78-HxCDD; 3 =12,3,6,7,8-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.
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Fig. 7 Williams plots for developed models. The lines on the plot (+30 and h*) define the applicability domain of the model, the training (&) and

validation set (H).

This evaluation is additionally confirmed by high correlation
between experimental and predicted values of endpoints pre-
sented at the Fig. 6.

To verify models applicability domains (AD) we applied Williams
plots™ (values of standardized residuals versus the leverage values).
AD is limited by the critical values of standardized residuals (three
standard deviation units-3¢) and the critical leverage value (/*). The
developed Williams plots are presented in Fig. 7.

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 struc-
tural features determine the values of the endpoint. For our
models we selected four autocorrelation descriptors: ATSC3v and

32450 | RSC Adv., 2018, 8, 32440-32453

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' interac-
tions with membranes or their cytotoxicity.®*”* 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, 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.

This journal is © The Royal Society of Chemistry 2018
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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 chlo-
rine 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 accu-
mulation of lipophilic compounds like dioxins. The experi-
mental 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 congeners 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 recog-
nized 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 morpholog-
ical 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 applica-
bility 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.” This is the first report 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

This journal is © The Royal Society of Chemistry 2018
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as mass spectrometry to measure the transported amount of
drugs or metabolites in the system in real-time.”*”
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