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From mouth to gut: microfluidic /in vitro simulation of human
gastro-intestinal digestion and intestinal permeability

We present a novel microfluidic platform combining

a Digestion-Chip and a Gut-Chip. The setup is able to
simulate digestion and test digested samples in the cell-
based Gut-Chip to evaluate intestinal permeability without
compromising cell viability, while using unprecedentedly low
dilutions of sample digesta. The Gut-Chip showed apparent
permeability in line to that found using ex vivo models. Our
miniaturised platform offers great potential for

in vitro screening of new drugs and/or food supplements,
with the capacity to accelerate drug development and
mitigate the need of animal models.
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From mouth to gut: microfluidic in vitro simulation
of human gastro-intestinal digestion and intestinal
permeability
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Reproducible in vitro studies of bioaccessibility, intestinal absorption, and bioavailability are key to the success-
ful development of novel food ingredients or drugs intended for oral administration. There is currently a lack of
methods that offer the finesse required to study these parameters for valuable molecules typically found in
small volumes — as is the case of nanomaterials, which are often used to carry and protect bioactives. Here,
we describe a modular microfluidic-based platform for total simulation of the human gastro-intestinal tract.
Digestion-chips and cell-based gut-chips were fabricated from PDMS by soft lithography. On-chip digestion
was validated using a fluorescently labelled casein derivative, which followed typical Michaelis—Menten kinetics
and showed temporal resolution and good agreement with well-established bench-top protocols. Irreversible
inhibition of serine proteases using Pefabloc® SC and a 1: 6 dilution was sufficient to mitigate the cytotoxicity
of simulated digestion fluids. Caco-2/HT29-MTX co-cultures were grown on-chip under a continuous flow
for 7 days to obtain a differentiated cell monolayer forming a 3D villi-like epithelium with clear tight junction
formation, and with an apparent permeability (P,,) of Lucifer Yellow closely approximating values reported
ex vivo (3.7 x 107 + 1.4 x 107 vs. 4.0 x 107° + 2.2 x 107°). Digesta from the digestion-chips were flowed
through the gut-chip, demonstrating the capacity to study sample digestion and intestinal permeability in a
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1 Introduction

Oral administration remains the preferred route for the deliv-
ery of drugs or dietary supplements. Bioaccessibility, intestinal
absorption, and bioavailability are three fundamental para-
meters that indicate respectively the fraction of an orally
ingested compound that (a) is available for absorption follow-
ing digestion, (b) is absorbed by the gut epithelium, and (c)
reaches systemic circulation following intestinal absorption
and first-pass metabolism in the liver." The capacity to predict
these parameters in vitro is key to the successful development
of novel foods and pharmaceuticals intended for oral adminis-
tration. Indeed, the cost for the development of each new
approved drug is currently estimated to surpass 1 billion USD
and one of the main reasons is the poor predictive power of
the existing models.> In addition, degradation in the gastroin-
testinal tract (GIT) and toxicity towards cell-based models are
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single microfluidic platform holding great promise for use in pharmacokinetic studies.

two of a series of important steps recommended by the
European Food Safety Agency (EFSA) for the risk assessment of
nanomaterials (NMs) used in the food and feed chain.?
Digestion in the GIT is a complex, multistage process and its
study in vivo carries ethical, economic, and technical concerns,*
hence the importance of in vitro models. Static models are typi-
cally simple, low cost and use a single reaction vessel but do not
fully recapitulate the human physiological digestive conditions.
The current state-of-the-art is the benchtop protocol defined
from a collaborative effort within the former INFOGEST COST
action.>® Dynamic models, in their turn, use flow to allow time-
resolved addition of simulant fluids and enzymes, pH monitor-
ing and regulation, and include other dynamic features, such as
peristalsis or gastric emptying. However, they are considerably
more complex and less affordable, and the use of reusable
vessels often leads to issues with sample contamination.”
Critically, both static and dynamic models are highly informative.
However, there is a lack of models that offer the finesse required
to study the bioaccessibility of valuable molecules in small
volumes, as is the case of new NMs being researched. To date, a
single example of a miniaturised digestion simulator has been
reported.® The device consisted of 3 microfluidic mixers con-
nected by up to 6 metre long sections of tubing that served as
reaction chambers. It used continuous flow and significantly
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reduced reaction volumes and was validated using reporter mole-
cules and lactoferrin.

In vitro cell-based models to predict intestinal permeability
allow reducing both the use of animal models and issues associ-
ated with interspecies variability, by using human cell lines, thus
increasing the likelihood of new drugs reaching the market.
Although static cell-based models play an important role in the
prediction of intestinal permeability, they overlook the important
aspects of gut physiology such as continuous flow in the intesti-
nal lumen, peristalsis, and the capacity to support co-cultures
with the gut microbiota. To address these limitations, microengi-
neered organs-on-chip based on microfluidics have been devel-
oped to replicate a variety of tissues and organs.’ These typically
consist of two or more channels separated by a semi-porous
membrane or a scaffold based on extracellular matrix (ECM) pro-
teins where cells are cultured to form an epithelium. Examples
include, but are not limited to, the devices now commercialised
by Emulate Inc. or MIMETAS. Studies within the last decade have
demonstrated the capacity to (i) culture cells from different
origins, such as epithelial cell lines,'"® immune cells,'®"* and
primary cells,”>** (ii) include mechanical stimuli to mimic peri-
stalsis,'” (iii) allow co-cultures with gut microbiota,"®™* and (iv)
integrate a variety of sensors for real-time monitoring, including
measurements of the trans-epithelial electrical resistance.'>*°

Importantly, very few studies have combined in vitro diges-
tion and intestinal absorption studies using cell-based models
in a single platform.'”'® Adding to the complexity of combin-
ing two technologically challenging platforms, a major hurdle
remains the cytotoxicity of the digestion fluids towards the cul-
tured intestinal epithelium. Previous studies have exploited
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methods based on filtration, ultracentrifugation, heat inacti-
vation, or protease inhibition to mitigate the cytotoxicity of the
digestion fluids, but none could circumvent the necessity of
significantly diluting the digested samples.'”"**>?

Here, we describe a modular device based on microfluidics
for complete assessment of the bioaccessibility and intestinal
permeability of ingested bioactive compounds. The first
module, the digestion-chip, allows in vitro digestion in con-
tinuous flow and was validated using a fluorescently labelled
casein reporter molecule. This study defined the experimental
conditions and highlighted the potential for future bioaccessi-
bility assessments of bioactive compounds. The second
module consisted of a cell-based gut-chip. To couple both
modules, the cytotoxicity of the gastric and intestinal digestion
fluids was tested using semi-confluent Caco-2 cell monolayers
and differentiated co-cultures of Caco-2 and HT29-MTX. The
effect of the digesta on the cell-based gut-chip was assessed by
changes to the apparent permeability of Lucifer Yellow.

2 Experimental
2.1 Materials

Detailed information on material references and suppliers can
be found in the ESL.}

2.2 Device design and fabrication

Devices were designed using CleWin4 from WieWeb Software
(Hengelo, the Netherlands). The designs can be found in the
supporting dataset of this manuscript and are shown in Fig. 1.

MICRODIGEST - Module 1

Fig. 1

(A) 2D design of the Digestion-Chip with an inset (B) showing the staggered herringbone mixers (SHM) introduced at each channel junction

to promote mixing by chaotic advection. (C) SEM micrograph of a PDMS slab of the digestion-chip showing the SHM grooves. (D) Photograph of the
digestion-chip with flowing food coloured solutions showing 4 inlets, and thorough mixing at each junction. (E) 3D CAD design representation of
the digestion-chip. (F) 2D design of the top and bottom channels of the gut-chip. (G) SEM micrograph of the micropillar arrays with geometry
shown in (H) used to fabricate the semi-porous PDMS membranes by spin coating and shown in (). (J) 3D CAD design representation of the gut-
chip.
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Both digestion and gut chips were fabricated by soft lithogra-
phy from PDMS (Sylgard® 184) mixed in 1:10 and 1:15 ratios
(w/w) respectively. The top PDMS slab of the digestion-chip
(containing the staggered herringbone mixers - SHM) was cast
against silicon master moulds fabricated using SU-8 2025
photoresist following a two-step UV photolithography process,
as detailed in the ESL{ The mould for the bottom digestion-
chip PDMS slab and both moulds of the gut-chip were fabri-
cated from polymethyl methacrylate (PMMA) by CNC micro
milling (FlexiCAM Viper CNC, FlexiCAM GmbH, Eibelstadt,
Germany). To upscale production and prolong the lifetime of
the original moulds, polyurethane counter-moulds were pre-
pared from the first PDMS slabs according to Varadarajan
et al.> For this, the PDMS slabs were attached feature-side up
to silicone baking moulds using double-sided tape. The
assembly was degassed, while the two-component poly-
urethane (Smooth-Cast™ 310) solutions were each thoroughly
shaken for 10 min and then combined in 1: 1 ratio followed by
further mixing for an additional 2 min. The mixture was then
poured over the degassed PDMS device, further degassed for
10 min, and left overnight in a fume hood followed by hard
baking at 65 °C for 4 h. Once cooled, the PDMS devices were
removed leaving the polyurethane moulds ready to use.

2.2.1 Digestion-chips. The top PDMS slab of the digestion-
chip (Fig. 1A-E) contained the sample inlets and the SHMs
(19.5 half cycles of 6 grooves each). The grooves (50 pm wide)
were set at 45° angle to the main direction of flow, spaced
evenly (100 um pitch) and with the wide arms occupying 2/3rd
of the channel width. The channels were rectangular at 80 pm
high (+20 pm grooves) and 200 pm wide. The bottom PDMS
slab contained two long (500 pm high, 1 mm wide) serpentine
channels to accommodate large incubation times up to
2 hours in the gastric and intestinal digestion phases. The
digestion-chips were assembled by O,-plasma bonding
(Harrick Plasma (NY, US) PDC-002-CE Plasma Cleaner) the top
and bottom PDMS slabs with feature sides (aligned with the
naked eye) facing each other, thus forming a fully PDMS-based
device. Inlet and outlet ports were opened using 1.5 mm dia-
meter biopsy punches (Kai Europe GmbH, Solingen, Germany)
and connected to pump-driven syringes via 1.6 mm OD PTFE
tubing.

2.2.2 Gut-chips. The gut-chips were fabricated from PDMS
and consisted of two 1 x 1 mm cross-section and 10 mm long
channels separated by a porous 30 pm thick PDMS membrane
with 8 um diameter pores (Fig. 1F-J). The devices were
assembled by O,-plasma bonding the bottom PDMS slab to a
semi-permeable PDMS membrane fabricated in house. The
PDMS membrane was fabricated by spin coating PDMS (1:15
w/w) at 2400 rpm for 5 min on top of silicon micropillar arrays
(8 pm diameter, 32 um pitch, 40 pm height, and offset every 2
rows - Fig. 1G and H) passivated by vapour deposition of tri-
chloro( perfluorooctyl)-silane. The pore size was defined at
8 um to offer enough support for Caco-2/HT29-MTX co-cul-
tures while still providing large pores for cell invasion studies
(not contemplated in this case). The pore rows were offset and
the pitch set at 32 um to increase the structural integrity of the

This journal is © The Royal Society of Chemistry 2023
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membrane allowing its handling during fabrication and avoid-
ing its collapse over the bottom channel. The bottom + mem-
brane assembly was bonded to the top PDMS slab (with inlets
and outlets opened using 1.5 mm diameter biopsy punches)
following alignment using an alignment rig built in-house (ESI

Fig. 17).
2.3 Mixing by chaotic advection

To validate the efficiency of mixing by chaotic advection pro-
moted by the SHMs, 0 pM and 5 uM fluorescein sodium salt
solutions in 80/20 (v/v) glycerol/water mixture were flowed
filling opposite halves of the channel cross section. Mixing in
the channel was imaged through a 10x objective using a laser
scanning confocal microscope (LSCM) (Zeiss LSM780;
Oberkochen, Germany) equipped with a 488 nm argon laser.

2.4 Invitro digestion

In vitro and on-chip gastro-intestinal digestions were carried
out following the standardised INFOGEST COST action proto-
col first published by Minekus et al® in 2014 and later
updated in 2019.° The composition of the simulated digestion
fluids can be found in ESI Table 1.t The activity of pepsin,
used in the gastric phase, and of trypsin present in pancreatin,
used in the intestinal phase, were quantified for each batch
according to the procedure detailed in Brodkorb et al.® and
detailed in the ESI.T The concentration of bile salts was tested
using a commercial kit. The simulated fluids were prepared in
advance and stored at —20 °C before use. The enzyme (pepsin
and pancreatin) and bile salt solutions were prepared fresh
before each experiment to preserve their activity and CaCl, was
added just before each experiment to avoid precipitation.

Briefly, for digestions, samples were mixed with simulated
salivary fluid (SSF) in equal volumes and incubated for 2 min
at 37 °C. All incubations were carried out in a thermomixer
(Eppendorf™, Hamburg, Germany) for static in vitro diges-
tions, or inside an orbital incubator (VWR 444-7082) for on-
chip digestions. The bolus was then mixed 1 : 1 with simulated
gastric fluid (SGF) and pepsin (2000 U mL™' in H,0), pH
adjusted to 3.0 (using 1 M HCI), and the reaction allowed to
occur for 2 h. Finally, the chyme was mixed 1:1 with simu-
lated intestinal fluid (SIF), pancreatin (100 U mL™" in SIF) and
bile salts (10 mM in SIF), pH adjusted to 7.0 (using 1 M
NaOH), and the reaction allowed to occur for further 2 h.
Samples were collected when convenient and the volumes
adjusted accordingly. On-chip incubation times were con-
trolled by varying the infusion flow rates considering the
volumes of the gastric (96 pL) and intestinal incubation
chambers (192 pL).

As proof-of-concept and to allow direct comparison
between the static in vitro and on-chip digestions, a quenched,
fluorescently labelled casein derivative (EnzCheck™ Protease
Assay Kit, ThermoFisher) was used as the test molecule. The
extension of digestion was estimated by measuring the fluo-
rescence intensity (dex = 589 nm, ey, = 617 nm) using a
BioTeK® Synergy H1 microplate reader (Winnoski, VT, USA) or
directly on-chip using a Zeiss LSM780 confocal laser scanning

Analyst, 2023, 148, 3193-3203 | 3195
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microscope (Oberkochen, Germany), with images analysed by
Image].

2.5 Cell culture

Cells were kept in a humidified chamber at 37 °C and 5% CO,.
The culture medium was changed every 2-3 days and cells
were routinely sub-cultured until achieving a maximum conflu-
ence of 70-80%. To detach adherent cells, a trypsin-EDTA
solution (0.5 g L™ trypsin; 0.2 g L™ EDTA) was used for
5-10 min. For co-cultures, Caco-2 and HT29-MTX cells were
mixed in 9:1 ratio and complete MEM medium was used.
Caco-2 and HT29-MTX were used to represent the two most
abundant cell populations in the intestinal epithelium (entero-
cytes and goblet cells, respectively). The ratio of Caco-2 to
HT29-MTX cells in co-cultures has been studied over the years
and there is a generalised consensus that between 90:10 (9: 1)
and 75 : 25 ratios provide the best approximation to the in vivo
environment, because of both the actual ratio found in vivo
and the increased functionality of cell culture models.>*~>¢

2.5.1 Caco-2. Caco-2 cells (ATCC® HTB-37™, passages
26-32) were cultured in MEM supplemented with 20% FBS,
1 mM Na-pyruvate, 100 U mL™" penicillin and 100 pg mL™"
streptomycin (1% Pen/Strep).

2.5.2 HT29-MTX. HT29-MTX cells (ECACC 12040401, pas-
sages 56-68) were maintained in DMEM culture medium sup-
plemented with 10% FBS and 1% Pen/Strep.

2.6 Cell metabolic activity

Cell metabolic activity was determined by the resazurin (RZ)
reduction assay on semi-confluent Caco-2 cells after 24 h of
culture in 96-well plates or on differentiated Caco-2/HT29-MTX
co-cultures in both 96-well plates and in cell hanging inserts
(Merck Millipore Millicell® 1 um pore size, PET membrane).
For co-cultures, cells were plated at 1 x 10° cells per cm” and
grown for 21 days with media changed every other day. At day
21, the test samples were added and incubated with cells for
4 h or 24 h, after which the medium was removed and replaced
by a 10 pg mL™" RZ sodium salt solution in complete MEM,
and incubated for 3 h at 37 °C. Deionised H,O (diH,0; 10%
v/v) and DMSO (40% v/v) in complete MEM were used as posi-
tive and negative controls, respectively. The cell metabolic
activity was determined by measuring the fluorescence of the
product of resazurin reduction, resofurin, (lex = 560 nm, Ay, =
590 nm) using a BioTeK® Synergy H1 (Winnoski, VT, USA)
microplate reader. The results are expressed as a percentage of
cell viability in relation to untreated cells.

2.7 On-chip cell culture

Gut-chips were sterilised by incubation with 70% (v/v) ethanol
for 30 min under UV exposure, followed by a wash with PBS.
To activate the surface of the PDMS membrane, 0.5 mg mL ™
sulfo-SANPAH solution in diH,O was introduced in the upper
channel, and the device photo-activated by UV radiation (1 =
365 nm; 6.8 W; distance: 5 cm) for 30 min, as described in
Sontheimer-Phelps et al.>” The solution was removed, and the
channel washed with diH,0. An extracellular matrix (ECM)
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solution containing rat type I collagen (30 pg mL™") and
Matrigel (100 pg mL™") in serum-free DMEM was added to
both channels and incubated overnight at 4 °C, followed by
1 h of incubation at 37 °C the next day. The ECM solution was
removed, washed with serum-free media, and Caco-2/HT29-
MTX cells were seeded in the upper channel at 1 x 10° cells per
cm®. Cells in the devices were incubated overnight at 37 °C in
a CO, incubator to promote cell adhesion. The devices were
inspected under the microscope, and then transferred onto an
in-house built imaging platform and 8-channel syringe pump
(ESI Fig. 17), connected via 1.6 mm OD PTFE tubing through
commercial bubble traps from Darwin Microfluidics (Paris,
France) and continuously perfused with degassed sup-
plemented media at 120 pL. h™ in both channels.

2.8 Immunocytochemistry

Cells were washed with PBS, fixed in 3.7% PFA in PBS (15 min
at RT) and permeabilised by incubation with 0.2% Triton-
X-100 solution for 10 min at 4 °C. Non-specific antibody
bonding was then blocked by incubation with 2% (w/v) BSA
solution followed by immunostaining with 5 pg mL™" Alexa
Fluor® 488-conjugated occludin monoclonal antibody
(OC-3F10) and 0.1 pg mL~' phalloidin-TRITC overnight at
4 °C. Finally, the cells were washed, the nuclei counterstained
with 50 pg mL ™" DAPI for 5 min and preserved in Fluoroshield
mounting media. Images were taken using a Zeiss LSM780
confocal laser scanning microscope (Oberkochen, Germany)
equipped with 405 nm and 561 nm diode lasers and a 488 nm
argon laser, and analysed using the Zen 2010 software and
Image].

2.9 Intestinal permeability

Cells cultured on hanging cell culture inserts (for 7 or 21 days)
or on chip (7 days) were used for intestinal permeability
studies. Previous studies showed that cell differentiation on-
chip is accelerated by the shear stress exerted by continuous
flow.”® We tested the ideal culture time in our gut-chips using
Caco-2/HT29-MTX co-cultures and determined that 7 days of
culture reproducibly led to the formation of a robust epithelial
barrier (ESI Fig. 21).

Gut-chips were connected to syringes pre-filled with HBSS
or HBSS supplemented with the test samples. The epithelial
barrier integrity was assessed by measuring the apparent per-
meability of 50 uM Lucifer Yellow from the apical to the baso-
lateral channel. During the assay the flow rate was reduced to
20 pL h™ and 20 pL of outflow was collected every hour from
pipette tips inserted at the channel outlets. The apparent per-
meability coefficient of Lucifer Yellow (P,pp,, cm s™') was calcu-
lated according to the eqn (1):

> _dQX 1%
PP dr T AX G

(1)

where dQ/dt is the permeability rate (uM s™%), which corres-
ponds to the slope of the cumulative increase in the concen-
tration of Lucifer Yellow in the basolateral chamber over time,
V is the volume of the basolateral chamber (19.5 mm?), 4 is the

This journal is © The Royal Society of Chemistry 2023
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surface area of the gut chip membrane (19.5 mm?) and C, is
the initial concentration of Lucifer Yellow in the apical com-
partment (50 pM).

2.10 Statistical analysis

Results are displayed as Mean + SD unless otherwise stated
using GraphPad Prism 9.4.1 (San Diego, CA, USA). Data distri-
butions were tested for normality using the Shapiro-Wilk test.
The statistical significance was tested using the Kruskal-Wallis
test followed by the Mann-Whitney U test.

3 Results and discussion
3.1 Mixing by chaotic advection

Flow in the digestion-chip was in the Stokes or laminar flow
regimes with the Reynolds number (ESI Table 2%) ranging
from 4 x 107> to 4.25 at the range of flow rates used
(0.024-2.3 mL h™"). In this regime, mixing can be problematic
when relying solely on diffusion. Thus, a staggered herring-
bone mixer (SHM - first introduced by Stroock et al.>) was
included following each junction of 2 or more channels to
promote mixing by chaotic advection. Fig. 2 shows that com-
plete mixing of 0 and 5 pM sodium fluorescein salt solutions
in a glycerol/water (80/20 v/v) mixture was achieved after just
7.5 cycles of the SHM when flowed with the same mixture
without fluorescein at 100 pL h™'. We also tested mixing in
water-based solutions, which should provide a closer represen-
tation of the samples and digestive fluids, and at faster flow
rates (2.3 mL h™") at which less time would be available for
diffusion to occur. In those conditions, complete mixing was
also achieved before the end of the SHM (ESI Fig. 3t), which
indicates that complete mixing between sample and digestion
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fluids was expected at all experimental conditions of this
study.

3.2 On-chip digestion

To validate the digestion-chip, we used a commercial casein
derivative labelled with BODIPY® TR-X dye. The dye is
quenched by proximity but becomes fluorescent upon hydro-
lysis, thus working as a digestion reporter molecule to deter-
mine protease activity. To study enzyme kinetics, casein was
diluted in varying concentrations [S] according to the manufac-
turer’s instructions, and mixed off-chip with SSF to represent
the output of the oral digestion phase (amylase was not
included due to the absence of starch in the test sample).
Sample and SGF (2000 U mL™" pepsin) were then flowed at
1152 pL h™' through separate inlets leading to a SHM for
mixing followed by a long serpentine channel for incubation.
At ~2.3 mL h™" the total incubation time was 220 seconds.
Note that the incubation time is a direct function of the
channel dimensions (here fixed) and the flow rates used. The
whole experiment was carried out under a confocal microscope
equipped with an integrated incubator at 37 °C to allow deter-
mination of fluorescence at different digestion time points
(every 12 s). There was an increase in fluorescence over time
for every concentration tested (ESI Fig. 4At). The increase was
nearly negligible at the 2 and 5 pg mL™" concentrations and
became more evident from 10 pg mL™" and above - in agree-
ment with the results from Haan et al.® Fig. 3A shows that the
digestion rates (calculated over the first 74 s of digestion — ESI
Fig. 4BY) increased with concentration, appearing to plateau
from 20 pg mL™', fitting a typical Michaelis-Menten enzyme
kinetics profile (R*> = 0.81). This indicated that digestion
occurred in the digestion-Chip with active enzyme catalysis.
Control experiments where no enzymes were added to the

Fluorescein
suM § @ 0uM

PSS S ——
Y N T ——

Start 1 cycle 2 cycles

Top views
Orthogonal views

Fluorescence Intensity (%

2.5 cycles

3 cycles 4 cycles 5 cycles 7.5 cycles End

Fig. 2 Confocal microscopy images showing mixing by chaotic advection over a staggered herringbone of a 0 uM and a 5 pM fluorescein sodium
salt solution in an 80/20 (V/V) glycerol/water mixture. Tile scan images were taken at an intermediate focal point for complete channel visualisation,
and z-stacks (0.5 pm increments) were acquired after determined cycles of mixing as shown by the yellow arrows (cycles 0, 1, 2, 2.5, 3, 4, 5 and 7.5).
The tile scan image and the orthogonal view images were processed using 5-pixel and a 20-pixel median filter respectively. Fluorescence intensity
profiles were extracted from ImageJd across a median line using the ‘plot profile’ function, and calculated as a percentage of the maximum intensity

value across the same line.
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Fig. 3 On-chip digestion of a casein reporter molecule labelled with BODIPY® TR-X. Fluorescence of hydrolysed substrate was measured using a
microplate reader (lex = 589 NM; A, = 617 Nm). (A) Enzyme kinetics studies where simulated gastric fluid containing a fixed concentration of pepsin
[E] was introduced in one inlet and a sample containing a varying concentration of casein [S] was introduced in the other inlet. Data show the initial
reaction rates (over 74 seconds) plotted vs. [S]. (B) Digestion following the static INFOGEST protocol of casein at 1 and 10 ug mL™ and its compari-
son with the end-point of a full digestion using the digestion-chip (green triangles). (C) Time-resolved digestion simulations of the gastric and intes-
tinal phases in the digestion-chip. Time-resolution was achieved by varying the flow rates (12-1152 uL h™%) of the sample and simulated digestion

fluids (SGFs) thus attaining different incubation times.

digestion fluids of both gastric and intestinal digestion phases
did not lead to a fluorescence increase (data not shown - see
full dataset https://doi.org/10.5281/zenodo.7324498).

Aiming to compare on-chip digestion with a well-estab-
lished in vitro digestion model, the same casein reporter was
digested following the standardised INFOGEST static digestion
protocol.>® Fig. 3B shows fluorescence data from periodic
measurements of 100 pL samples taken from the reaction
vessel every 30 min. At a substrate concentration of 1 pg mL™",
fluorescence reached a plateau in the gastric phase after
90 min of reaction suggesting that the substrate had been fully
converted. There was a further increase following the addition
of SIF (100 U mL™' pancreatin), reaching a plateau after
another 30 min, showing that casein could be further hydro-
lysed by pancreatin.®® At 10 pg mL™', the fluorescence
increased over the full 2 h period of digestion. There is again a
steep increase following the addition of SIF, appearing to
plateau from 210 min of digestion onwards. The approximately
10 fold difference in fluorescence (~5000 vs. ~50 000) between
the 1 and 10 pg mL™" concentrations at the 240 min end-point
demonstrates a direct proportion between fluorescence and
the digestion of the casein reporter. Critically, full on-chip
digestion yielded an average fluorescence of 17917 + 3871
(Mean + SD, N = 7; Fig. 3B, green triangles). While reproduci-
ble, this was considerably lower than the extension of diges-
tion obtained by the static INFOGEST method. To ascertain
whether reaction in the device stopped before all the substrate
had been converted, further SGF or SIF with freshly prepared
pepsin and pancreatin were added to the output of the diges-
tion-chip and allowed to react at 37 °C in a reaction plate for
another 60 min. This did not lead to a further increase in fluo-
rescence (data not shown - see full dataset https://doi.org/
10.5281/zenodo.7324498) indicating that the lower extent of
digestion observed on-chip was not due to enzyme inacti-
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vation. We also verified that pH had not changed inside the
devices. The pH measurements at the outlets of the gastric
and intestinal phases were not significantly different from that
of the initial digestion solutions (3.2 vs. 3.0 and 7.2 vs. 7.0,
respectively). Finally, due to PDMS’ reputation as a solid
solvent with issues related to the absorption and adsorption of
molecules frequently reported,®’* we checked whether
digested casein was being retained by the polymer matrix. For
this, casein was digested off-chip and then flowed through the
digestion-chip for 300 min. The fluorescence was measured
before and after flowing through the device and a reduction of
13% in relative fluorescence intensity was observed (ESI
Fig. 5At). The presence of casein aggregates was also observed
on-chip by confocal microscopy (ESI Fig. 5B and Ct). While
this may contribute to a lower extension of on-chip digestion,
it does not fully account for the disparity compared to the
INFOGEST protocol. However, it is reasonable to assume that
just like digested casein, undigested substrate could be
retained in the device and thus become unavailable for diges-
tion. We also hypothesise that lack of constant mixing during
the long incubation steps in both gastric and intestinal phases
could contribute to different digestion kinetics and lower
overall extension. We are thus currently working on a new
device iteration using a different material for fabrication and
where mixing is achieved throughout the incubation phases in
large reaction chambers by the action of a small magnet oper-
ated by magnetic stirrers built in house.

Finally, time-resolved on-chip digestion was obtained by
varying the flow rates (from 12 up to 1152 pL h™') of the
sample (casein at 10 pg mL™") and simulated digestion fluids
leading to decreasing incubation times. For time-resolved
intestinal digestion, the gastric phase was first processed off-
chip and then fed to the device as chyme. Fig. 3C shows a
digestion kinetics profile within the first 60 min identical to

This journal is © The Royal Society of Chemistry 2023
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the one obtained in the static INFOGEST method. The fluo-
rescence values seem to plateau after 60 min, or even to
slightly decrease (ESI Fig. 4C¥), suggesting a potential deterio-
ration or absorption/adsorption by PDMS of the hydrolysed
substrate.

The results shown herein demonstrate the versatility of our
digestion-chip to perform both full gastrointestinal digestions
comprising the oral, gastric and intestinal phases, and time-
resolved digestions at either the gastric or intestinal phase.
This yields significant potential for bioaccessibility studies of
valuable samples. Nevertheless, the use of alternative materials
for device fabrication such as polymethyl methacrylate may be
key to obtain improved on-chip digestion - one of our current
research goals.

3.3 Cytotoxicity of simulating digestive fluids

Most orally administered drugs and nutrients do not exert
their effects locally in the gut but rather target a systemic
effect or an effect at a distant organ. Thus, while studying the
bioaccessibility of these compounds provides valuable infor-
mation, the study is not complete without determining the
fraction that reaches systemic circulation - i.e. the compound
bioavailability. However, the bioavailability of an orally
ingested compound depends not only on its digestion and on
the fraction absorbed by the intestinal epithelium, but also on
the fraction that escapes metabolism in the gut and liver as it
is carried through the portal vein - the so-called first pass
effect. This phenomenon is particularly difficult to study
in vitro and thus most in vitro studies do not progress beyond
intestinal absorption studies using intestinal epithelial models
typically based on hanging inserts. Interestingly, even studies
of digested compounds on in vitro intestinal epithelial models
have proved challenging owing to the cytotoxicity of the
enzymes present in the digestive fluids,"”'®?* with studies
showing dilutions superior to 200-fold being needed to avoid
toxicity.?* Here, we investigated how combining dilution with a
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commercial protease inhibitor (Pefabloc® SC PLUS) could be
used to mitigate the toxicity of the digestive fluids.

The use of serine protease inhibitors has been linked to a
reduction of the TEER in Caco-2 cultures due to inhibition of
the membrane-anchored matriptase, which co-localises with
E-cadherin in apical junctional complexes.>> However, in
Pefabloc® SC PLUS, the PLUS additive prevents covalent
attachment to proteins when used in extended incubation
times at an alkaline pH, thus avoiding cell toxicity. In addition,
to assess the P,p;, of LY, Pefabloc® SC was used in cell cultures
only following addition to the digesta and dilution in HBSS.
Given that Pefabloc® SC binds covalently (and irreversibly) to
the serine at the active centre of serine proteases, and given
the high concentrations of proteases in the digesta, the actual
concentration of Pefabloc® SC exposed to the cell cultures is
drastically reduced. Indeed, we monitored the TEER in cell
culture inserts following exposure to digesta inhibited with
Pefabloc® SC PLUS and there was no reduction over the
4 hours of the experiments (ESI Table 37).

Fig. 4A shows that there was no cytotoxicity (p > 0.05 vs.
control) of the digestive fluids from the gastric phase towards
semi-confluent Caco-2 cells even at the lowest dilution tested
(1:4). This is due to pepsin becoming inactive at pH above 6.8
and irreversibly denatured at pH 7.5 and above.*® Note that the
large buffering capacity of complete MEM and HBSS brings
the pH of the final test solutions to the pH range 6.97 to 7.60
(ESI Table 47). Conversely, when incubated with the intestinal
digestive fluids, cells showed a significant decrease in meta-
bolic activity (p < 0.001), which was more marked at the lower
dilutions. This indicated that pancreatin and/or bile salts,*®
which are not present in the gastric phase and are active at a
neutral pH, are likely to be responsible for the reduction in
metabolic activity observed.

The use of the irreversible protease inhibitor Pefabloc® SC
was not sufficient (Fig. 4B) to mitigate the cytotoxicity of the
digesta resulting from a complete digestion simulation of the
three main phases (oral, gastric and intestinal) when the
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Fig. 4 Cell metabolic activity of (A) semi-confluent Caco-2 cells following exposure for 24 h to simulated gastric and intestinal fluids of digestion
diluted at 1:10, 1: 6 and 1: 4; and (B) Caco-2/HT29-MTX co-cultures following 4 h or 24 h exposure to digesta from complete simulated digestions
treated with an irreversible protease inhibitor and diluted at 1:20, 1:10 and 1: 6. 40% DMSO was used as a control. Values show Mean + SD (N > 3;
***p < 0.001 vs. control (HBSS — dotted line at 100%) with p-values obtained using the Kruskal—Wallis test followed by the Mann—Whitney U test).
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contact time with differentiated Caco-2/HT29-MTX co-cultures
was 24 h. However, when the contact time was limited to 4 h,
which is more representative of a real scenario and the typical
length of an intestinal permeability assay, cell metabolic
activity was maintained even when a 1:6 dilution was used.
These were the conditions used for subsequent permeability
studies on the cell-based gut-chip. It should be noted that to
the best of our knowledge this is the lowest dilution used in
intestinal permeability studies with simulated digesta reported
in the literature so far, with the previous best achievement set
at 1:8 dilution and using simulated digestion fluids with
lower total enzymatic activity.'”**

3.4 Gut-chip and intestinal permeability

To assess whether digesta from the digestion-chip could be
used in intestinal permeability studies in hanging cell culture
inserts or in a fully microfluidic-based platform, Caco-2/HT29-
MTX co-cultures were grown on-chip under continuous flow
for 7 days or in hanging inserts for 7 and 21 days. Firstly, the
morphology of the epithelium was compared to static cultures
on hanging inserts. Fig. 5A shows that cells grown on-chip
formed an epithelium with a 3-dimensional structure resem-
bling intestinal villi, in contrast with a flat, planar epithelium
when cells were grown in static conditions even after 21 days.
Immunocytochemistry of occludin and f-actin also showed
that the cells formed an apical brush border with well-defined
tight junctions (Fig. 5A, B and ESI Video 1f%). This was in
keeping with seminal studies on gut-chip technology that
showed that flow-induced shear stress (here approximately
0.0025 dyn em™?) accelerates cell differentiation and promotes
spontaneous villi morphogenesis.’”*® The same authors
showed that mechanical cyclic strain does not produce a sig-
nificant additive effect.’”
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Note that for the two devices to be used in a single platform
for complete bioaccessibility and intestinal permeability
studies, the flow rate of the digestion chip (outflow at 96 pL
h™") needs to be matched to that of the gut chip (inflow at
20 uL h™") while considering the dilution factor determined in
section 3.3. While we foresee continuous operation of the two
devices, in this work the devices were operated in a semi-
batched approach, and the combination in a single platform is
the focus of one of our current research goals.

Intestinal permeability studies were run using Lucifer
Yellow (LY), which is a small (521.8 Da), hydrophilic fluo-
rescent molecule that is commonly used to determine paracel-
lular transport and thus serves as an indicator of epithelial
barrier integrity.* Critically, when the permeability assay was
run in the presence of EDTA, a divalent ion chelator that
causes partial cell dissociation by disturbing the calcium-
dependent adherens junctions (Fig. 5B), the apparent per-
meability of LY increased significantly when compared to the
control condition (HBSS) in both the gut-chip and hanging
inserts (Fig. 5C, p < 0.05). The apparent permeability of the
EDTA-challenged epithelium was nearly identical in the 3 con-
ditions (7-day and 21-day inserts, and 7-day gut chip).
However, when the assay was run in HBSS (and thus the epi-
thelial integrity was not compromised) there was a significant
difference between the apparent permeability of LY in the
hanging inserts when compared to the gut-chip (1.8 x 1077 +
2.5x 1077 vs. 3.7 x 107° + 1.4 x 107°%, p < 0.001). Although a
higher P,p, in the gut-chip could be perceived as a negative
result, in fact it has been reported that in vitro intestinal epi-
thelial models grown using Caco-2 cells are selective but are
less permeable when compared to the in vivo scenario.’®*' A
study by Rozehnal et al. using an ex vivo model of human
small intestinal and colonic tissue mounted on using
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(A) Confocal microscopy images of occludin (green), f-actin (red) and nuclei (blue) of Caco-2/HT29-MTX co-cultures grown on the gut-chip

and orthogonal views on the gut-chip and on day-7 and day-21 hanging inserts. Scale bar: 100 um. (B) Confocal microscopy images of occludin
(green), f-actin (red) and nuclei (blue) of Caco-2/HT29-MTX co-cultures grown on the gut-chip and challenged with 2 mM EDTA causing a disrup-
tion of cellular tight junctions. (C) Apparent permeability of Lucifer Yellow across Caco-2/HT29-MTX co-cultures grown on-chip and on hanging
inserts and exposed to simulated digesta. Values show Mean + SD (N > 3; ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001 with p-values
obtained using a non-parametric Mann—Whitney U test).
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chambers determined the apparent permeability of LY ex vivo
at4.0x 107°+2.2x107% (n =11) and 4.4 x 107° + 2.7 x 107° (n
= 16) in the small intestine and in the colon respectively,
which is a very close approximation to the P,,, obtained in our
Gut-Chip.

Finally, the P,,, of LY was assessed on both gut-chips and
21-day inserts following exposure to simulated digesta. This
study reiterated that in static conditions in hanging inserts, a
1:6 dilution appears to be not sufficient to mitigate the cyto-
toxicity of the digesta towards differentiated Caco-2/HT29-MTX
co-cultures, which led to a dramatic increase in the P,,, of LY
of nearly 1000-fold. In contrast, when the digesta were diluted
and protease activity was inhibited using Pefabloc® SC, there
were no significant differences between the P,,, of LY in the
challenged epithelium and the control (HBSS), validating the
data shown in section 3.3. In the gut-chip, 1:6 dilution was
sufficient to maintain the P,,, of LY similar to that of the
control at 2.5 X 107° + 6.0 x 1077 vs. 3.7 x 107% + 1.4 x 107° (not
significant). This was in agreement with the results from de
Haan et al., where 1: 8 dilution was used without any further
treatment to the digesta in flow-through hanging inserts,"”
and indicates that the intestinal epithelium grown under con-
tinuous flow may be more robust than in static conditions.
Interestingly, when Pefabloc® SC was added there was a
reduction in the P,,, of LY to 0.8 x 107° + 1.4 x 10~". This
suggests that there might be a competitive effect between LY
and Pefabloc® SC, which is also a hydrophilic compound
(4-benzenesulfonyl fluoride hydrochloride - AEBSF) and of
similar molecular weight (239.5 Da). Transcellular passage of
LY can also occur via organic anion transporters.>* AEBSF has
been previously indicated as an inhibitor of organic anion
transporters, such as MOAT-B (MRP4).">*? It is thus important
to use adequate controls in apparent permeability studies com-
bining LY and AEBSF.

4 Conclusion

This work showed the development and validation of a
modular microfluidic-based platform with the capacity to
mimic the human gastro-intestinal tract for bioaccessibility
and intestinal permeability studies. Although digestion
occurred to a lesser extent on-chip when compared to the gold-
standard static INFOGEST protocol, the results were consistent
and reproducible, and a time-resolved digestion profile could
be obtained on-chip in a fully ‘sample-in-answer-out’ fashion.
This device could thus prove to be invaluable for bioaccessibil-
ity studies of minute samples, such as nanoformulated drugs
or food ingredients, where conventional static protocols and/or
large dynamic enzymatic reactors are not suitable.
Nevertheless, we identified possible refinements to the current
device, which are the focus of our current studies. These
include (i) the use of a different material (PMMA) to avoid
absorption/adsorption of small molecules by PDMS; (ii) auto-
mated pH and temperature control with closed loop feedback
systems; (iii) constant mixing in 2 separate (gastric and intesti-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

nal) incubation chambers; and (iv) gastric emptying from the
gastric to the intestinal phase. The cytotoxicity of the digestion
fluids was mitigated using a combination of dilution (1:6)
and protease inhibition using a commercial inhibitor -
Pefabloc® SC. Critically, intestinal permeability assays using
Lucifer Yellow as a paracellular transport reporter could be run
on a cell-based gut-chip device in simultaneous contact with
digesta from the digestion-chip. While the dilution factor
(1:6) is, to the best of our knowledge, the lowest reported thus
far, it is important to note that it is still only an approximation
to the in vivo scenario and that there is room for improvement
and for the motivation to search for better solutions to miti-
gate the toxicity of simulated digesta. In sum, the microfluidic
platform shown here offers great potential to be used in robust
in vitro bioaccessibility and intestinal permeability studies of
new compounds intended for oral administration.
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