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Introduction

Developing an advanced gut on chip model
enabling the study of epithelial cell/fibroblast
interactionst

Marine Verhulsel,®® Anthony Simon,® Moencopi Bernheim-Dennery,}®
Venkata Ram Gannavarapu,i® Lauriane Gérémie, 1 Davide Ferraro, ®:
Denis Krndija,® Laurence Talini, @ ¢ Jean-Louis Viovy,?
Danijela Matic Vignjevic*® and Stéphanie Descroix @ *2

Organoids are widely used as a model system to study gut pathophysiology; however, they fail to fully
reproduce the complex, multi-component structure of the intestinal wall. We present here a new gut on
chip model that allows the co-culture of primary epithelial and stromal cells. The device has the
topography and dimensions of the mouse gut and is based on a 3D collagen | scaffold. The scaffold is
coated with a thin layer of laminin to mimic the basement membrane. To maintain the scaffold structure
while preserving its cytocompatibility, the collagen scaffold was rigidified by threose-based post-
polymerization treatment. This treatment being cytocompatible enabled the incorporation of primary
intestinal fibroblasts inside the scaffold, reproducing the gut stromal compartment. We observed that
mouse organoids, when deposited into crypts, opened up and epithelialized the scaffold, generating a
polarized epithelial monolayer. Proper segregation of dividing and differentiated cells along the crypt-villus
axis was achieved under these conditions. Finally, we show that the application of fluid shear stress allows
the long-term culture of this intestinal epithelium. Our device represents a new biomimetic tool that
captures key features of the gut complexity and could be used to study gut pathophysiology.

resolution imaging and extended functional analysis. Finally,
because organ-on-chips are microfluidic-based approaches,

Though still considered as the gold standard, animal testing
faces several issues such as being time-consuming, costly,
and often ineffective. The pharmaceutical industry has shifted
towards testing toxicology and drug efficiency in vitro.
However, results obtained with 2D in vitro models often fail
to predict faithfully clinical response." Thus, there is a strong
interest to develop more relevant alternative 3D in vitro
models such as organoids®® or organs-on-chip®® that aim at
recapitulating cellular, physical, biochemical and geometrical
features of a specific organ or tissue in a microfluidic device.
These approaches also enable the control of all system
parameters independently, and allow real-time high-
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they allow precise control of physical constraints or the
implementation of chemical gradients.® Organ-on-chip
technology has a wide-range utility in all aspects of
fundamental and pre-clinical research.”®

The gut is an important organ as it acts as a barrier
between the outside world and the body and has a role in
food digestion and nutrient absorption. The small intestine
is composed of villi that project into the lumen of the gut
and crypts that descend into the stroma. They are overlaid
with the monolayer of columnar epithelial cells. The integrity
of this epithelium is maintained through its continuous
renewal.” Dividing stem cells are contained within the crypts
and they give rise to specialized epithelial cells.”'® Most of
these differentiated cells travel upwards from the stem cell
compartment towards the villus tip, where they are shed into
the lumen.'® The basal surface of the epithelium is
underlined by the basement membrane, a thin and dense
sheet-like structure mainly composed of collagen IV and
laminin."* The basement membrane provides structural
support for the epithelium, maintains cell polarity and has a
role in the compartmentalization of the tissue by separating
the epithelium from the stroma." The major components of
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the stroma are fibroblasts, immune cells, blood vessels and
the ECM, which consists mostly of collagen I fibers. Among
the different stromal components, fibroblasts play an
important role in gut homeostasis in particular by producing
growth factors, cytokines and ECM proteins.">**

One of the most commonly used intestinal in vitro models
is gut organoids,”’® which are shown to be a more
physiologically relevant model compared to 2D cell
cultures.'® Organoids are derived from isolated intestinal
crypts and they exhibit proper differentiation of intestinal
epithelial cells. However, they fail to fully reproduce the
crypt-villus  architecture, as villi are represented,
inadequately, by short, flat stretches of cells. Moreover, the
organoids are closed structures, which prevent studies of the
passage from the lumen through the epithelium.
Microfluidics-based alternative gut-on-chip methods bring to
this advanced 3D model a higher level of physiological
relevance by integrating flow control, mechanical forces and
chemical gradients. One of these approaches consists in
growing cells on porous flat substrates while applying
mechanical forces and biochemical gradients. In the
pioneering and well-established device developed by Ingber's
team, cells are grown on a PDMS membrane coated with
ECM proteins."””*® This platform is compelling, in particular,
to study the interactions between microbes and the
epithelium."”*® The absence of crypts, however, limits the
use of this device to investigate gut homeostasis. The second
approach is based on growing cells on synthetic or bio-
derived materials microstructured to recapitulate the gut
topography. Developing such a 3D scaffold is a significant
bioengineering challenge, as the scaffold should combine a
high aspect ratio and biocompatibility. Synthetic polymers,
like PDMS*® or biodegradable materials, such as poly(lactic-
co-gycolic)acid,*>** do not faithfully recapitulate the
mechanical and chemical properties of the gut and its
topography. The ability to photo-polymerize
polyethyleneglycoldiacrylate (PEGDA) has been recently
exploited to generate a 3D gut scaffold with high aspect ratio;
however, PEGDA scaffolds are, so far, limited only to the use
of epithelial cells.>*>* Natural materials such as collagen type
I was also used to generate scaffolds.>® However, to restrict
the scaffold deformation due to forces exerted by the cells,
the chemical treatment of the scaffold was required. As
chemical treatments are not cytocompatible, this precludes
the integration of stromal cells within the scaffold. Thus,
despite being a very active field that uses cutting edge
technologies, none of the current gut-on-chip approaches
provides cell substrates that support the 3D structure of the
small intestine while allowing incorporation of stromal cells.

In this study, we report a new gut-on-chip device, which
allows co-culture in a biomimetic 3D scaffold of both
epithelial and stromal cells present in the small intestine. To
achieve this, we first designed a mold with the typical
topography of the mouse gut, which was used to cast the 3D
scaffold entirely made of collagen I. The scaffold was then
treated with threose to cross-link collagen, which was crucial
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for maintaining the topography of the device while retaining
its cytocompatibility. This cross-linking approach enabled us
to incorporate in the scaffold stromal cells, such as primary
mouse intestinal fibroblasts. Then, in order to reconstitute
the intestinal epithelium, we seeded mouse intestinal
organoids on the scaffold and characterized the
epithelialization process. Because intestinal cells experience
forces in vivo, we subjected the device to shear stress, and
investigated its influence on long-term cell culture. Finally,
we evaluated how, in the presence of primary intestinal
fibroblasts within the 3D collagen scaffold, the epithelial cell
differentiation and spatial segregation can be achieved as
found in vivo.

Materials and methods
Microstructuring collagen scaffolds

Collagen I was extracted from rat tails as described
previously’”® and labeled with tetramethyl rhodamine
(TAMRA, Invitrogen) as described.”” TAMRA labelled collagen
was mixed into non-labelled collagen in a weight ratio of 1:
10. A neutralizing solution (1x PBS, 10% FBS, DMEM
glutamax, MEM non-essential amino acids (Gibco), 1 mM
sodium pyruvate (Gibco)) was prepared in another tube and
the pH was adjusted to 7.4 with 1 M NaOH. The neutralizing
reagent solution was mixed on ice and added to the top of
the collagen solution. The gel was gently mixed on ice with a
sterile spatula to avoid bubble formation. If bubbles formed,
the mixture was centrifuged at 1000 g at 4 °C for 1 minute.
The pH of the solution was controlled at 7.4 before cells were
added. For fibroblast conditions, a fibroblast suspension is
mixed with neutralized collagen, before being injected into
the chip, to reach a final concentration of fibroblasts of 5 x
10° cells per mL.

Microstructuring of collagen to replicate the 3D gut of the
mouse gut consisted of several steps (Fig. 1A). The first step
consisted of creating a brass mold. This was achieved by
micromilling (Minitech). To maintain sterility the collagen
was not molded directly onto the brass but instead onto a
PDMS replica prepared with PDMS (Sylgard 184, Dow
Corning) with a prepolymer/curing agent at a ratio of 10:1
(w/w). The PDMS mold was made of two parts. One part
(mold 1) consisted of a chamber (1 cm x 2 cm x 3 mm) that
permits both collagen injection and the handling of the
collagen structure as the collagen structure was covalently
grafted to the bottom part of this chamber. The second part
(mold 2) consisted of a replica of the gut 3D structure and
was used to mold the collagen. To allow collagen covalent
bonding to the bottom of the PDMS chamber, the surface of
mold 1 was plasma activated for 30 s (plasma cleaner,
Harrick), the edges being protected by scotch tape to avoid
further covalent bonding. This was done by filling the
microfluidic chamber with 2% v/v of 3-aminopropyl-
triethoxysilane (APTES) for 30 min at RT. After removing the
APTES solution, the chamber was washed in water for 5 min,
followed by incubation in 0.5% v/v glutaraldehyde for 30
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min. Finally, the microfluidic chamber was washed twice in
water and incubated in water overnight at 4 °C. To prepare
mold 1 for collagen injection, its lower and upper parts were
punched with a 4 mm puncher. The structured area of mold
plasma activated, with the area around the
microstructures screened with scotch tape. This activation
improved the structure wettability and decreased the
likelihood of trapped air bubbles.

Molds 1 and 2 were then assembled and sealed with two
clips. The collagen solution (300 puL/chip) was injected into
the mold assembly through a Tygon tube using a
conventional 1 mL syringe topped with a cut pipette tip as a
needle. Once the collagen had polymerized for 1 h at 37 °C
in a cell culture incubator, the clips were removed and the
collagen structure was unmolded in PBS with antibiotics and
finally each chip was placed in a Petri dish with culture
medium. One day after wunmolding, the collagen
microstructures were incubated at 37 °C with 10 mM threose
(Sigma) diluted in the fibroblast medium (see below) for 1
day. The collagen scaffolds were then rinsed two times for 30
min in DMEM followed by a third wash with DMEM or the
fibroblast culture medium if they were embedded into the
chip.

2 was

Laminin coating

Laminin LN1 (Sigma) was labelled with Cy3.>® Collagen
scaffolds were incubated with 0.02 mg mL™" laminin in
DMEM for 30 min at 37 °C 5% CO,. Finally, the laminin
solution was removed and the scaffolds were washed with
cell culture medium for 5 min.

Rheology measurements

PDMS rings of 1 cm inner diameter and 0.5 cm height were
cut out. Two holes (0 0.75 mm, Harris Uni Core) were
punched in the wall of the ring and a small PTFE tube (O.D.
1.07 mm, Cole Parmer) was inserted in one of them. Since
the hole of the tube was too thin to directly inject the
collagen with the syringe, a larger tygon tube (I.D. 0.031", O.
D. 0.093", Cole Parmer Instrument Company) was adapted at
the end of the thin tube to avoid any leakage during collagen
injection. Two pieces of PDMS (1 cm x 1cm) were adjusted
on the top and bottom of the ring to form an enclosed
chamber, hermetically sealed with two clips.

The collagen solution was prepared as described above
and drawn into a 1 mL syringe. A 1 mL cone was cut and
placed at the tip of the syringe. The solution was injected
through the tubing in the PDMS enclosed chamber. The
collagen was polymerized as previously described. Before
collagen unmolding, the chamber was filled up with PBS.
Immediately after the PDMS ring containing the collagen was
transferred into the PBS bath. The collagen was gently
detached from the PDMS ring wall. The PBS level was
adjusted to reach the limit of the upper surface of the
collagen gel to prevent the collagen from drying. The collagen
was not completely immersed to avoid the recording of the
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fluctuations of the PBS solution instead of those of the
collagen gel surface. Measurements of the viscoelastic
modulus of the collagen at various frequencies were
performed using the technique of surface fluctuation
specular reflection spectroscopy (SFSRS). The laser beam
(diameter of laser beam: 41.3 pm, 27.5 um or 3.5 pum) was
reflected by a prism and focused on the surface of the
collagen gels. The surface deviated the laser beam, which was
reflected a second time by the prism. The reflected laser
beam was collected at the center of the detector composed of
a two-quadrant photodiode. The difference in voltages
between the two quadrants directly quantifies the
fluctuations in the height of the surface of the sample. The
duration of the acquisition varied from 1 to 5 minutes to
investigate a larger range of frequencies. Subsequently, the
diagram of viscoelastic modulus vs. frequency was plotted.

Animals

All studies and procedures involving animals were in strict
accordance with the European and National Regulation for
the Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes (facility license #C75-05-18). We
have used the following mice strains: C57/B6 mice (Charles
Rivers), villin:Cre-ERT,> fluorescent reporter mouse CAG:
Tomato/GFP (mT/mG),** aSMA:Cre-ERT2.*!

Crypt isolation and organoid culture

Organoid cultures were prepared as described in ref. 32.
Briefly, the small intestine was isolated from 3 to 6
month-old mice and cleared of its inner materials with
cleaning solution (2% (v/v) antibiotic-antimycotic (Gibco),
1% (v/v) gentamicin (Gibco) in cold sterile PBS). The
intestine was cut longitudinally, divided into 3 cm-long
pieces and incubated in the cleaning solution with
constant shaking at 4 °C twice for 15 min. The clean
tissue was chopped and incubated in 2 mM EDTA diluted
in PBS for 30 min at 4 °C. The EDTA supernatant was
then replaced by a cleaning solution and pipetted ten
times with a 10 mL pipette to mechanically dissociate the
intestinal tissue. This step was repeated four times, and
each time the supernatant was replaced by a fresh
cleaning solution. The last supernatant was centrifuged at
200 g for 3 min at 4 °C. The pellet was suspended in a
cleaning solution, filtered through a 70 pm filter and
centrifuged at 400 g for 6 min. The pellet was suspended
in Matrigel (Corning) half diluted in cold PBS and plated
in 48 well plates. The Matrigel was allowed to polymerize
for 30 min at 37 °C. After polymerization, the organoid
ENR  culture medium (DMEM  F12,  Glutamax
(ThermoFisher) supplemented with 20 ng mL" EGF
(Peprotech), 10 ng mL™" FGF (Peprotech), 100 ng mL™"
Noggin (Peprotech), 2,5% Glutamax (v/v) (Gibco), 500 ng
mL™" R-spondin (R&D System), 1x B27 (Gibco), 1x N2
(Gibco)) was added.
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Organoid seeding and culture on the 3D scaffold

The organoids were extracted from Matrigel after one day by
flushing the matrix in cold PBS several times in order to
break them and obtain smaller cystic like organoids of about
100 um in diameter. Then, the organoids were centrifuged at
200 g for 5 min at 4 °C. The pellet made of organoids was
resuspended in ENR medium. 300 pl of organoid solution
were seeded on laminin-coated collagen scaffolds and gently
shaken to make the organoids fall into the crypts. The
organoids were left to adhere for 3 h at 37 °C 5% CO,. For
culture under shear stress, the samples were placed on a
rocking plate (PMR-30 from Grant-Bioone) one day after
seeding. Rocking parameters were fixed to apply a shear
stress of 0.06 dyne per cm®>® The cell culture medium is
changed every two days.

Isolation of intestinal fibroblasts

isolated from oaSMA-
CreER"/R26™"™C transgenic mice, which were obtained by
crossing a R26™"™S reporter mouse®® with a mouse
expressing CreER™ recombinase under the oSMA
promoter.’" Fibroblasts were isolated following the procedure
described in ref. 34 with some modifications. The intestine
was isolated from 12 day-old mice and incubated for 15 min
in HBSS solution without calcium or magnesium,
supplemented with 20 mg mL™" of p-glucose (ThermoFisher),
1% Glutamax (v/v) and 2% anti-anti (v/v). The tissue was
diced into 0.5 mm?> pieces and transferred into the
dissociation solution (0.31 mg mL™" dispase and 0.25 mg
mL™" collagenase XI diluted in HBSS with calcium and
magnesium supplemented with 1% Glutamax (v/v) and 2%
anti-anti (v/v)). After 30 min at 37 °C under slow agitation, 25
mL of DMEM Glutamax supplemented with 5% FBS (v/v), 1%
Glutamax (v/v), p-sorbitol (20 mg ml™"), 2% anti-anti (v/v)
were added. The solution was spun down at 100 g for 2 min
at 4 °C and the pellet obtained was suspended into HBSS
with calcium and magnesium and centrifuged at 200 g for 3
min. The tissue pieces were resuspended into 10 mL culture
medium (DMEM-Glutamax) supplemented with 10% FBS (v/
v), 2% anti-anti (v/v), 1x ITS (v/v), 50 ug mL™" EGF and placed
in a 10 cm diameter Petri dish to adhere. The medium was
changed every 4 days. After 7 days cells that escaped the
tissue and adhered to the Petri dish were collected. Upon
treatment with 1 pM 4-hydroxytamoxifen, about 85% of
isolated fibroblasts were aSMA positive: they expressed green
fluorescent protein (GFP) (and so could be classified as
myofibroblasts, based on aSMA expression), while about 15%
were aSMA negative and expressed red fluorescent protein
Tomato.

Mouse intestinal fibroblasts were

Immunostaining

For EdU staining, the samples were pre-incubated with 10
uM EdU (ThermoFisher) for 30 min at 37 °C. Prior to
immunostaining, the culture medium was removed and the
chip was incubated in 4% PFA in PBS (v/v) for 30 min at RT
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to perform cell fixation. The chip was washed 3 times for 15
min with PBS. The cells were permeabilized with 0.5% Triton
X-100 (v/v) for 5 min at RT. The chip was rinsed 2 times for
15 min with PBS at RT. 400 pL of staining solution was
injected and the chips were incubated for 30 min at RT for
EdU detection or at 4 °C overnight for protein staining. The
chip was rinsed 3 times for 30 min with PBS at RT. The chips
were incubated with 400 pL of secondary antibody solution
for 2 h at RT, in the dark and then rinsed 3 times with PBS
for 30 min at RT. The chips were stored at 4 °C until imaged.
The following antibodies and dyes were used: Alexa Fluor 488
phalloidin (ThermoFisher, A12379, 1 unit per mL), Click-iT®
EdU Alexa Fluor® 647 imaging kit (ThermoFisher, C10340),
rabbit anti-mucin 2 (Santa Cruz, sc-15334, 10 pg mL '), rabbit
anti-lysosyme (DAKO, A0099), and rabbit anti-L-FABP (Santa
Cruz, sc-50380), and secondary antibodies were purchased
from ThermoFisher as used as 25 ug mL™".

Imaging

Collagen scaffolds were imaged using an upright spinning
disk (Roper Zeiss) microscope equipped with 10x/0.3NA/
WD520 (working distance 5.2 mm) or 40x%/1.3NA/WD210
objective, and 405 nm, 491 nm, 561 nm and 634 nm lasers
and controlled using Metamorph imaging software (Universal
Imaging). Z stacks were acquired every 1 um (40x) to 5 um
(10x). Images were processed using Image ] and Imaris
software.

Quantifications and statistics

For the quantification of the epithelialization process, the
percentage of the surface covered by epithelial cells has been
quantified using 2D projection of the Z stacks acquired with
a 10x objective. All experiments were performed in triplicate
in 2-3 independent experiments. Statistical analysis and
graphic representations were performed using Graph Pad
Prism software. Data were represented as mean + SEM. The
statistical significance was determined with a ¢test as
indicated; ***p < 0.0001; **p < 0.001; *p < 0.05.

Results
Engineering a cytocompatible 3D scaffold for gut-on-chip

To produce a biomimetic gut scaffold that will enable the co-
culture of epithelial and stromal cells on a chip, we first
replicated the composition and architecture of the mucosal
extracellular matrix (Fig. 1A and B). Because collagen type I is
the main constituent of the intestinal stroma, we developed a
microfabrication strategy compatible with type I collagen
molding (Fig. 1A). To produce structures of high aspect ratio
mimicking the dimensions of the murine small intestine, we
first micro-milled an array of 80 structural units on a brass
mold, each unit being composed of one villus surrounded by
six crypts (Fig. 1C). Villi were 350 pm in height with 400 um
in diameter at their base and 150 um at their top, with a
slope of 68°, while crypts were 150 um deep and 200 um

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Engineering microstructured scaffold. A. Scaffold microfabrication: PDMS (mold 2) replica of the micromilled brass mold is microfabricated.
This PDMS replica is then non-covalently sealed with a second PDMS mold (mold 1) that consists in an open chamber (previously treated with
APTES and glutaraldehyde). Collagen | solution is then injected within this closed device using a syringe. After collagen polymerization at 37 °C,
the top part of the device is removed and organoids are seeded on top of the collagen 3D scaffold. B. Schematic organization of the small
intestine. Simple columnar epithelium (blue) covers finger-like projections - villi and invaginations - crypts. Epithelial cells are attached to the
basement membrane. Stroma, mostly made of collagen type | (gray), contains fibroblasts (red and green). C. Schematics of the brass mold used to
prepare the PDMS intermediate replica. Villus height 350 um, crypt depth 150 pm. Inset, arrays of villi and crypts. D. PDMS mold coated with
laminin showing one unit consisting of one villus surrounded by six crypts. Scale bar, 150 um. E. A scaffold made of TAMRA-labelled collagen type
| (red) coated with Cy3-labeled laminin (green). Side view. Cross-sections at the top (1) and middle (2) of the villi and plateau/opening of the crypt
(3). Scale bar, 50 um. F. Collagen cross-linking preserves the scaffold structure. Quantification of the height of the scaffold (villus plus crypt) after
14 days. The initial height of the scaffold made of polymerized 10 mg ml™ collagen I. Scaffold was either treated with threose or left untreated,
and then populated with epithelial cells (organoids) or organoids and primary intestinal fibroblasts. n = 20 units, N = 3. Mean * SEM, t-test **, p <
0.001; *, p < 0.05.

This journal is © The Royal Society of Chemistry 2021 Lab Chip, 2021, 21, 365-377 | 369


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0lc00672f

Open Access Article. Published on 11 December 2020. Downloaded on 7/16/2025 1:24:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

wide, the distance between villi and crypts were 50 um. Then,
by employing soft lithography techniques, we produced an
intermediate silicon (PDMS) replica of the brass mold
(Fig. 1D) and used this replica to cast collagen I into
structural units (Fig. 1E). Because collagen hydrogels have
low stiffness, which could be increased by increasing the
collagen concentration,® to generate a scaffold more
resistant to traction forces exerted by cells, we selected the
highest collagen concentration that was still compatible with
reproducible microstructuring. We used 10 mg ml™" of native
type I collagen. We characterized the linear viscoelastic
modulus of these collagen gels. Their structure being
heterogeneous at the microscale, the measurements of their
viscoelasticity at a larger scale have been required. We thus
used a method based on the thermal fluctuations of the free
surface of collagen gels called surface fluctuation specular
reflection spectroscopy (SFSRS) and obtained a modulus of
1.21 + 0.1 kPa for collagen I at 10 mg mL™" in its polymerized
state.*”*® The obtained collagen scaffold replicated the mold
dimensions with high fidelity (Fig. 1E and F). However, we
observed that, despite being made of highly concentrated
collagen, this scaffold only partially resisted the traction
forces exerted by epithelial and stromal cells. Indeed, after 14
days of co-culture, the scaffold flattened, retaining only 19 +
10% of the original height of the scaffold (Fig. 1F). We thus
further increased its stiffness by using post-polymerization
treatment with threose, a carbohydrate reacting with lysine
and arginine residues, in order to cross-link collagen fibers
via glycation. We selected glycation over other stiffening
methods because as a post-polymerization treatment, it
preserves the fibrillary structure of the collagen.’” Also, as
glycation is a physiological process that occurs in vivo with
aging,*® threose treatment is cytocompatible with cells
embedded into collagen scaffolds,® in contrast to collagen
scaffolds treated with chemical cross-linkers.”>*® To test if
cells can survive threose treatment, we mixed primary
intestinal fibroblasts with non-polymerized collagen, and
once polymerized in the mold, the collagen was treated with
threose. We found that after this treatment, fibroblasts
retained their characteristic spindle shape and were highly
dynamic, demonstrating that cross-linked collagen is indeed
cytocompatible for primary fibroblasts (ESIf Movie S1), as
already shown for cancer cells.*® To evaluate the effect of
threose treatment on the mechanical properties of collagen
we measured its shear modulus by SFSRS and showed that
threose treatment increased the shear modulus of the
collagen scaffold 1.6 fold, which decreased scaffold
flattening: scaffold retained 49 + 20% of its initial height
after 14 days in culture (Fig. 1F). This property is pivotal to
allow the co-culture of stromal and epithelia cells within and
on the 3D scaffold, respectively.

In vivo, intestinal epithelial cells do not interact directly
with type I collagen, they are anchored at their basal side to
the basement membrane, which overlays the collagen-rich
stromal compartment. To refine the 3D scaffold, we coated
the surface of the collagen structures with laminin, the main
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component of the basement membrane (Fig. 1E). Altogether,
we have developed a biomimetic scaffold that replicates both
the architecture and molecular composition of the mouse
intestinal mucosa while being compatible with stromal and
epithelial cells co-culture.

Epithelialization of 3D scaffolds

Once the biomimetic scaffold has been developed, we
characterize the epithelialization process. To reconstitute the
intestinal epithelium, we seeded mouse intestinal organoids
of around 100 pm in diameter into the crypt regions of the
scaffold containing primary mouse intestinal fibroblasts
(Fig. 2A and ESIt Movie S2). The organoids first attached to
the collagen scaffold via actin-rich protrusions (Fig. 2Aii and
ESIT Movie S3) and about six hours after seeding, they started
spreading over the scaffold (Fig. 2B and ESIT Movies S4 and
S5). The cells migrated mostly collectively; the leaders of the
clusters exhibited an elongated mesenchymal phenotype with
broad lamellipodia-like protrusions at the migration front.
Frequent exchanges of cells between adjacent organoids were
also observed. Upon collision, the organoids fused (ESIt
Movies S4-S6). At earlier time points, however, fusion was
unstable and resulted in rapid cell segregation, whereas at
later time points, when the cell density was increased, the
fusion becomes stabilized resulting in a cohesive monolayer
(Fig. 2B and ESIf Movie S7). This transition from cystic
organoids to a flat monolayer resembles the wetting
transitions of cellular aggregates on 2D surfaces,*" suggesting
that the newly formed cell-matrix adhesions were stronger
than existing cell-cell adhesions.

After four days, the epithelialization process was achieved,
giving rise to a locally confluent monolayer of epithelial cells
(Fig. 3A-E). Both in the villi and crypt domains, this
epithelial monolayer was tightly packed with columnar cells
with a hexagonal shape at their apical side (Fig. 3C)
characteristic of in vivo intestinal epithelium. In these
confluent regions, the cells were polarized, having well-
defined apical domains rich in actin and with nuclei oriented
perpendicular to the cell base (Fig. 3C). The cells had an
average width of 6.1 + 0.2 pm and height of 19.4 + 0.6 um
similar to the epithelial cells in vivo (Fig. 3F). Altogether,
these data show that the morphology of the epithelial cells in
the microdevice faithfully resembles those in the mouse
intestinal epithelium in vivo.

Fluid shear stress preserves epithelium integrity

Next, we examined if the generated epithelial monolayer
could be cultured for extended periods. We first observed
that under these initial conditions the survival of the
epithelium was limited to short-term culture even in the
presence of fibroblasts within the scaffold (Fig. 4A and B).
After five days, patches of epithelial cells detached from the
collagen scaffold, indicating that homeostasis was not
maintained.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Epithelialization of the scaffolds. A. The unit consists of one villus and six crypts. Three hours after seeding the organoids on the collagen
scaffold in the presence of mouse intestinal fibroblasts. Collagen type | (TAMRA-labeled, red); F-actin (phalloidin, green), DNA (DAPI, blue). Top
view, maximal projection of 343 um. Scale bar, 150 um. Insets, higher magnification of one crypt containing an organoid. Single plane (i), maximal
projection of 152 um (ii). Scale bar, 20 um. B. Organoids expressing LifeAct-GFP (F-actin label) spreading over collagen scaffolds. Time in hours.

Top view. The dashed line outlines the base of the villus. Scale bar, 200 pm.

In vivo, the intestinal mucosa is exposed to shear stress
caused by nutrients progressing throughout the gut lumen.*?
Recently, it has also been shown that intestinal cell lines,
cultured within a V-shape microchamber, are highly sensitive
to fine changes in the fluid shear stress with an impact on
the cell morphology, phenotype and function.”® We thus
studied how fluid shear stress might favor cell adhesion and
survival in our chip. One day after organoid seeding, when
the cells successfully adhered to the scaffold, we applied to
the microdevices a fluid shear stress of about 0.06 dyne per
cm.*® This value is a rough estimate as it has been calculated
for a flat surface and is of the same order of magnitude
compared to the shear stress applied to other gut on chip
models”” and the one observed in vivo."” For short-term
culture (up to four days), no significant difference was
observed between the static and dynamic (with fluid shear
stress) culture (Fig. 4B). After five days, massive patches of
cells detached from the scaffolds cultured under static
conditions, while no detachment of cells was observed on
microdevices subjected to shear stress. This effect was
striking after seven days of culture. The percentage of fully
covered units on static scaffolds was reduced. The differences
were even more pronounced after long-term culture. While
around 70% of the units remained covered with cohesive and

This journal is © The Royal Society of Chemistry 2021

densely packed epithelial cells after 14 days in dynamic
culture (Fig. 4B), only 5% of units remained covered with the
epithelium under static conditions. The remaining epithelial
cells were less cohesive, more elongated and flat (Fig. 4A). It
is also worth noting that, under dynamic culture conditions,
the percentage of the surface covered by epithelial cells was
similar in the presence or absence of fibroblasts (Fig. 5A).
Together these data show that fluid shear stress improves
the maintenance of the epithelial monolayer under long-term
culture conditions. This response to fluid shear stress could
be related to epithelium mechanosensitivity and/or to
improved convection at the apical side of the epithelium.

Recapitulating on-chip epithelial cell differentiation and
spatial segregation

Next, we explored if the reconstitution of epithelial and
stromal cell co-culture within the collagen 3D scaffold allows
capturing in vivo gut features in particular, segregation of
proliferative and differentiated cells.

To evaluate if the proliferation of epithelial cells is
maintained in the device, we performed EdU labeling that
marks cells in the S phase of the cell cycle. We found that cell
proliferation was maintained even after 14 days of culture in

Lab Chip, 2021, 21, 365-377 | 371
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Fig. 3 Cell morphology on the microdevice resembles the in vivo epithelium. A. A continuous monolayer of epithelial cells over the collagen
scaffold four days after seeding the organoids, in the presence of mouse intestinal fibroblasts. x/y, top view, maximal projection of 433 um. B.
Orthogonal section through one villus and two crypts. Scale bar, 150 um. C. Cross-section through the villus and crypt and top view of the region
between villi and crypts (plateau) on collagen scaffolds. Collagen type | (TAMRA-labeled, pink); F-actin (phalloidin, green), DNA (DAPI, red). Scale
bar, 20 um. Insets, higher magnification of boxed regions. D. A monolayer of epithelial cells (F-actin labeled, red) four days after seeding the
organoids over the collagen scaffold containing fibroblasts (expressing aSMA, green). A cross-section through the crypt region, 348 um from the
top of the scaffold showing fibroblasts in contact with crypts. Scale bar, 150 um. E. Side view of the crypt. Epithelial cells and mouse intestinal
fibroblasts (F-actin, green; DNA, DAPI, red), collagen (TAMRA-labelled, pink). Scale bar, 50 um. F. Comparison of the epithelial cell height on the
chip and in vivo in villi and crypts, n = 10-60 cells, from N = chips or mice.

the presence or absence of fibroblasts in the scaffold. In vivo,
proliferative cells are located exclusively in the crypts. To
assess if spatial segregation of dividing cells is also achieved
in our device, we quantified the percentage of crypt and villus
surfaces occupied by proliferative cells. We found that, in the
presence of fibroblasts, proliferative cells are mostly

372 | Lab Chip, 2021, 21, 365-377

restricted to the crypts (Fig. 5B) whereas in the absence of
fibroblasts, the surface occupied by proliferative cells was
only slightly higher in the crypts compared to villi (Fig. 5B).
Next, we assessed if our gut on chip model reproduces
epithelial cell differentiation and their spatial partitioning.
To identify and quantify the different cell types, epithelial

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Shear stress improves epithelial integrity. A. Epithelial cells (F-actin, phalloidin) 14 days after seeding the organoids over the collagen
scaffold containing mouse intestinal fibroblasts with fluid shear stress (right panel, dynamic conditions) and without shear stress (right panel, static
conditions). Top view, maximal projection. Scale bar, 150 um. B. Percentage of units covered with epithelial cells after 14 days after seeding the
organoids on collagen scaffolds containing mouse intestinal fibroblasts under static conditions (stat) and with fluid shear stress (dynamic
conditions, Dyn). n = 128 units, N = 3 independent experiments. Mean + SEM, t-test ***, p < 0.0001.

cells were stained with specific markers of three main
specialized cell types. The absorptive cells, enterocytes, are
the predominant cell type in the small intestine and were
identified based on the expression of liver fatty acid binding
protein (L-FABP). Goblet cells, secretory cells specialized in
the production of the mucus blanket, were identified using
mucin 2 staining. Finally, lysozyme staining was used to
identify Paneth cells, secretory cells that play a role in host
defense and regulation of microbiota. We found that after
14 days of culture, all the three main types of differentiated
cells (Fig. 5C-E) were observed on the scaffold, illustrating
that cell differentiation takes place in our gut-on-chip in the
presence or absence or fibroblasts within the scaffold. In
vivo, enterocytes and goblet cells are present all along the
villus, while Paneth cells are restricted to the bottom of the
crypts. To assess if the differentiated cells are properly
positioned along the crypt-villus axis in our device, we
quantified the number of differentiated cells on villus and
crypt domains. We found that in the absence of fibroblasts,
the proper segregation of differentiated cells was not
achieved. The number of enterocytes was almost the same
in crypts and villi, and in addition, the total number of
enterocytes was very low (e.g. less than 20 enterocytes per
villus) (Fig. 5C). Furthermore, goblet and Paneth cells
showed the opposite segregation in comparison with in vivo
conditions. Goblet cells were found in higher numbers in
crypts, while Paneth cells mostly localized in villi
(Fig. 5D and E).

This journal is © The Royal Society of Chemistry 2021

In contrast, in the presence of fibroblasts, we observed
that segregation of differentiated cells in our chip occurs
with a remarkable resemblance to that in the in vivo
intestine. Only a few enterocytes were found in the crypts**
while more than 30 times more enterocytes were located on
the villi (Fig. 5C). Although goblet cells were present in a
higher number in the villi (Fig. 5D), this difference was not
as pronounced as in vivo. Finally, Paneth cells were properly
segregated in the crypts, as in vivo (Fig. 5E). Our results show
that in the presence of primary intestinal fibroblasts in the
3D collagen scaffold, in vivo features of the epithelium, such
as spatial segregation of proliferative and differentiated cells
were recapitulated on the chip.

Discussion

In this work, we reported a new and advanced gut chip device in
which we have cultured an intestinal epithelium monolayer
derived from mouse organoids on a laminin-coated
microstructured collagen I scaffold containing primary mouse
intestinal fibroblasts. Our device possesses several unique
features. 1) It has the typical topography of the mouse gut,
consisting of an array of villi surrounded by crypts. 2) The
collagen scaffold is covered with a thin layer of the ECM protein
laminin, mimicking the basement membrane, which is necessary
for the survival of the epithelial cells. 3) Our 3D scaffold is
generated entirely from collagen I, the major constituent of the
mouse gut stroma. To maintain the topography of the scaffold,

Lab Chip, 2021, 21, 365-377 | 373
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Fig. 5 Segregation of proliferative and differentiated cells. A. Percentage of the chip covered with epithelial cells 14 days after seeding the
organoids on collagen scaffolds, in the absence or presence of fibroblasts. n = 128 units, N = 3 independent experiments. Mean + SEM, t-test **, p
< 0.001; *, p < 0.05. B. Left: Dividing (EdU positive cells) in the monolayer of epithelial cells stained 14 days after seeding the organoids over the
collagen scaffold containing fibroblasts with fluid shear stress. Top view, maximal projection of 493 um. Scale bar, 100 um. Right: Percentage of
the surface area (2D maximal projection) occupied with dividing, EdU positive cells, in crypts and villi, in the absence or presence of fibroblasts. n
= 10 units (unit: 1 villi surrounded by 6 crypts), N = 3. Mean + SEM, t-test **, p < 0.001; *, p < 0.05. C. Left: Fully differentiated enterocytes labeled
with anti-L-FABP antibodies (red) in the epithelial monolayer 14 days after seeding the organoids over the scaffold containing primary mouse
intestinal fibroblasts with continuous fluid shear stress. F-Actin (green), DNA (DAPI, blue). Left panel, maximal projection of 95 pm from the top of
the villus. Scale bar 20 um. Right panel, a cross-section through the villus. Right: The number of enterocytes in crypts and villi, in the absence or
presence of fibroblasts. n = 12 units, N = 2. Mean * SEM, t-test ** p < 0.001; * p < 0.05. D. Left: Fully differentiated goblet cells labeled with
anti-mucin2 antibodies (red) in the epithelial monolayer 14 days after seeding the organoids over the scaffold containing primary mouse intestinal
fibroblasts with continuous fluid shear stress. F-Actin (green), DNA (DAPI, blue). Left panel, maximal projection of 95 um from the top of the villus.
Scale bar 20 pm. Right panel, a cross-section through the villus. Right: The number of goblet cells in crypts and villi, in the absence or presence of
fibroblasts. n = 15 units, N = 2. Mean t SEM, t-test ** p < 0.001; *, p < 0.05. E. Left: Fully differentiated Paneth cells labeled with anti-lysozyme
antibodies (red) in the epithelial monolayer 14 days after seeding the organoids over the scaffold containing primary mouse intestinal fibroblasts
with continuous fluid shear stress. F-Actin (green), DNA (DAPI, blue). Left panel, maximal projection of 55 um from the bottom of the crypt. Scale
bar 20 um. Right panel, a cross-section through the crypt. Right: The number of Paneth cells in crypts and villi, in the absence or presence of
fibroblasts. n = 10 units, N = 2. Mean * SEM, t-test **, p < 0.001; *, p < 0.05.
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we have cross-linked and thus rigidified the collagen scaffold
while maintaining its cytocompatibility. 4) This permits, for the
first time, the incorporation of stromal cells into the collagen 3D
scaffold. 5) The seeding of intestinal organoids on these scaffolds
results in the formation of a columnar epithelium monolayer
with a morphology closely resembling the intestinal epithelium
in vivo. 6) The culture of the epithelium over a long period is
achieved thanks to the application of fluid shear stress. 7) Finally,
we showed that under these conditions epithelial cell
differentiation and spatial segregation take place in vivo.
Compared to existing devices,"”>>** our device is made of
collagen I and cross-linked by a cytocompatible reagent,
which allowed the incorporation of primary intestinal
fibroblasts in the 3D scaffold and thus a better mimic of
epithelial-stromal cell interactions on a chip. Incorporation
of stromal cells in gut on chip devices has not been achieved
so far; the devices reported in the literature are limited either
by the nature of the scaffold material that requires
photopolymerization® or by the cytotoxic chemical treatment
used to crosslink collagen.”> The ability to uncouple the
contribution of different components of this device opens up
numerous possibilities to decipher the role of stromal
components in intestine physiology or pathophysiology. By
adapting the dimensions of the device to match the size of
the human crypts and villi, this gut-on-chip could be used, in
the near future, to study the pathophysiology of the human
gut. By using epithelial cells and/or fibroblasts extracted from
colorectal cancer tissues, it would be also possible to study
the interplay between the stroma and cancer cells during
tumor growth or invasion. Beyond tumors, the intestine is
susceptible to a range of chronic pathologies,”> such as
Crohn's and celiac diseases. This device may be a good
model of inflammatory bowel disease because the role of
microbiota composition,*® mucus defects,*” overexpression of
basement membrane components,”®  activation  of
fibroblasts,” remodeling of the extracellular matrix and
reduced peristalsis®® could be addressed independently.
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