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A B S T R A C T   

The field of intestinal biology is thirstily searching for different culture methods that complement the limitations 
of organoids, particularly the lack of a differentiated intestinal compartment. While being recognized as an 
important milestone for basic and translational biological studies, many primary cultures of intestinal epithelium 
(IE) rely on empirical trials using hydrogels of various stiffness, whose mechanical impact on epithelial orga
nization remains vague until now. Here, we report the development of hydrogel scaffolds with a range of 
elasticities and their influence on IE expansion, organization, and differentiation. On stiff substrates (>5 kPa), 
mouse IE cells adopt a flat cell shape and detach in the short-term. In contrast, on soft substrates (80–500 Pa), 
they sustain for a long-term, pack into high density, develop columnar shape with improved apical-basal polarity 
and differentiation marker expression, a phenotype reminiscent of features in vivo mouse IE. We then developed 
a soft gel molding process to produce 3D Matrigel scaffolds of close-to-nature stiffness, which support and 
maintain a culture of mouse IE into crypt-villus architecture. Thus, the present work is up-to-date informative for 
the design of biomaterials for ex vivo intestinal models, offering self-renewal in vitro culture that emulates the 
mouse IE.   

1. Introduction 

The intestinal epithelium (IE), which functions as a barrier and 
constitutes the major site for nutrient uptake and metabolism in the 
small intestine, is maintained under dynamic equilibrium of cell pro
liferation, migration, differentiation and cell death [1]. Such a homeo
static process relies on the continuous proliferation/self-renewal of 
intestinal stem cells (ISCs) [2] that reside at the bottom of the tissue 
invaginations known as crypts. ISCs generate transit-amplifying cells 
that, after several rounds of division while migrating along the 
crypt-villus axis, differentiate mainly in absorptive enterocytes, but also 

secretory cells (i.e., tuft, enteroendocrine, goblet, Paneth and M cells). 
Altogether, these differentiated cells form a cohesive monolayer that 
lines the projective, finger-like villi. In contrast to the ever-youthful 
ISCs, the terminally differentiated cells are doomed to die as they 
reach the tip of the villi where they undergo cell extrusion through the 
so-called shedding process. Given the implication of these vital biolog
ical processes, the study of IE self-renewal and differentiation is highly 
informative for understanding complex biological phenomena that 
involve stem cell behavior, epithelial cell sorting, dynamics, organiza
tion and homeostasis, as well as pathogen defense and metabolism and 
thus has attracted significant research interest. 

Abbreviations: AFM, atomic force microscopy; AJ, adherens junction; CL, cross-linked; DIOs, dissociated intestinal organoids; DPP-IV, dipeptidyl peptidase-IV; 
ECM, extracellular matrix; EDC, N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide; EM, expansion medium; FA, focal adhesion; IE, intestinal epithelium; ISC, in
testinal stem cell; NHS, N-hydroxysuccinimide; PAA, polyacrylamide; WNR, Wnt-3A; Noggin, R-spondin. 
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Ex vivo intestinal model systems aiming at mimicking in vivo tissue 
structure, dynamics and functions have tremendously contributed to 
recent advances in stem cell biology, intestinal biology and biomedical 
studies [3–6]. Animal models are gold standards to analyze organ 
structures and functions, but they are inconvenient for proper live im
aging, costly and criticized for inter-individual variations, 
animal-human differences, and ethical problems [7]. On the other hand, 
intestinal cell lines, such as human Caco-2 cells, are much simpler and 
present numerous advantages but these cells are usually cancer-derived 
and lack normal physiological regulations, which concerns the mainte
nance of stemness, proliferation, completeness of differentiation and 
diversity of intestinal cell lineages [8]. The development of intestinal 
organoids out of ISCs has significantly advanced gastrointestinal 
research relevant to cell and developmental biology, physiopathology 
and translational biology [9]. Intestinal organoids grow either from 
mouse or human intestinal crypts to produce expandable and physio
logically functional structures that mimic many aspects of the in vivo 
intestine organization and functions [4,10,11]. This revolutionary 
technology has offered an alternative to the animal models for a vast 
range of in vitro studies with accesses to close-to-physiology, live bio
logical materials. However, intestinal organoids also present 
well-recognized shortcomings, including reduced and flatten “villus-
like” domains as well as the closed and hard-to-reach lumen. Such small, 
irregular differentiated domains are mosaicked amongst the “crypt-like” 
protrusions and make it difficult for the study of intestinal differentia
tion. In addition, their culture within a tridimensional (3D) thick mass of 
matrix/hydrogel, usually Matrigel [4], is a limitation to applying 
spatially controlled gradients of biochemical and mechanical cues [12]. 
Hence, there is an increasing interest in culturing ISCs from organoids 
into epithelial monolayers on extracellular matrix (ECM) coated sur
faces for intestinal biology and physiology [13–17]. Such a solution not 
only provides convenient access to the luminal surface by unfolding the 
spherical organoids into monolayers but also better controls over the 
mechanical and biochemical cues to the culture. It also presents the 
potential for further integration into a series of setups for various ap
plications. For example, for mimicking IE morphogenesis, the substrate 
can be micro-engineered into a 3D architecture that guides IE into 3D 
crypt-villus topography [18,19]. Furthermore, when integrated into a 
Transwell setup, a signaling gradient can be applied to the IE monolayer 
to mimic the physiological distribution of secreting factors [17,18]. 

Nevertheless, culturing primary ISCs into renewable IE monolayers is 
far more difficult than culturing cell lines and requires a deep consid
eration of intestinal homeostatic regulatory signals. At present, cultures 
of primary IE on planar substrates are usually short-lived, and over
coming the limited time span is still a daunting challenge for many at
tempts to build an ex vivo intestinal model [20]. It is now known that IE 
homeostasis is finely regulated by the balance of many biochemical and 
mechanical signals [21]. For example, the morphogens Wnt, Noggin and 
Epidermal Growth Factor (EGF), which present decreasing gradients 
from the crypt towards the villus, are crucial for the maintenance of stem 
cell niche and promote ISC proliferation [21]. These gradients are 
caused by the uneven distribution of cells secreting them, such as Paneth 
cells located in the crypts and expressing Wnt 3 and EGF [21,22]. Be
sides these important biochemical cues, mechanical cues, such as ECM 
stiffness that rivals the potency of chemical supplements, could have a 
substantial influence on epithelial migration, growth, differentiation 
and organization [23–26]. ECM stiffness is determined by protein 
composition and network structure. In the gut, the spatial distribution of 
ECM proteins, including type IV collagen and laminins, is heterogeneous 
[27], thus leading to variation in ECM rigidity. For instance, the mucosa 
of the large intestine contains less collagen than the submucosa, indi
cating a stiffness gradient between these layers [28]. Similar spatio
temporal heterogeneity in ECM proteins distribution is also found in the 
small intestine [29,30], whereas whether there exists an ECM stiffness 
variation along the crypt-villus axis is yet to be determined. Changes in 
ECM stiffness are also associated with illness as shown for instance by 

the increased macroscale stiffness associated with high ECM collagen 
content in the human ileum and colon of inflammatory bowel disease 
[25]. 

Recent in vitro investigations unraveled that substrate elasticity can 
dictate stem cell fate via regulating focal adhesions, mechano-sensing 
cascades as well as actomyosin-mediated contractility at cellular and 
tissue levels [31,32]. Conventional stiff substrates, including glass, 
polystyrene and polydimethylsiloxane (PDMS), do not support appro
priate IE primary culture and only allow the formation of poorly orga
nized monolayers, whereas pure Matrigel could be too soft for the 
formation/expansion of a spreading monolayer [33]. Alternatively, 
degradable polyethylene glycol (PEG) hydrogels have been proven to 
promote ISC proliferation at a stiffness ~1.3 kPa while differentiation 
and organoid formation were favored at a stiffness of around 190 Pa 
with typical cultures in Matrigel domes [34]. Together, these observa
tions suggest a narrow mechanical window for the self-renewal, orga
nization and differentiation of IE monolayers. Furthermore, in a 
theoretical framework [35], a morphogenetic alternation from 
columnar to squamous cell shapes in epithelial sheets could be achieved 
due to different force balances amongst tensions in cell-substrate 
adhesion, cell-cell interaction as well as apical actomyosin contrac
tility. Even so, given the importance of substrate stiffness in regulating 
the cell-substrate adhesion [32], its role in determining differentiated 
epithelial cell shape and packing has been largely overlooked. Recent 
successful attempts in culturing IE monolayers include using chemically 
treated type I collagen substrates [18] and pure Matrigel layers laid on 
rigid supports [15,17]. However, these substrates are either more than 
one order of magnitude stiffer than the in vivo ECM [18,21] or employed 
without supportive elasticity measurement. Hence, while understanding 
cell-ECM interaction at different scales is a key topic in tissue morpho
genesis and differentiation, how substrate mechanical properties 
modulate IE differentiated cell shape and organization remains un
known until now. Moreover, without such knowledge, it is difficult to 
design and produce designer matrices for biomimetic and tissue engi
neering applications. 

These challenges are currently leveraged by engineering biomaterial 
composites of multiple pre-defined properties to recapitulate the rich yet 
heterogeneous biochemical and mechanical properties of the in vivo 
ECM [36]. Single component materials, such as collagens, may allow IE 
cell adhesion and growth [37], and rough stiffness tunability [18], but 
often lack other essential biochemical characteristics [20], such as 
laminin isoforms. Moreover, the lack of multiple niche factors in the 
matrices may also hinder typical IE compartmentalization, i.e., the for
mation of large differentiated domains separated from the stem or 
proliferative compartments [18]. The results obtained with collagen 
substrates are then incomparable with many other studies using 
animal-extracted ECM biomaterials. Among them, the Matrigel matrix 
contains a wealth of diverse ECM proteins and growth factors, and in 
comparison with substrates of a single collagen component, it shows a 
higher growth efficiency for digestive tract epithelia [37,38] and allows 
the development of proliferative and differentiated zones [4,11,15]. 
Thus, Matrigel has become the gold-standard material for classical 3D 
intestinal organoid cultures. However, due to its low mechanical sta
bility Matrigel may not be able to support the large expansion of IE 
monolayers in 2D format [15] and to our best knowledge, there was no 
attempt to adjust Matrigel elasticity by any means. 

In this work, we aimed at creating 2D and 3D biomimetic scaffolds 
for IE layer growth and its proper differentiation. First, we determined 
the ECM elasticity of mouse small intestine along the crypt-villus axis. 
Based on these analyses, we then tested the influence of ECM elasticity 
variation on organoid monolayer expansion, organization and differ
entiation by developing Matrigel-based and Matrigel-coated poly
acrylamide (PAA) substrates. We revealed that, according to substrate 
stiffness, 2D IE monolayers expanded with distinct degrees of cell shape 
and tissue organization, and defined an optimal range of substrate 
elasticity for IE differentiation. To reproduce biomimetic crypt-villus 
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micro-architecture of low rigidity, a simple method was further designed 
to mold soft gels into 3D scaffolds. We demonstrated that using this 
combined approach, organoid cultures could grow on soft 3D micro
fabricated substrates for several weeks and developed monolayers 
resembling features of the in vivo differentiated IE. 

2. Materials and methods 

2.1. Materials and chemicals 

Matrigel (#734–1100), fetal bovine serum (FBS, #35-010-CV) were 
purchased from Corning. DMEM medium (31,966–021), Glutamax 
(35,050–61) are from Gibco. Advanced DMEM/F12 (#12634010), 
hygromycin (#10687010), penicillin and streptomycin (#15140122), 
geneticin (#10131027), TEMED (#17919), rabbit anti-laminin alpha-3 
(#PA538937) and rabbit anti-laminin alpha-5 (#PA549930) were from 
Thermofisher Scientific. The IntestiCult™ Organoid Growth Medium 
(#06005) was from STEMCELL Technologies, Vancouver, Canada. So
lutions for making PAA gels, 40% acrylamide solution (#161–0140), 2% 
bis acrylamide solution (#161–0142) and ammonium persulfate (APS, 
#161–0700) were purchased from Bio-Rad Lab. 3-(trimethoxysilyl) 
propyl methacrylate (M6514), trimethylchlorosilane (TMCS, #92360), 
ROCK inhibitor Y-27632 (Y0503), N-Ethyl-N′-(3-dimethylaminopropyl) 
carbodiimide (EDC) hydrochloride (E1769), sodium deoxycholate 
(30,970), DNase-I (10,104,159,001), N-Hydroxysuccinimide (NHS) 
(#130672), mouse anti-collagen-IV antibody (C1926) and rabbit anti- 
laminin antibody (L9393) were from Sigma-Aldrich. Anti-E-cadherin 
mouse antibody (#610181) was from BD Biosciences (Franklin Lakes, 
NJ). Mouse anti-villin antibody (M3637) was from Dako. Rabbit poly
clonal antibodies directed against DPP-IV (ab187048) and Na–K-ATPase 
(ab76020) were from Abcam (Cambridge, UK). Rabbit polyclonal anti
body directed against OLFM4 (39141 S) was from Cell Signaling (Dan
vers, MA, USA). Rat anti-occludin was a gift from S. Robine (Institut 
Curie) [39]. Phalloidin-Alexa 488 (A12379), 568 (A12380) and 647 
(A22287), Hoechst 33,342 for nuclear staining (H3570) were from Life 
Technologies. Mowiol mounting medium was homemade. Vectashield 
antifade mounting medium (H-1000) was from Vector Laboratories. 
L-WNR cells (#CRL-3276) were from ATCC. 

2.2. Organoid preparation and culture 

4-month old wild-type male C57/Bl6 mice were provided by the 
animal facility of the Institut Jacques Monod. Transgenic LifeAct-GFP 
mice were a gift from D. Vignjevic (Institut Curie, Paris) [40]. Mice 
used for intestinal crypt isolation were between 8 and 12 weeks old. 
After euthanasia by cervical dislocation, the small intestine was har
vested, flushed with PBS to discard luminal content and cut longitudi
nally open. The tissue was then cut into small pieces of 3–5 mm and 
further washed in PBS. The pieces of intestinal tissue were then incu
bated on ice for 10 min in a tube containing EDTA (5 mM). The tube was 
then vortexed for 2 min to release the villi from the tissue. After removal 
of EDTA, the intestinal pieces were placed in cold PBS and vortexed 
vigorously for 3 min to ensure crypt release. This process is repeated 3 
times, with each fraction recovered. The third and fourth fractions are 
usually concentrated in crypts, so these are combined and passed 
through a 70-μm cell strainer to remove the remaining villi, before being 
centrifuged at 1000 rpm for 5 min. The pellet (crypts) were then washed 
in advanced DMEM/F12 and centrifuged again. These isolated crypts 
were used for enteroid culture as reported previously [41]. Briefly, the 
final pellet containing crypts is embedded in a 1:1 ratio of basal media 
and Matrigel, plated as 50 μL domes in a 24-well plate and incubated at 
37 ◦C for 20–30 min for the Matrigel to polymerize before adding the 
IntestiCult™ Organoid Growth Medium and the expansion medium 
(EM). Media was changed every 2 days and after a week the organoids 
were either sub-cultured or used for seeding on 2D and/or 3D scaffolds. 

2.3. Preparation of expansion medium (EM) 

The EM, prepared from L-WRN cells [41], was used for the expansion 
and growth of IE cells in the forms of organoid, 2D monolayers and 3D 
biomimetic cultures. Briefly, L-WRN cells were cultured with conven
tional DMEM medium supplemented with FBS (10% v/v), GlutaMAX (2 
mM), penicillin and streptomycin (100 unit/mL). After the first day, 500 
μg/mL geneticin and 500 μg/mL hygromycin were added into the 
DMEM medium to culture until confluent. The cells were then passaged 
and cultured with primary culture medium (PCM, advanced DMEM/F12 
supplemented with penicillin (100 units/mL), streptomycin (100 
μg/mL), GlutaMAX (2 mM) and FBS (20% v/v)). The PCM supplemented 
with Wnt-3A, R-Spondin and Noggin produced by the L-WRN cells was 
collected every 24 h and mixed with fresh made PCM with a ratio of 1:1 
to make EM. 

2.4. Preparation of silanized glass coverslips 

Silanized glass coverslips were prepared to facilitate the adhesion of 
polyacrylamide (PAA) hydrogel. Glass coverslips (Ø = 14 or 18 mm) 
were cleaned with ethanol under sonication for 5–10 min. They were 
then dried under airflow and activated by oxygen plasma for 5 min. 
During the plasma treatment, a mixture of 2% (v/v) 3-(trimethoxysilyl) 
propyl methacrylate and 1% (v/v) acetic acid in ethanol was prepared. 
The plasma-treated coverslips were then soaked in this mixture for 30 
min. Then they were rinsed thoroughly with ethanol and dried under 
airflow. The coverslips were then baked at 120 ◦C for 2 h and stored at 
room temperature and kept dry for future use. 

2.5. Production of 2D substrates 

To prepare pure Matrigel 2D substrates, 50 μL thawed Matrigel was 
placed on a glass coverslip (Ø = 18 mm) and spread manually to cover 
about 90% of the slide at 4 ◦C. The coverslips were then left on an event 
bench for 5–10 min to flatten the surface. After that, they were trans
ferred into a 37 ◦C incubator and incubated for 1 h for gelation. 

To produce cross-linked Matrigel (CL-Matrigel) flat substrates, a 
fresh-made solution of 100 mM NHS and 400 mM EDC in cold PBS (4 ◦C) 
was mixed properly with thawed pure Matrigel at a ratio of 1:10 (v/v). A 
drop of the mixture (50 μL) was then spread manually on a glass 
coverslip (Ø = 18 mm) and flattened in a similar manner as mentioned 
above or by flat PAA substrates. Subsequently, the coverslips were 
placed in a 37 ◦C incubator for 2 h to form CL-Matrigel layers. The CL- 
Matrigel substrates were washed with PBS once and incubated in PBS at 
37 ◦C for 24 h to remove unreacted EDC and NHS. The substrates were 
then stored in 1X PBS for future utilization. The recipes to produce CL- 
Matrigel substrates and their elasticities are presented in Table 1. 

To fabricate PAA substrates with Matrigel coating, stock solutions 
were first prepared according to the recipe in Table 2 and stored at 4 ◦C. 
Glass coverslips (Ø = 18 mm) were properly cleaned with ethanol and 
treated with oxygen plasma for 5 min 60 μL diluted Matrigel solution in 
Advanced DMEM/F12 (1:10, v/v) was placed on the coverslips and 
incubated overnight at 4 ◦C. The remaining solution was then discarded 
by pipetting to have Matrigel-coated coverslips. In the meantime, the 
PAA stock solutions and PBS were degassed in a vacuum chamber for 15 
min. The working solution (Table 2) was quickly prepared and mixed by 

Table 1 
Matrigel substrates: Composition of the solutions for making Matrigel-based 
substrates.   

Pure Matrigel Cross-linked Matrigel 

Matrigel [μL] 500 500 
EDC [mM] N.A. 40 
NHS [mM] N.A. 10 
AFM measured elasticity [Pa] 33.3 ± 1.6 418.8 ± 15.2  
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vortexing for a few seconds, and a 70 μL drop was then placed on a 
silanized glass coverslip (Ø = 14 mm, see Section 2.4) and sandwiched 
by a Matrigel-coated coverslip. The set-up was left in ambient condition 
for 30 min to allow PAA polymerization before peeling off the Matrigel- 
coated coverslip from the PAA gel. As-fabricated Matrigel-coated PAA 
substrates were then soaked in PBS overnight to remove the unreacted 
chemicals before use. 

2.6. Fabrication of 3D scaffolds with CL-Matrigel 

2.6.1. Microfabrication of 3D negative master mold 
4-inch silicon wafers and 100 μm negative photoresist dry films 

(Nagase ChemteX, provided by Laboratory of Analysis and Architecture 
of Systems (LAAS), Toulouse) were used to prepare the 3D master mold 
of crypt-villus architecture. Firstly, a 100 μm negative photoresist dry 
film was laminated on a pre-baked 4-inch silicon wafer (200 ◦C for 
10–20 min) by a laminator at 100 ◦C with a speed of 0.2 m/min. This 
step was repeated twice more to obtain a 300 μm-thick layer of photo
resist. The wafer was then exposed to UV through a chromium photo
mask with 200 μm dark dots by MJB4 mask aligner (SUSS MicroTec) for 
40 s at 21.1 mW/cm2. A post-exposure bake was carried out at 100 ◦C for 
10 min on a hotplate. After, a second layer of 100 μm-thick negative 
photoresist dry film was laminated on the wafer as mentioned above. 
The wafer was exposed to UV with half of the light dose after properly 
aligning the second mask so that each 200 μm dot was surrounded by six 
100 μm transparent circles. A similar post-exposure bake was followed 
and the exposed layer was developed with cyclohexanone for about 25 
min on a shaker until the background surface becomes clean. After being 
rinsed with ethanol, the negative master mold was then dried and stored 
in a cool and dry place. 

2.6.2. Preparation of PDMS negative mold with rounded up villi and crypts 
To avoid sticking PDMS to the master mold, the mold was exposed to 

the vapor of TMCS for 5 min in a Petri dish before the first use. Freshly 
mixed PDMS polymer and linker (RTV 615, Momentive Performance 
Materials, 10:1 w/w) were poured on the mold. The trapped bubbles 
were removed by degassing in a vacuum chamber and the mixture was 
allowed to reticulate at 75 ◦C for at least 4 h. After peeling off, the first 
PDMS replica has villi and crypts with squared edges. The replica was 
then gently dipped on a coverslip (Ø = 40 mm) coated with pre- 
polymerized PDMS (by spin-coating at 2500 rpm for 60 s). This step 
transfers small drops of liquid PDSM onto the tips of villi, which formed 
half-spheres after hanging the structure upside down at room tempera
ture overnight. A further incubation at 75 ◦C for at least 1 h was followed 
to fully polymerize the drops. The obtained PDMS mold was plasma 
treated 1 min by air plasma and exposed to the vapor of TMCS for 1 h in 
a sealed Petri dish, prior to being used to produce a second negative 
PDMS replica. After, the above steps were repeated to round up the 
crypts (spin-coating pre-polymerized PDMS on Ø = 40 mm coverslip at 
3000 rpm for 60 s). 

2.6.3. Fabrication of 3D CL-Matrigel scaffolds with villi and crypts 
The negative PDMS molds from section 2.6.2 were used to prepare 

positive PDMS replicas with rounded villi and crypts. To produce 3D CL- 
Matrigel scaffolds, negative PAA molds were prepared to avoid Matrigel 
adhesion during molding and gelation. Briefly, after oxygen plasma 
treatment for 5 min, the positive PDMS mold was covered by a drop of 
acrylamide/bis-acrylamide working solution (for preparing PAA sub
strates with an elasticity of 55 kPa [42]). The trapped air bubbles were 
removed by vacuuming for 5 min and a silanized glass coverslip (Ø = 14 
mm) was then placed on top of the working solution. The whole set-up 
was then transferred into a humid argon chamber to allow PAA poly
merization for 1 h. The PDMS replica was then detached from the 
negative PAA mold that was covalently bound onto the silanized 
coverslip. The negative PAA mold was soaked in PBS for 48 h to reach 
swelling stability. A freshly made mixture of pure Matrigel and 
EDC/NHS (see section 2.5) was then added to the negative PAA mold 
and degassed under vacuum at 4 ◦C for 15 min before a sterile glass 
coverslip (Ø = 14 mm) was placed on top of the mold. Then the set-up 
was transferred into a humid chamber and incubated at 37 ◦C over
night. The formed EDC/NHS CL-Matrigel 3D scaffolds were peeled off 
from PAA molds and soaked into PBS for 48 h at 37 ◦C with multiple PBS 
replacements to eliminate unreacted EDC and NHS. These scaffolds were 
stored in PBS at 37 ◦C until use. 

2.7. AFM measurement for the elasticity of the intestinal tissue and 2D/ 
3D scaffolds 

Mouse jejunum was dissected into 0.2–0.5 cm small pieces and cut 
longitudinally and transversally to get access to the luminal part of the 
tissue. Tissue pieces were then rinsed thoroughly with PBS for cleaning 
prior to atomic force microscopy (AFM) measurements. 

To decellularize the intestinal tissue, the tissue pieces were carefully 
washed with deionized water (resistivity 18.2 MΩ/cm) on a shaker 
overnight at 4 ◦C and decellularized by incubation in 4% sodium 
deoxycholate while shaking for 4 h, and then with 2000 kU DNase-I in 1 
M NaCl for 3 h at room temperature [43]. Although the pieces became 
half-transparent, crypt-villus architecture could still be distinguished 
under a microscope (see Fig. 1E). 

For AFM measurements, the cut native intestinal tissue pieces or 
decellularized samples were immersed in PBS and mounted to a Petri- 
dish using a stainless-steel slice anchor (Warner Instruments). AFM 
measurements were performed by probing the surface of villi or crypts at 
the periphery of the tissue pieces. Similarly, the elasticity of 2D/3D CL- 
Matrigel/PAA scaffolds was determined by AFM under PBS. 

AFM measurements were performed on a JPK NanoWizard III AFM 
mounted on a Zeiss Axio Observer. Z1 optical microscope, using pre- 
calibrated Bruker MLCT-SPH-5UM DC colloidal probes with a tip 
radius of 5.5 μm and calibrated according to the SNAP method. We 
recorded 50 μm2 arrays of 8 × 8 force curves (force-mapping). Ramp size 
was set to 8 μm, tip velocity to 2 μm/s, and force threshold from 0.5 nN 
to 2 nN depending on sample elasticity to get similar indentations. Data 
were recorded using the JPK 6.3.43 version and analyzed using the 
corresponding data processing software for Hertz model fitting. Gel 
elasticities are shown as the mean ± S.E.M for each map (Tables 1 and 
2). 

2.8. Adaptation for 2D cultures and 3D scaffolds 

The intestinal organoids routinely cultured in Matrigel domes were 
suspended in 3 mL cold Advanced DMEM/F12 and mechanically broken 
by repeatedly pipetting using 200 μL tips. The broken organoids were 
suspended in EM (section 2.3) containing 10 μM ROCK inhibitor Y- 
27632 and directly seeded on 2D culture scaffolds (section 2.5) or 3D 
scaffolds (section 2.6). These cells were allowed to attach to the scaffolds 
by incubating at 37 ◦C for 24 h and the unattached cells were washed off 
later. For 2D cultures, fresh EM was added to the samples. For 3D 

Table 2 
PAA substrates: Composition of stock and working solutions for making PAA- 
hydrogel substrates.  

Stock solutions 

40% Acrylamide [mL] 1.25 1.25 3.75 
10% Bis-acrylamide [mL] 0.3 0.5 0.75 
1 × PBS [mL] 3.45 3.25 0.5 

Working Solutions 

Stock solution [μL] 150 150 125 
1 × PBS [μL] 347 347 372 
TEMED [μL] 0.75 0.75 0.75 
10% Ammonium persulfate 

[μL] 
2.5 2.5 2.5 

AFM measured elasticity 79.5 ± 3.7 
[Pa] 

369.2 ± 74.6 
[Pa] 

5.22 ± 0.64 
[kPa]  
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cultures, cells were cultured in EM supplemented with 10 μM Y-27632 
for 12 h after seeding on scaffolds. After Y-27632 removal, cells were 
maintained in EM, which was renewed every two days. 3D cultures 
could be maintained for 3–15 weeks (the longest period tested) in these 
culture conditions. 

2.9. Immunostainings, image acquisition and analysis 

Cells were fixed using 4% paraformaldehyde for 15 min or cold 
methanol (− 20 ◦C) for 5 min, permeabilized using 0.02% saponin so
lution in PBS for 20 min, then blocked for 30 min in 0.02% saponin/1% 
BSA solution in PBS before proceeding to incubation with the primary 
antibodies diluted in 0.02% saponin/1% BSA solution at 4 ◦C overnight. 
The secondary antibodies diluted in 0.02% saponin/1% BSA solution 
were then added after 3 washing steps in PBS and left to incubate for 2 h 
at RT. Immunostained samples were mounted in either Vectashield or 
Mowiol mounting media. Image acquisition was performed on a 
confocal LSM780 microscope (Zeiss, Zen software) or a confocal Leica 
SP8 microscope (STED 3D, Inserm, IPNP) with × 25/0.8NA LD LCI Plan- 
Apochromat, × 40/1.3NA Plan-Apochromat and × 63/1.2NAPlan 
Apochromat oil/water-immersion objectives. Image analyses were per
formed using Imaris and Fiji. 

EdU pulse was performed for proliferative cell labelling. Briefly, 10 
μM EdU in EM was incubated for 15 min. After removal of EdU 

containing medium and PBS wash, cells were fixed in 4% PFA and 
permeabilized using 0.5% Triton X-100. Then, EdU signal was detected 
using the Click-iT Alexa Fluor 488 Imaging kit (Thermo Fisher 
Scientific). 

For mouse intestinal tissue analyses, samples were prepared as pre
viously described [44]. Briefly, 1-cm pieces of mouse small intestine 
were fixed for 2 h in either 4% formaldehyde or by successive 1 h in
cubations in cold 70%, 90%, or 100% methanol solutions and then 
stored at − 20 ◦C in methanol. The samples were then paraffin-embedded 
and 5 μm sections were prepared. Paraffin sections were further 
de-waxed in a xylene bath, rehydrated in isopropanol and in solutions 
with decreasing ethanol concentrations, and were processed for histo
logical staining or immunostaining. For histology, 5 mm sections were 
stained with hematoxylin and eosin as previously described [45]. For 
immunostaining, de-waxed tissue sections were blocked in 1.5% donkey 
serum (Sigma-Aldrich, St Louis, Missouri, USA) for 1 h. Primary anti
body incubations were performed at 4 ◦C overnight and secondary 
antibody incubations at room temperature for 2 h, both in 1.5% donkey 
serum solution. Hoechst 33,342 staining (Life Technologies, Paisley, 
UK) was used to detect nuclei. Tissue sections were mounted in home
made Mowiol 488 solution. 

Fig. 1. Stiffness measurement along the crypt-villus 
axis in mouse small intestine. A. Histological image 
of hematoxylin-eosin stained paraffin section of 
mouse jejunum. The intestinal epithelium (IE) orga
nizes along the crypt-villus axis. Scale bar, 100 μm. B. 
Representative phase-contrast image of the crypt- 
villus axis arrangement in thin sections of fresh 
decellularized mouse jejunum prepared for AFM 
measurements. Scale bar, 100 μm. C. Schematic rep
resenting the AFM approach to measuring the intes
tinal tissue/ECM elasticity. Scale bar, 100 μm. D. 
Statistical analyses of the mouse jejunum IE elasticity 
at the villi or the crypts. Elasticity (villus) = 22.0 ±
2.8 Pa, elasticity (crypt) = 74.3 ± 9.7 Pa (mean ± S.E. 
M.). N = 2 mouse jejunum samples, n (measured 
villus) = 6, n (measured crypt) = 3. Unpaired t-test: 
***p ≤ 0.0002. E. Representative image of live AFM 
measurement on a decellularized mouse jejunum 
sample. Crypt layer is determined by green dotted 
lines. Scale bar, 100 μm. F. Statistical analyses of the 
mouse jejunum ECM elasticity at the villi and the 
crypts. Elasticity (ECM-villus) = 75.1 ± 5.1 Pa, elas
ticity (ECM-crypt) = 143.9 ± 13.3 Pa (mean ± S.E. 
M.), n = 3 mouse jejunum samples, n (measured vil
lus) = 16, n (measured crypt) = 8. Unpaired t-test: 
****p < 0.0001.   
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2.10. Statistics 

All statistical analyses were performed using Prism (GraphPad 
Software, San Diego, CA, USA, version 7.0) and Excel (Microsoft Office). 
Unless otherwise stated, experiments were replicated 3 times 
independently. 

2.11. Data availability 

The data that support the findings of this study are available from the 
corresponding author upon request. 

3. Results 

3.1. Determine tissue and ECM stiffness along the small intestinal crypt- 
villus axis 

Mechanical properties of the small intestine extracellular matrix are 
largely unexplored. Many measurements were obtained via different 
techniques and approaches and often reflect the rigidity of the entire 
intestinal mucosa [25]. For example, mechanical properties of soft tis
sues are measured by macro-scale testing methods, such as uniaxial 
tensile testing, which probes a length scale ranging from mm to cm [46]. 
However, key mechanical sensing events often happen within a length 
scale of several hundred microns. Thus, the genuine microscale stiffness 
of IE and its ECM remained to be determined. With an AFM probe, soft 
tissue can be probed down to nanometer-scale resolution, offering local 
tissue/ECM characteristics, to which cells respond. Along this line, to 
test stiffness amplitude along the crypt-villus axis in native tissue, we 
measured the stiffness of either villus or crypt epithelium on fresh mouse 
small intestine pieces using the AFM method with a micrometer-sized 
colloidal probe (Fig. 1A–C). We found that the average villus elasticity 
is 22.0 ± 2.8 Pa, and the tissue elasticity is 74.3 ± 9.7 Pa in the crypt 
area (Fig. 1D). Later, we decellularized intestinal tissue pieces as pre
viously described [43] to expose the intestinal ECM. Removal of the 
columnar epithelial layer by chemical and enzymatic treatments pre
served the underlying matrix architecture (Fig. 1B and E), enabling 
direct ECM elasticity measurements along the crypt-villus axis with an 
AFM tip (Fig. 1C and E). We found that the elasticity of the intestinal 
ECM is also low (75.1 ± 5.1 Pa at the villus and 143.9 ± 13.3 Pa at the 
crypt) (Fig. 1F). Hence, our results showed that the stiffness of mouse IE 
and its ECM is at least one order of magnitude lower than the values 
provided by previous measurements carried out on intestinal tissue as a 
whole [25,47]. In addition, a significant stiffness variation occurs be
tween the crypt and villus compartments in vivo (Fig. 1D and F), sug
gesting a potential role of ECM mechanical properties in guiding ISC 
proliferation and differentiation. This is further in line with recent 
studies showing that modulation of matrix rigidity could dictate ISC fate 
towards stem-cell expansion or organoid formation in 3D intestinal 
organoid culture [34]. Based on this, we hypothesized that an ideal 
designer biomaterial for ex vivo IE culture should properly match the 
mechanical properties of intestinal ECM. Such soft substrates may offer a 
good compromise for optimal enterocytic differentiation while preser
ving proliferative properties of the tissue. 

3.2. Cross-linked matrigel with increased elasticity supports the long-term 
culture of IE cells 

We sought soft matrices close to the intestinal native conditions for 
ex vivo culture of IE cells. Amongst a large number of studies, researchers 
used Matrigel for routine intestinal organoid cultures, demonstrating the 
advantages of this natural hydrogel in supporting their development [4, 
48]. We first determined the stiffness of Matrigel by AFM measurements 
and revealed a mean elasticity of 33.3 ± 1.6 Pa (Table 1), which is about 
2–5 times softer than the native intestinal ECM (Fig. 1F). Second, we 
tested if planar, polymerized Matrigel substrates could support the 

long-term culture of IE monolayers. Intestinal organoids were mechan
ically broken and transferred on 2D Matrigel layers on coverslips 
(Fig. 2A) as dissociated intestinal organoids (DIOs). While cells from 
organoids were initially attached to the Matrigel substrates, they could 
not expand to form large planar monolayers but instead grew into 
confined, multi-layered 3D cell domains (Fig. 2B–D). This is in line with 
previous reports showing that pure Matrigel could not support proper 
primary epithelium expansion on flat surfaces, probably in part due to 
the poor mechanical stability of the hydrogel [17,18,33]. Indeed, large 
radial Matrigel wrinkles, which might correspond to Matrigel defor
mation, formed around these cell domains (Fig. 2C, white arrowheads). 
Hence, upon cell adhesion to the substrate, traction forces generated by 
the cells and transduced to the adhesive sites may result in deformation 
on the surface of the soft gel [36], preventing further monolayer 
spreading. These data suggest that Matrigel does not possess appropriate 
mechanical stability and/or rigidity for the expansion of IE cells in 2D 
format. Additionally, it is known that DIOs grown on very rigid sub
strates such as PDMS of the same surface chemical properties quickly 
lose their viability and proliferative ability, resulting also in poor surface 
coverage [33]. Thus, these conventional materials do not allow the 
long-term culture of 2D IE monolayers. 

We then investigated whether Matrigel could be stabilized and 
stiffened to match the physiological intestine ECM mechanical charac
teristics by increasing its cross-linking degree. We covalently crosslinked 
carboxylic-terminuses to amino-terminuses in a Matrigel by mixing it 
with a solution of EDC and NHS [18] (Fig. 2E). The course of the re
actions, based on the carbodiimide crosslinking chemistry, could be 
slowed down at a low temperature, allowing us to flatten the pre-gelled 
mixture on a glass substrate before its full gelation (Fig. 2F). Newly 
formed amide bonds in the gel increased the cross-linking degree inside 
Matrigel (referred to as cross-linked Matrigel (CL-Matrigel) below) 
(Fig. 2E) and led to stiffened Matrigel-based hydrogel. Indeed, 
CL-Matrigel exhibited a 12-folds increase in the elasticity (418.8 ± 15.2 
Pa) compared to the pure Matrigel (Table 1). Moreover, Matrigel surface 
chemistry homogeneity was maintained after the chemical cross-linking. 
When culturing DIOs on CL-Matrigel substrates, we found that IE do
mains continuously proliferated and expanded into dense monolayers 
which could reach a surface area of >4 mm2 and nearly 100% coverage 
in about two weeks (Fig. 2G–I). Such IE monolayers contained large 
regions populated by differentiated cells such as enterocytes which 
developed a brush border, as demonstrated by the intense signal of 
apical actin and the brush border marker, villin (Fig. 2J and K, respec
tively). These monolayers also maintained proliferative crypt-like do
mains as reported previously [15] (Fig. 2K). Of note, such 
CL-Matrigel-based DIO cultures could be maintained as stable mono
layers for a long-term (Fig. S1; the longest period tested was 70 days). 
Moreover, these DIO monolayers could be detached via conventional 
trypsin treatment in a typical cell passage process and re-seeded into 
pure Matrigel droplets or onto CL-Matrigel to form again conventional 
organoids or DIO monolayers, respectively, testifying to their ability of 
interconversion. Altogether, these data demonstrated that the combined 
effect of stabilization and stiffening of Matrigel allowed DIO cultures to 
expand into large, stable and self-renewal planar monolayers, but also 
promoted the emergence of enterocytic polarization and differentiation 
domains. 

3.3. Substrate stiffness dedicates epithelial differentiated characteristics of 
2D DIO monolayers 

We further tested whether substrate rigidity alone was capable of 
influencing organization of the differentiated domains in the 2D DIO 
cultures. For this purpose, we produced synthetic hydrogels with 
tunable elasticity (Table 2) using PAA. PAA hydrogels have been used as 
cell culture substrates due to their univariate elasticity, with the possi
bility to cover a large range from 0.1 to 200 kPa [32] and to be func
tionalized with biomaterials by surface chemistry approaches, such as 
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Fig. 2. Long-term culture of dissociated intestinal organoids (DIOs) on 2D Matrigel substrates. A. Schematic showing the preparation of Matrigel-layer coated 
coverslips. Thawed Matrigel was manually smeared on glass-coverslips and cross-linked at 37 ◦C before cell seeding. B–C. Bright-field images of DIOs after 9 days of 
culture on 2D Matrigel substrates. Yellow dashed box indicates an unmodified region of Matrigel substrate. White arrowheads indicate aligned Matrigel fibers caused 
by cell contractility. Scale bars, 1000 μm (B) and 400 μm (C). D. Confocal analysis of the distribution of E-cadherin (magenta) and actin (green) in DIOs cultured on 
2D Matrigel substrates. Both xy (upper panels) and xz (lower panels) views are presented. Nuclei are stained with Hoechst 33,342 (gray). Scale bar, 100 μm. E. 
Illustration demonstrates the principle of EDC/NHS induced cross-linking in Matrigel. Cross-linking degree in Matrigel was increased by EDC/NHS treatment that 
covalently crosslinked carboxylic-terminuses to amino-terminuses. F. Schematic shows the procedure for the preparation of cross-linked (CL)-Matrigel substrates. A 
solution of Matrigel containing EDC and NHS was prepared and manually spread on glass coverslips. This layer was left at 37 ◦C for 2 h to form CL-Matrigel layer for 
cell seeding. G-H. Bright-field images of DIO culture after 35 days of culture on flat CL-Matrigel substrates. Scale bars, 1000 μm (G) and 200 μm (H). I. Quantitative 
analysis of the coverage of DIOs cultured on pure or CL-Matrigel as a function of time. Three independent experiments were carried out. Values are mean ± S.E.M. 
Between 2 and 9 samples were used for each condition. J. Confocal analysis of the distribution of E-cadherin (magenta) and actin (green) in DIOs cultured after 9 
days on 2D CL-Matrigel substrates. Both xy (upper panels) and xz (lower panels) views are presented. Nuclei were stained with Hoechst 33,342 (gray). Scale bar, 100 
μm. K. Confocal analysis of the distribution of villin (green) and phosphor-histone H3 (PH3, magenta) in 2D DIO monolayer cultured after 9 days on CL-Matrigel. 
White arrows point towards crypt-like areas. Nuclei were stained with Hoechst 33,342 (gray). Scale bars, 100 μm. 
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N-hydroxysuccinimide ester reaction [49], to promote cell adhesion. 
Here, based on previous reports [42], we developed solution recipes to 
adjust the elasticity of PAA hydrogels to overlap with the range of the in 
vivo intestinal ECM stiffness (Table 2, Fig. 1F). The PAA gels were then 
co-polymerized with a thin layer of Matrigel to create a Matrigel coating 

on their surface (Fig. 3A, referred to as PAA-Matrigel from now on), 
thereby allowing stable cell-substrate adhesion. 

First, we compared the early progression of tissue expansion ac
cording to various substrate rigidities, i.e., 80 and 370 Pa PAA-Matrigel, 
CL-Matrigel (ca. 420 Pa) and 5.2 kPa PAA-Matrigel. We found that the 

Fig. 3. Culture of DIOs on Matrigel-coated soft hydrogels. A. Schematic shows preparation of Matrigel-coated PAA 2D substrates. PAA was polymerized on a 
Matrigel-coated glass slide (activated glass). After peeling off, a thin Matrigel layer was transferred to the surface of the hydrogel substrate. B. Quantification of the 
variations in cell area on different planar substrates as a function of time. N = 16 cells in each time point. Values are mean ± S.E.M. C. Quantification of the variations 
in cell density on different planar substrates as a function of time. N = 16 cells in each time point. Values are mean ± S.E.M. D-G. Confocal analysis of the distribution 
of E-cadherin (magenta) and actin (green) distribution in DIO cultures on 80 Pa (D), 370 Pa (E) and 5.22 kPa (F) PAA-based substrates, and in mouse jejunum IE (G). 
Both xy (upper panels) and xz (lower panels) views are presented. Scale bars D-F, 100 μm; G, 30 μm. H. Statistical analyses of tissue height on various flat substrates. 
Mean tissue height (80 Pa PAA) = 21.8 ± 0.97 μm, (370 Pa PAA) = 14.33 ± 0.35 μm, (CL-Matrigel) = 13.78 ± 0.99 μm, (5.22 kPa PAA) = 3.99 ± 0.17 μm, (in vivo 
villus) = 20.37 ± 0.96 μm N = 11 cells for each condition. One-way ANOVA, Tukey’s multiple comparisons test, ****p < 0.0001. I. Statistical analyses of cell aspect 
ratio (height/width) on various flat substrates. Mean cell aspect ratio (80 Pa PAA) = 4.58 ± 0.36, (370 Pa PAA) = 2.33 ± 0.15, (CL-Matrigel) = 2.05 ± 0.18, (5.22 
kPa PAA) = 0.35 ± 0.02, (in vivo villus) = 4.17 ± 0.38. N = 11 cells for each condition. One-way ANOVA, Tukey’s multiple comparisons test, ***p = 0.0002, ****p <
0.0001. J. Statistical analyses of the E-cadherin intensity ratio between lateral membranes and the cytoplasm. Mean E-cadherin intensity (80 Pa PAA) = 12.94 ± 1.86, 
(370 Pa PAA) = 14.71 ± 2.1, (5.22 kPa PAA) = 8.22 ± 1.38, (CL-Matrigel) = 12.6 ± 1.47, (in vivo villus) = 13.23 ± 1.69. N = 11 cells for each condition. Two-way 
ANOVA, Tukey’s multiple comparisons test. *p = 0.0378; **p = 0.0036. K. Quantification of the percentage of actin fluorescence intensity at the apical, cytoplasm or 
basal side of DIOs cells cultured on various 2D substrates. N = 11 cells for each condition. For each analysis, three independent experiments were carried out. 
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average cell area in differentiated domains continuously expanded until 
they reached a plateau (Fig. 3B), regardless of the substrate rigidity. 
During the first 4 days of culture, while the cell area expanded, the tissue 
density of the monolayers decreased (Fig. 3C), before reaching a plateau 
and remained relatively stable until day 8. Although this tendency was 
observed on the substrates of varying mechanical properties, the 
development of the differentiated domains in DIO monolayers was 
impacted by the substrate rigidity. Indeed, after 8-days culture, the 
average cell areas developed on CL-Matrigel and 370 Pa PAA-Matrigel 
were 1.5-times larger than those on 80 Pa PAA-Matrigel (mean cell 

areas: 74–77 μm2 for 370 Pa PAA-Matrigel and CL-Matrigel versus 49 
μm2 for 80 Pa PAA-Matrigel, respectively). Moreover, in contrast to the 
soft gels (80, 370 Pa PAA-Matrigel and CL-Matrigel), the stiffest sub
strate (5.2 kPa PAA-Matrigel) led to large mean cell areas and loosely 
packed monolayers (mean cell area: 274 μm2 and mean cell density: 39 
cells per 10,000 μm2 after 8-days culture). These observations were 
further confirmed by the analysis of monolayer morphology after 9 days 
of culture. We found that the DIOs on soft PAA hydrogels adopted 
densely packed monolayers and columnar cell shape (Fig. 3D–E, H-I) 
similar to those on CL-Matrigel (Figs. 2J, 3H–I) while on the stiffest 

Fig. 4. Enterocytic differentiation in DIOs grown on 2D CL-Matrigel. A-C. Confocal analysis of the distribution of villin (green) and EdU (magenta) distribution in 2D 
DIO cultures on 80 Pa (A), 370 Pa (B) and 5.22 kPa (C) PAA-based substrates. Scale bars, 30 μm. D. Statistical analysis of the ratio between the surfaces covered by 
villin-positive cells and by EdU-positive cells. One-way ANOVA, Tukey’s multiple comparisons test, ns non-significant, **p = 0.0047. N (80 Pa PAA) = 3, n (370 Pa 
PAA) = 4, n (5.22 kPa PAA) = 6 samples. Three independent experiments were carried out. E-F. Confocal microscopy analysis of the distribution of E-cadherin, 
occludin, villin, actin, Na+,K+-ATPase and DPP-IV (green) in 2D DIOs on CL-Matrigel (E) and in transversal sections of mouse jejunum villi (F). In E, both xy (upper 
panels) and xz (lower panels) views are presented. Nuclei are labelled in gray. Scale bars, 20 μm. 
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substrate, cells displayed spread and flatten cell shape (Fig. 3F, H-I). In 
addition, the IE monolayers on CL-Matrigel and 370 Pa PAA-Matrigel 
resembled closely each other in the cell shape and tissue organization 
(Figs. 2J and 3E, H-I), indicating that regardless of the nature of the 
bulky materials, cells regulated tissue architecture mainly according to 
the substrate stiffness. Interestingly, such hexagonal epithelial cell 
shapes on the soft gels also resembled those of intestinal villi (Fig. 3G–I), 
suggesting that the close-to-nature soft substrate favored the develop
ment of in vivo-like differentiated IE domains. 

Immunostainings of key morphologic protein expression further 
revealed the influence of substrate elasticity on IE properties. Cell 
cohesiveness was assessed by the localization of E-cadherin, a marker for 
the adherens junctions (AJs). The monolayers on the soft hydrogels 
showed an optimal lateral distribution of E-cadherin at levels compa
rable to in vivo villi (Figs. 2J, 3D-E, G, J). Moreover, actin signal at cell 
apical, cytoplasmic and basal portion also demonstrated a similar in
tensity distribution between the differentiated cells on the soft gels and 
those on native villi (Figs. 2J and 3G, K). We then sought to determine 
which stiffness could lead to stable and large differentiated domains in 
the monolayers. The IE homeostatic state was assessed by villin as a 
marker of enterocytic differentiation and EdU as a proxy of the prolif
erative cells (Fig. 4A–C). We found the monolayer on 370 Pa PAA- 
Matrigel possessed the highest villin/EdU area ratio in comparison 
with 80 Pa and 5.2 kPa PAA-Matrigel (Fig. 4D). Hence a substrate close 
to ~400 Pa appeared to be an optimal condition for the development of 
enterocytic differentiation domains. We noticed that such rigidity was 
higher than the AFM-determined intestinal ECM rigidity (Fig. 1F). 
However, protein-protein interactions might be disturbed due to the 
decellularization process [50]. Moreover, the decellularized ECM lacked 
modulation by cells and their contractile forces owing to the absence of 
stromal cells. Thus, such chemical treatment might lead to a weakened 
ECM with a slightly lower AFM-measured elasticity. To confirm the 
suitability of CL-Matrigel (~420 Pa) for 2D differentiated IE culture, the 
differentiation level of DIO monolayers was assessed with the analysis of 
the expression and distribution of key enterocytic markers (Fig. 4E). In 
fact, the enterocytic differentiation of 2D DIO monolayers on 
CL-Matrigel presented a high similarity with villus IE from mouse 
jejunum (Fig. 4E–F). In both cases, the AJ-associated protein, E-cadherin 
was concentrated at the upper half of lateral membranes, and occludin, a 
tight junction component, was found at the upper apical part of cell-cell 
contacts [51]. Additionally, high density of villin, a brush border 
marker, was detected exclusively at the apical domain [52,53]. Simi
larly, actin that is enriched within microvilli as one of the main brush 
border core proteins was also concentrated at the apical membrane of 
the cells [52,53]. These suggested that a large number of microvilli 
covered the differentiated enterocytes on 2D CL-Matrigel as in vivo villi. 
In contrast, the sodium-potassium pump Na+/K+-ATPase was only 
localized to the lateral membranes [54,55]. Moreover, these large, 
planar differentiated domains were distinctly marked with dipeptidyl 
peptidase-IV (DPP-IV), an intestinal hydrolase responsible for peptide 
digestion, which is expressed by enterocytes [56]. Globally, the locali
zations of these protein markers in differentiated zones on CL-Matrigel 
(Fig. 4E) mirrored those in mouse enterocytes (Fig. 4F), demonstrating 
that the CL-Matrigel exhibits favourable mechanical stability and sub
strate stiffness towards enterocytic differentiation. 

Hence, substrate mechanical properties could dictate the character
istics of 2D IE monolayers. Our data revealed that an appropriate stiff
ness window (~100–500 Pa) was required for the formation of an ex vivo 
planar IE with high-density packing and elongated columnar cell shape, 
reminiscent of in vivo tissue. PAA-Matrigel and CL-Matrigel with an 
elasticity closed to 400 Pa offered the optimal conditions for the for
mation of enterocytic differentiated domains. Although these soft 
hydrogel substrates were suitable for the long-term culture of planar IE 
monolayers, they lack the 3D geometric cues for the formation of crypt- 
villus micro-architectures. 

3.4. Fabrication of 3D scaffolds to mimic crypt-villus axis using CL- 
Matrigel 

We then aimed to transpose DIO monolayer cultures in a suitable 3D 
microenvironment that reproduced the topography and arrangement of 
the crypt-villus axis in mouse jejunum [57] (Fig. 5A–B). Previously, 
similar patterns were made by soft-lithography [18] or 3D-printing 
technology [19]. Nevertheless, crypt-like structures produced by 
soft-lithography exhibit flat bottoms with sharp edges and rectangular 
corners, while the method employing stereolithography relied on 
expensive and sophisticated machines [18,19]. Here, to address these 
problems, simplify fabrication and improve yield, we developed a 
two-steps photolithography process. We firstly produced PDMS stamps 
with pillars and wells of sharp rectangular edges at the tips and the 
bottoms (Fig. 5C, 1st – 2nd row), respectively. We then rounded up the 
sharp edges by curing hemispherical drops of PDMS on the tips and the 
bottoms by two-steps wet-stamping and remolding. In this way, we 
obtained a negative PDMS mold with a reverse crypt-villus axis (Fig. 5C, 
last row). Using the negative mold, we produced positive PDMS replicas, 
which showed a 3D micropattern consisting of pillars (~350 μm in the 
height and ~175 μm in the diameter) and wells (~150 μm in the depth 
and ~100 μm in the diameter) (Fig. 5D). These pillars were laid out by 
close-packing of equal spheres and each was surrounded by six wells 
(Fig. 5B). With the PDMS replicas, negative PAA master molds (~55 
kPa) were then produced. 

Molding soft materials into 3D structures with high aspect ratios is 
currently a challenge in microengineering. Although often used in 
microfabrication protocols, PAA material could not be used here as a 
core component of the 3D culture scaffolds. In practice, soft PAA 
(~100–500 Pa) could not be shaped into stable 3D microstructures of a 
high aspect ratio. In addition, while 370 Pa PAA substrates could pro
mote enterocytic differentiation on micro-pillars, the former required an 
extra step to functionalize a thin layer of Matrigel on its surface for cell 
adhesion. Moreover, this method caused adhesion between the hydrogel 
and the mold, and thus failed in generating well-defined 3D crypt-villus 
axis of high aspect ratio (Fig. 5A–B). Hence, we chose to directly poly
merize CL-Matrigel on the 55 kPa PAA negative master molds. Due to 
their protein repellent surface, these PAA master molds allowed the 
polymerization and easy unmolding of 3D CL-Matrigel scaffolds. To test 
the substrate elasticity after the molding process, we probed and 
compared 3D CL-Matrigel scaffold and 2D CL-Matrigel substrate flatten 
by flat PAA layers using AFM (Figs. S2A–B). Although slightly increased 
after the molding procedure (Fig. S2B), the elasticity of 3D CL-Matrigel 
remained very close to the optimal stiffness window for DIO differen
tiation and was still at least one order of magnitude lower than reported 
Collagen I [18] and PEG-DA [19] scaffolds. 

3.5. Primary cultures of DIO on 3D CL-Matrigel scaffolds mimic in vivo 
intestinal tissue 

DIOs were plated on 3D CL-Matrigel scaffolds and cultured in EM 
medium. The 3D CL-Matrigel scaffolds remained stable in culture 
(Fig. S3) and supported the adhesion and expansion of DIOs (Fig. 6A). 
Indeed, after 21 days of culture, pillars and wells mimicking crypts and 
villi were lined with a regular cell monolayer (Fig. 6A). Notably, in the 
3D DIO cultures, the high density of the brush border markers – actin 
and villin, was concentrated on the pillars (Fig. 6B, D and E, left panels), 
resembling villi of mouse jejunum (Fig. 6B, D and E, right panels). In 
vivo, villin is highly expressed in differentiated intestinal cells, i.e., 
enterocytes [53] and its expression already starts at a low level in pro
genitor cells [58] (Fig. 6B and E, right panels). This uneven distribution 
of villin in 3D DIO cultures indicates enterocytes preferentially reside on 
the pillars. To confirm this, we further stained the in vitro 3D DIOs and 
native tissues with DPP-IV (Figs. S4A–B) and found similar DPP-IV dis
tribution. In short, on 3D CL-Matrigel scaffolds both villin and DPP-IV 
were more enriched on the pillars than in the wells by about 
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1.4–1.6-folds (Fig. S4C), which is comparable to that (1.6–1.7-folds, 
Fig. S4C) for native tissues. In addition, cells were extruded at the tip of 
the pillars (white arrow in Fig. 6B, low panel), reproducing epithelial 
cell shedding that takes place on villi in vivo [59,60]. Moreover, ISCs 
detected with LGR5 marker were found to preferentially localize in the 
wells (Fig. 6C, left panel and 6 F), reminiscent of mouse crypts labelled 
with OLFM4 marker (Fig. 6C, right panel). To investigate the compart
mentalization of different intestinal cells on the 3D scaffolds, we 
determined the expression of laminins α3 and α5 subunits in the 3D DIO 
cultures (Fig. S5A). Laminins α3 and α5 are known to be associated with 

the villus compartment [61] and could play a role in the differentiation 
process [62,63]. We found both laminins α3 and α5 were preferentially 
expressed at the cell base, adjacent to the scaffolds (Fig. S5A). Moreover, 
similar to villin and DPP-IV, our staining showed an anisotropic distri
bution of laminins α3 and α5 on the 3D scaffolds with a higher fluo
rescent intensity concentrated at the pillars than the wells (Fig. S5B). As 
Matrigel does not contain these laminins, our results suggested the 
endogenous contribution of the IE to the differentiated villus compart
mentalization. Taking together, these data indicate the 
self-compartmentalization of the proliferative and differentiated regions 

Fig. 5. Fabrication of 3D scaffolds with soft CL-Matrigel to mimic intestinal crypt-villus axis. A. Schematic representation of the 3D mimetic scaffold being generated. 
B. Schematic representation of the planar arrangement of pillars and wells in the 3D scaffold being generated. C. Schematic of the microfabrication process to 
produce positive PDMS replica to micromold negative PAA mold. Two-step photolithography was used to produce positive mold in photoresist. This is followed by 
two molding steps and two wet stamping steps. D. SEM images of positive PDMS replicas of the microfabricated 3D crypt-villus axis scaffolds. Scale bars, 200 μm. 
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on the CL-Matrigel-based 3D scaffolds resembled in vivo intestinal tissue. 
Of note, we could maintain the 3D DIO cultures for as long as 15 weeks 
in these culture conditions. 

Taking a close look at cross-sections of DIO on the pillars (Fig. 6D) 
and in the wells (Fig. 6E), we found monolayers lining the scaffolds 
exhibited features of in vivo IE tissue. Cells adopted a columnar cell 
shape as well as a cohesive organization with physiological apical-basal 
polarity (Fig. 6D–E, left panels and Fig. 6G). We noted that cell height 
and aspect ratio on the pillars were higher than that on the planar CL- 
Matrigel substrates and close to the mouse tissue (Fig. 3H–I; 6H–I). 
Analysis of actin intensity over the pillar cross-sections revealed a high 
density of actin at the cell apical domain (Fig. 6D, left panels), similar to 
its in vivo counterpart (Fig. 6D, right panels). The distribution of actin 
intensity over the cells indicated a highly condensed signal at the brush 
border (Fig. 6D, left panels, and 6G); this was further confirmed by the 
enrichment of villin and DPP-IV at the same location (Fig. 6D, left panels 
and Fig. S4). We attributed these epithelial properties to a higher degree 
of differentiation and physiological-like tissue organization. The effects 
of 3D geometric on epithelial organization have been studied previously, 
and it was proposed that 3D curvature is an additional cue besides ri
gidity for the arrangement of the epithelial tissue [64]. Cells may 
strengthen AJs to maintain out-of-plan curved topography and thus, 
leading to a more compressed monolayer with an elongated cell shape 
[35]. Taken together, our results demonstrate that the soft CL-Matrigel 
3D scaffolds promote IE compartmentalization, differentiation and or
ganization that mimic the in vivo tissue. 

4. Discussion 

Herein, we describe a new method to produce Matrigel-based 
hydrogels that match the physiological elasticity of intestinal tissue. 
Compared to 2D layers of small patches on pure Matrigel and short-lived 
IE layers on stiff PDMS substrates, our CL-Matrigel and soft PAA- 
Matrigel substrates support the long-term culture of self-renewal, com
partmentalized and largely expanded IE in 2D format. We analyzed the 
importance of substrate elasticity in guiding planar intestinal epithelium 
growth and organization. Firstly, we measured the elasticity of fresh 
mouse intestinal tissue and ECM by the AFM method (Fig. 1). Our 
measurement revealed that the intestinal ECM is one order of magnitude 
softer than previously reported results that were obtained via micro- 
scale testing methods [30]. The AFM measurement provided local me
chanical properties that are likely within the mechano-sensing range of 
cells. Base on this, we produced hydrogels that varied from 80 Pa to 5.2 
kPa and, by testing substrates of various elasticities, we identified a 
narrow mechanical window (~100–500 Pa) required for the formation 
of a simple columnar differentiated IE. Such IE mimicked many 
morphological aspects of intestinal tissue. For example, differentiated 
cells on the soft gels adopt dense packing of highly columnar cells 
similar to differentiated intestinal cells in villi. This switch from a flat 
and spread cell shape on the rigid substrate to columnar one could be 

due to changes in force balance among tissue contractility, cell-cell 
interaction and cell-substrate adhesion [35] that are tuned by the sub
strate rigidity. One could envisage that rigid substrates facilitate the 
formation of focal adhesions (FAs) that promote cell adherence and cell 
spreading, resulting in flattened cells. On the other hand, on very soft 
hydrogel like pure Matrigel, tissue contractility and tension originating 
from cell-cell junction may overcome weak cell-substrate adhesion [65, 
66], preventing cells from spreading and leading to cell layers folding 
into 3D configurations. Our experimental observations demonstrated a 
decreasing trend in tissue height and cell aspect ratio on PAA-Matrigel 
from 5.22 kPa to 80 Pa (Fig. 3H–I), suggesting that cells were sub
jected to compression as the substrate stiffness decreased. This could be 
attributed to the mechanical cross-talk between cell-matrix and cell-cell 
adhesions since soft surfaces could favor cell compaction through 
downregulation of FAs [65,66]. However, whether there is a sharp 
threshold of stiffness for epithelial tissue organization and how epithe
lial cells control their shapes via mechano-sensing pathways remain 
unknown, and the detailed mechanisms deserve further investigations. 

The experimental procedure we developed displays diverse advan
tages. For instance, Matrigel is widely used in cell biology experimen
tations, notably for the 3D cultures of epithelial cells. This hydrogel of 
natural origin recapitulates the biochemical signature of the basal 
lamina of epithelia. Its wealth in diverse ECM proteins and growth 
factors may promote the self-compartmentalization of IE into prolifer
ative and differentiated domains [4,11,15], whereas DIOs on collagen I 
substrates comprise predominantly proliferative cells which are 
randomly embedded among other cells [18]. Hence, in contrast to the 
simple component substrates, the Matrigel-based 3D substrates we 
developed do not require a series of switches in culture conditions to 
achieve large, expanded differentiated zones and localized stem cell 
compartments. Moreover, increasing the cross-linking degree within 
Matrigel by chemical method lifted its elasticity close to that of intestinal 
ECM and significantly improve its mechanical stability for IE expansion. 
Thus, our approach allows the culture of primary IE using a single type 
of culture medium for the long-term and permits the connection of 
short-term mechano-sensing and biochemical responses of cells to 
long-term tissue development and homeostasis. 

3D scaffolds, mimicking villus shape and suitable for established cell 
line cultures, have previously been produced in our lab [64]. Here we 
have generated soft hydrogel scaffolds consisting of 3D crypt-villus 
microarchitecture that matches the physiological dimension of villi 
and crypts in mouse jejunum [18]. In contrast to previous 
collagen-based 3D scaffolds, our hydrogel scaffolds were at least 
10-times softer and thus very close to the mechanical properties of the 
natural ECM. Although being soft, the 3D CL-Matrigel scaffold was 
chemically strengthened in its mechanical stability, which supported 3D 
DIO culture for more than 3 months without significant deformation. 
This stability also outperforms a recent cross-linked collagen 3D scaffold 
whose villi are more than 50% shortened by IE after 14-days of culture 
[67]. We also demonstrated that IE on our scaffolds was fully polarized, 

Fig. 6. DIOs cultured on CL-Matrigel 3D scaffolds mimic the in vivo intestinal tissue. A. Upper left panel, confocal microscopy analysis of the DIOs grown on 3D Cl- 
Matrigel scaffolds for 21 days. Cells were labelled for actin (green) and nuclei (gray). After z-stack acquisition, 3D rendering was generated. V, villus-like structures; 
*, crypt-like structures. Upper right panel, schematic representation of the crypt-villus axis. Lower panels, confocal analysis of the DIO monolayer at the level of the 
villus-like structure (1), the transition between villus and crypts (2) and crypt-like structures (3). Scale bars, 50 μm. B. Confocal analysis of brush border markers actin 
(upper panels) and villin (lower panels) in DIO cultures on 3D Cl-Matrigel scaffolds (left panels) and in mouse jejunum IE (right panels). White arrow, events of cell 
extrusion. Scale bars, 50 μm. C. Left panels, confocal analysis of the stem cell marker LGR5+ (magenta) together with E-cadherin (green) at the level of the villus-like 
(1) or crypt-like (2) structures in DIO cultured on 3D CL-Matrigel scaffolds. Right panels, confocal analysis of the stem cell marker OLFM4 (magenta) together with E- 
cadherin (green) along crypt-villus axis and in crypts (2) in mouse jejunum. White dotted line delimits crypts. Scale bars, 50 μm. D-E. Cross-sectional confocal images 
of E-cadherin, actin and villin at the villi (D) or crypts (E) in DIOs grown on 3D CL-Matrigel scaffolds (left panels) or in mouse jejunum (right panels). White dotted line 
delimits crypts. Nuclei are shown in gray. Scale bars, 50 μm. F. Satistical analysis of the relative number of Lgr5+ cells in the crypt-like or villus-like areas in vitro. N 
= 5 wells, n = 4 domes. Unpaired t-test, **p < 0.01. Two independent experiments were carried out. G. Quantification of the percentage of actin fluorescence 
intensity at the apical, cytoplasm or basal side of cells in different cultures and native tissues. N = 11 cells for each condition. H. Statistical analyses of tissue height in 
various cultures and intestinal tissues. N = 11 cells for each condition. One-way ANOVA, Tukey’s multiple comparisons test, ns non-significant, *p < 0.05, ***p <
0.001. I. Statistical analyses of cell aspect ratio (height/width) in various cultures and native tissues. N = 11 cells for each condition. One-way ANOVA, Tukey’s 
multiple comparisons test, ns non-significant, **p < 0.01, ***p < 0.001. 
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differentiated, and formed in vivo-like cell morphology. Surprisingly, the 
3D scaffolds alone were sufficient to compartmentalize the proliferative 
and differentiated cells for LGR5+ cells were preferentially enriched in 
the wells (Fig. 6F), whereas the villin-positive brush border was 
concentrated along the pillars (Fig. 6B, D and Fig. S4C). Such 
compartmentalization took place without any external signals such as 
biochemical gradients in ECM deposition as well as a soluble morpho
genic factor and directed stiffness variations [21]. This may be attrib
uted to a combined effect of endogenous laminins α3 and α5 expression 
(Fig. S5), physiological rigidities and 3D crypt-villus geometries in 
regulating cellular signal in IE self-organization and assembly. Indeed, 
epithelial organizations are known to be responsive to external geo
metric cues [68,69]. The mechanism underpinned the influence of 
topographical cues on intestinal cell sorting thus deserves thorough in
vestigations in the future. The simplicity and stability of our platform 
further enable high-resolution imaging, broad utility in relevant 
research, in vitro toxicology tests for drug screening and high-throughput 
pre-clinical trials. To conclude, our experimental approach opens novel 
routes for the development of an ex vivo intestinal model for multiple 
applications in fundamental and translational biological studies. 
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