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Abstract
Organoids derived from epithelial stem cells have emerged as powerful platforms to model development
and disease in a dish1-3. However, the current mismatch in anatomy, lifespan and size between native
organs and their in vitro counterparts severely limits their applicability4. In particular, the closed, cystic
architecture of most epithelial stem cell-derived organoids makes experimental manipulation and assay
development cumbersome. Here we describe how tissue engineering and cellular self-organization can be
combined to guide in vitro organogenesis into openly accessible, functional intestinal tubes termed ‘miniguts’. Intestinal stem cells (ISCs) rapidly generate simple columnar epithelia when propagated inside
basal lamina-like hydrogel scaffolds that feature a tubular and crypt-containing, in vivo-like anatomical
structure. Using a microfluidic perfusion system, dead cells shed into the lumen can be continuously
removed from the mini-guts. This increases tissue lifespan to months, establishing a homeostatic
organoid culture system in which cell proliferation (in crypts) is balanced with cell death (in villus-like
domains). The approach developed here can be extended to generate functional tissue/organ models
from other epithelial cell types, including primary human stem/progenitor cells from the small intestine,
colon or airway, permitting reconstitution of complex organ-level physiology and disease in a
personalized manner.

Introduction
This protocol describes the key steps for the fabrication and culture of mini-guts generated from primary
mouse ISCs, including procedures for hydrogel loading, laser-ablation of perfusable microchannels, and
long-term tissue growth and maintenance. The implementation of these protocols requires basic
experience with mouse intestinal organoid culture, as well as access to elastomeric microdevices which
can be readily generated via standard microfabrication procedures performed in a clean room facility
(present in most institutions).

Reagents
Organoid culture
Advanced DMEM/F12 (Gibco, 12634010)
Glutamax (Gibco, 15630056)
HEPES (Gibco, 35050038)
Penicillin-streptomycin (Gibco, 15140122)
B27-supplement (Gibco, 17504044)
N2-supplement (Gibco, 17502048)
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N-acetylcysteine (Sigma, A9165-5G)
Murine EGF (Peprotech, 315-09-1MG)
R-spondin (produced in-house; alternative source: Peprotech, 315-32)
Noggin (produced in-house; alternative source: Peprotech, 250-38)
CHIR99021 (Calbiochem, 361559)
Valproic acid (Sigma, P4543)
TrypLE Express Enzyme (Gibco, 12605028)
DNase I (Sigma, 10104159001)
Fetal Bovine Serum, qualified, heat inactivated (FBS-HI, Gibco, 10500064)
Primocin (Invivogen, ant-pm-2)
Y27632 (Selleckchem, S1049)
Thiazovivin (Stemgent, 040017)
PBS (Gibco, 10010015)

Preparation of hydrogel
Native collagen, bovine dermis, 5 mg/mL (Koken, KKN-IAC-50)
Matrigel (Corning, growth factor reduced, phenol red-free formulation)
1M Sodium Bicarbonate (Alfa Aesar, J63025)
DMEM powder, high glucose, pyruvate (Gibco, 12800017)

Equipment
Common equipment
15 mL and 50 mL centrifuge tubes (Falcon, Corning)
40 µm Cell strainers (Falcon, Corning)
BSL-2 biosafety cabinet
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Vacuum pump
Benchtop centrifuge for 15mL/50mL centrifuge tubes
Humidified cell culture incubator (37°C, 5% CO2)
Water bath (37°C)
White Kimtech Science Dry Wipes (Kimtech, 7552)
Inverted benchtop microscope for examination of cultures
PALM MicroBeam laser microdissection system (Zeiss)

Procedure
Part 1: Mouse intestinal organoid culture
Murine intestinal crypts can be extracted from 5–10-week-old mouse, following previously published
protocols3,5. Passaging should be performed every 4th day with a 1:4 split ratio. Fresh medium should be
replenished every other day. Organoids should ideally be used between passage 5 and 20. Representative
images of organoid growth are shown in Figure 1.

Media formulations used in the protocol

Base medium (BM): Advanced DMEM/F12 medium supplemented with 1x Glutamax, 10 mM HEPES, 100
g/ml Penicillin/Streptomycin (Gibco). This medium can be stored at +4ºC for 1 month.
Base medium with growth factors (BMGF): Prepared from BM supplemented with 1x B27 supplement, 1x
N2 supplement (Gibco) and 1mM N-acetylcysteine (Sigma). This medium can be stored at +4ºC for 2
weeks.
ISC expansion medium (ENRCV): Prepared from BMGF supplemented with growth factors 50 ng/ml EGF,
100 ng/ml Noggin, 500 ng/ml R-Spondin 1, 3 μM CHIR99021 and 1 mM valproic acid. This medium
should always be prepare fresh.
For freshly extracted mouse crypts and single-cell culture, 2.5 μM Thiazovivin (Stemgent) is added to the
ENRCV medium for the first two days to prevent anoikis.

To prepare in advance
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Medium: BM, BMGF, ENRCV.
Thaw Matrigel [number of wells to split] × 100 µl on ice, 30 min in advance.
Place new 24-well plate to the incubator at 37ºC for preheating.
Take [number of wells to split] × 2 ml of BM and keep on ice.

Organoid passaging
1. Aspirate the medium from the wells containing organoids embedded in Matrigel.
2. Add 950 µl of BM to the well and disrupt Matrigel drops by pipetting up and down several times.
3. Collect the well contents in a 15 ml tube on ice.
4. Spin down at 800 rpm, 3 min, 4ºC.
5. Remove supernatant and resuspend organoids in ~2ml of BM. Triturate vigorously with glass pipette
for 15-20 times.
6. Spin down at 900 rpm, 4min, 4ºC.
7. Remove supernatant and resuspend organoids in Matrigel. Keep the tube always on ice.
8. Take a pre-heated 24-well plate from the incubator.
9. Make approx. 20-25 µl drops in each well.
10. Turn the plate upside down and incubate for 10-20 min in the incubator.
11. In the meantime, prepare ENRCV.
12. Add 500 µl of prewarmed ENRCV in each well.
13. Place the plate in the incubator (37°C, 5% CO2).
14. On the second day after passaging, replenish the ENRCV medium.
15. On the fourth day after passaging, use the organoids for mini-gut preparation, or perform another
passaging step.

Part 2: Hydrogel loading
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To prepare in advance
Shelf-stored PDMS microchips bonded on 35 mm glass bottom dishes.
Matrigel, 50 µl aliquots stored at -20°C
10x DMEM, DMEM powder dissolved as 10x in ddH2O. Aliquots stored at -20°C

Microdevice preparation
1. Wash the microdevices with ddH2O and using the vacuum pump aspirate the water from all reservoirs.
Make sure that chips are nearly dry and leave the dishes open to dry them out completely.
OPTIONAL: Leave the chips open under the hood and turn on UV for 10-20 min for additional sterilization.
2. Immediately before use place the chips on ice to cool down, while preparing the gel precursor solution.

Hydrogel precursor preparation
3. In two cooled down 1.5 ml tubes, prepare the hydrogel components as follows:
Tube #1:
20 µl of Matrigel
Tube #2:
10 µl 10x DMEM
9 µl Base medium (BM)
1 µl 1M Sodium Bicarbonate (S)
Mix well by pipetting
4. Add 80 µl of collagen to the tube #2, mix well by pipetting.
5. Transfer 80 µl from the tube #1 to the tube #2, mix well by pipetting.
CRUCIAL: Mix the hydrogel very fast but carefully to prevent bubbles. Do not hold in hand for too long
while mixing and return everything back on ice as soon as possible. Prepare the hydrogel mix always
fresh and use it within 10 min after preparation.
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Matrix loading
7. Cool down the microdevices by placing them on ice.
8. Using the vacuum pump, dry the microdevices by applying the glass pipette to the hydrogel-loading
port. Make sure no condensate is left in the matrix chamber.
9. Very slowly and carefully introduce 8 µl of premixed hydrogel precursor to the central matrix chamber
through the hydrogel-loading port. Watch the spreading of the hydrogel inside the matrix chamber,
avoiding the introduction of air bubbles and ensuring that the hydrogel comes in contact with the row of
pillars without overflowing (Figure 2).
10. Immediately after the hydrogel loading, place the microdevice in a humidified 37°C incubator for 2
min sharp to allow hydrogel pre-polymerization.
11. Take the microdevice out of the incubator and very slowly introduce BM to the inlet and outlet
medium reservoirs. Place the microdevice back in a humidified 37°C incubator for the final hydrogel
polymerization (30 min).
12. Fill the inlet, outlet and basal side medium reservoirs completely with BM. Add 700 µl of PBS to the
dishes around the PDMS microdevice.
PAUSE POINT: The microdevices can be stored for 1-2 weeks in a humidified 37°C incubator. Check
regularly that there is sufficient amount of media in all reservoirs and PBS around the PDMS microdevice.

Part 3: Microchannel laser-ablation
Microchannels within the hydrogel are generated using a nanosecond laser system (1 ns pulses, 100 Hz
frequency, 355 nm; PALM MicroBeam laser microdissection system, Zeiss) equipped with a 10X/0.25NA
objective (Figure 3a), at a constant stage speed and a laser power, following previously developed
protocols6.

To prepare in advance
A pattern for laser ablation consists of the coordinate list of the consecutive parallel lines. It can be
generated manually or semi-automatically, using any algorithmic language. Adobe Illustrator can be used
for prototyping and Wolfram Mathematica for coordinates generation. The designs are then converted to
the microscope specific format, before being imported onto the PALM MicroBeam system’s interface.
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Protocol
1. Launch the PALM MicroBeam microscope and PALM Robo user interface according to the system
setup guidelines.
2. Import the desired pattern file and move the stage to the position of the pattern on the screen.
3. Clean the glass bottom of the microdevice and position it on the microscope’s plate holder, in the field
of view of the objective, and align with the pattern. Carefully adjust the microdevice relative angle to
make sure it is well aligned with the pattern.
4. Focus 160 µm above from the microdevice dish glass bottom. This position defines the focus of the
laser and the center of the etched microchannel. Adjust settings of the laser energy and cutting speed
according to your system setup, so as to achieve 120 µm-height microchannel.
5. Select all elements of the pattern and start laser ablation.
6. Inspect microdevices under the benchtop microscope: the microchannels should have a clear inner
surface and sharp outlines (Figure 3b). Perfuse the resulting microchannels with BM. Flow of medium
through the microchannel from the inlet to the outlet reservoir indicates successful laser ablation.
Remove the media from the outlet and add fresh BM to the inlet, outlet and basal side medium reservoirs.
PAUSE POINT: The microdevices can be stored for two weeks in the incubator. Check regularly that there
is sufficient amount of media in all reservoirs and PBS around the PDMS microdevice.

Part 4: Mini-gut preparation
To prepare in advance
FBS-HI, 1 ml aliquots are stored at -20°C
DNAse I, 40000 U/ml dissolved in PBS. 50 µl aliquots stored at -20°C

Organoids dissociation into a single-cell suspension
1. For mini-gut preparation use mouse intestinal organoids between passages 5 and 20.
2. Prepare dissociation solution composed of:
50 µl DNAse I aliquot,
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950 ul TrypLE Express solution
1 mM N-acetylcysteine
10 µM Y27632
TIP: Use 1 ml of dissociation solution up to 6 wells of mouse intestinal organoids. Scale up the volume of
dissociation solution accordingly.
3. Aspirate the medium from the wells containing organoids embedded in Matrigel.
4. Add 950 µl of BM to the well and disrupt Matrigel drops by pipetting up and down several times.
5. Collect the well contents in a 15 ml tube and spin down at 800 rpm, 3min, 4ºC.
6. Remove supernatant and gently resuspend organoids in 1 ml of dissociation solution.
7. Dissociate organoids for 10 min at 37ºC by placing the tube in the water bath. Half-way through the
digestion knock the tube to break down the cell aggregates.
8. Meanwhile, prepare 10% FBS in BM, 50 ml tube with a 40-µm cell strainer and empty 1.5 ml tube for
single cell suspension collection. Keep everything on ice.
9. After 10-min incubation add 9ml of 10% FBS to block the digestion.
10. Carefully and slowly pass the digested organoids through the 40-µm strainer.
11. Transfer the single cell suspension into a new 15 ml falcon and spin down at 1100 rpm, 4min, 4ºC.
12. Aspirate the supernatant and resuspend the cells in 100-200 µl of ENRCV containing 2.5 µM
Thiazovivin (termed ENRCVT).
13. Transfer the single cell suspension into the pre-cooled 1.5 ml tube and spin down at 1000 rpm, 3 min.
14. Resuspend the cell pellet in ENRCVT at a density of about 106 cells/ml.
CRUCIAL: Keep the single cell suspension always on ice.

Loading of cells into the microdevices
15. Take the microdevices from the incubator and aspirate all the media from the microchannel
inlet/outlet and basal side medium reservoirs.
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16. Introduce 10 µl of the concentrated cell suspension into the laser-ablated microchannel through the
inlet reservoir and allow cells to fill in the microchannel by gravity-driven flow.
17. Observe under the benchtop microscope the microchannel and crypt-shaped cavities filling up with
cells. Wait for about 1-2 min to allow the cells to settle down in the crypt-shaped cavities. To facilitate this
process, pipette up and down the single cell suspension in the inlet/outlet reservoirs to prevent cell
sedimentation on the bottom and dry the basal side medium reservoirs.
18. Once the crypt-shaped cavities are filled with cells to about 50-75%, gently harvest the remaining
single cell suspension from the inlet/outlet reservoirs and reuse it for the next microdevice.
19. Perfuse the microdevices thoroughly with fresh ENRCVT medium to remove non-adherent cells from
the lumen of the microchannel and from the inlet/outlet reservoirs. To achieve this, add 10 µl of ENRCVT
medium to the inlet reservoir and remove the flow-through medium from the outlet reservoir. Wait until
gravity-driven flow fills the outlet reservoir with the medium again. Add more medium to the inlet reservoir
and repeat this process.
20. Inspect the microdevices under the benchtop microscope to ensure that crypt-shaped cavities remain
packed with cells, while the lumen of the microchannel and inlet/outlet reservoirs are devoid of cells
(Figure 4a).
21. Fill the inlet/outlet and basal side medium reservoirs with ENRCVT medium and place the
microdevices in the incubator for the next 48 hours.

Part 5: Long-term mini-gut culture
CRUCIAL: Timely perfusions and media changes are very important for the long-term culture of mini-guts.
Successful homeostatic mini-gut culture for prolonged periods of time is ensured by properly setting up a
manual/automated perfusion system and adequate microdevice handling.
1. After 48 h of the cell seeding, replenish the medium (ENRCV) in the basal side reservoirs and perfuse
the mini-guts. Observe on a benchtop microscope the microchannel epithelialization process. By the
second day, cells should have formed an epithelial monolayer in areas surrounding the crypts (Figure 4a).
2. After the completion of epithelial tube formation (typically: 2-3 days), ENRCV medium in the
inlet/outlet reservoirs can be replaced with differentiation medium (ENR), while keeping expansion
ENRCV medium in the basal side medium reservoirs for another few days.
3. During the following days, replenish the medium in the basal side reservoirs every day. Perfuse the
mini-guts at least once a day (preferably every 12 h) to remove accumulated shed epithelial cells from the
lumen (Figure 4b).
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4. After tissue maturation has occurred (typically 4-6 days, depending on the starting cell number loaded
into the tube and stem cell proliferation rate), the concentration of CV in the basal side media reservoirs
can be gradually decreased over the next three days until complete removal of these growth factors from
the medium. Continue to replenish the medium in the basal side reservoirs every 24 h.
OPTIONAL: To set up automated perfusion, you can use any programmable micro flow pump. Connect
tubings to the additional smaller inlet/outlet reservoirs ports. Depending on the type of pump, set up
either continuous or interval perfusion cycles, resulting in daily total perfusion of 20 ul of medium.

Troubleshooting
Time Taken
Organoids passaging: 1-2 hours, every 4 days;
Medium replenishment: 30 min, on the second day after passaging
Hydrogel preparation and loading: 2 hours
Laser-ablation of the microchannel: 2 hours
Organoid dissociation and cell loading: 2-3 hours

Anticipated Results
Mini-gut growth during the first two weeks is remarkably robust and reproducible; overall, 9 out of 10 miniguts can be expected to develop properly. Impaired tissue development may be caused by technical
issues related to microdevice preparation or with mini-gut culture protocols. Timely perfusions and media
changes are very important for the long-term culture of mini-guts. Successful long-term mini-gut culture
requires a proper manual/automated perfusion system and adequate microdevice handling. Overall, 8 out
of 10 mini-guts can be cultured for at least one month, maintaining similar morphology, cell type
composition and patterning.
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Figures

Figure 1
Representative images of mouse intestinal organoids cultured in Matrigel. Scale bars, 50 µm.
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Figure 2
a, A schematic of 3D hydrogel-containing microdevice developed for mini-gut culture. The system
consists of three main compartments: a hydrogel chamber in the centre flanked by two external media
reservoirs and two inlet and outlet reservoirs for perfusion through the lumen. b, Step-by-step hydrogel
loading procedure. Scale bars, 400 µm.

Figure 3
a, Schematic cross-sectional view of laser ablation using a nanosecond-pulsed laser. b, Hybrid collagen
I/Matrigel scaffold in the central chamber before and after microchannel laser-ablation. Scale bars, 200
µm.
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Figure 4
a, Brightfield and Lgr5-eGFP fluorescence time-course imaging of the epithelium formation in tissueengineered mini-guts. Extended depth of field (EDF) of bright-field images, calculated for a z-stack of 80
µm; fluorescence confocal images correspond to a maximal intensity projection of a z-stack of ∼60 µm.
b, 10-day-old mini-gut tube with accumulated dead cells that were shed into the lumen over the course of
9 h before (left) and after perfusion pulse (right). Scale bars, 50 µm. c, Brightfield and Lgr5-eGFP
fluorescence of mini-gut deterioration due to the massive accumulation of dead cells within the lumen in
the absence of perfusion. Scale bars, 100 µm.
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