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Canine intestines possess similarities in anatomy, microbiology, and physiology to

those of humans, and dogs naturally develop spontaneous intestinal disorders similar
to humans. Overcoming the inherent limitation of three-dimensional (3D) organoids
in accessing the apical surface of the intestinal epithelium has led to the generation
of two-dimensional (2D) monolayer cultures, which expose the accessible luminal
surface using cells derived from the organoids. The integration of these organoids
and organoid-derived monolayer cultures into a microfluidic Gut-on-a-Chip system has
further evolved the technology, allowing for the development of more physiologically

relevant dynamic in vitro intestinal models.

In this study, we present a protocol for generating 3D morphogenesis of canine
intestinal epithelium using primary intestinal tissue samples obtained from dogs
affected by inflammatory bowel disease (IBD). We also outline a protocol for
generating and maintaining 2D monolayer cultures and intestine-on-a-chip systems
using cells derived from the 3D intestinal organoids. The protocols presented in this
study serve as a foundational framework for establishing a microfluidic Gut-on-a-Chip
system specifically designed for canines. By laying the groundwork for this innovative
approach, we aim to expand the application of these techniques in biomedical and
translational research, aligning with the principles of the One Health Initiative. By
utilizing this approach, we can develop more physiologically relevant dynamic in
vitro models for studying intestinal physiology in both dogs and humans. This has
significant implications for biomedical and pharmaceutical applications, as it can aid in

the development of more effective treatments for intestinal diseases in both species.
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Introduction

Intestinal epithelial morphogenesis has been largely studied
through laboratory animal models, which are costly, time-
consuming, and do not accurately represent human
developmental processes1 . Furthermore, conventional static
2D cell culture models lack the ability to mimic the complex
spatial organization of a 3D epithelial architecture?. As a
result, there is a need for a protocol to induce in vitro 3D
morphogenesis using intestinal epithelial cells from human-
relevant animal models to advance our understanding of gut

epithelial architecture.

Companion dogs have developed intestinal anatomy and

microbiome compositions that are remarkably similar

to humans due to their shared environment and diet

during domestication®

. In addition to this similarity, both
humans and dogs share various chronic morbidities
that are thought to be attributed to intestinal health.
Dogs, like humans, can spontaneously develop chronic
conditions such as obesity, cognitive dysfunction, diabetes
mellitus, inflammatory bowel disease (IBD), and colorectal

4,5,6,7,8,9,10

adenocarcinoma Despite the development

and use of human and murine epithelial cells in previous Gut-

2,11,12,13,14  canine intestinal epithelium

on-a-Chip studies
has not been utilized until now. Our novel approach, utilizing
canine intestinal organoid epithelium in a dynamic culture
system with a 3D epithelial morphogenesis, has significant

implications for both canine and human medicine.

Recent advancements in intestinal organoid culture have
led to the establishment of canine intestinal organoid
culture®. This culture system involves culturing intestinal
stem cells under defined morphogen conditioning, resulting

in a 3D model with self-renewing properties derived from

adult stem cells'®. However, conducting transport assays
or host-microbiome cocultures poses difficulties with this
3D model because of the enclosed nature of the intestinal
lumen'”. To address this, researchers have generated a
2D monolayer derived from intestinal organoids, allowing
for exposure of the luminal surface'® 19, However, both
3D organoids and 2D monolayers are maintained under
static conditions, which do not accurately reflect the
in vivo biomechanics of the intestinal microenvironment.
Combining patient-derived canine organoids technology with
in vitro 3D morphogenesis presents an opportunity for
translational research into chronic multifactorial diseases.
This approach enables researchers to develop more
effective treatments benefiting both humans and dogs and
further advance translational research, aligning with the
One Health Initiative, which is a collaborative approach
that recognizes the interconnectedness of human, animal,
and environmental health. It promotes interdisciplinary
cooperation to address complex health challenges and
achieve optimal health outcomes for all. By understanding
the interdependencies between humans, animals, and
ecosystems, the initiative aims to mitigate risks from emerging
infectious diseases, environmental degradation, and other

shared health concerns20:21.22

This protocol outlines comprehensive methods for culturing

canine intestinal epithelial cells obtained from patient

organoids on a Gut-on-a-Chip microdevice with a
polydimethylsiloxane (PDMS)-based porous membrane.
Establishing the 3D epithelial morphogenesis by integrating
canine intestinal organoids and this Gut-on-a-Chip
technology enables us to study how the gut develops

and maintains its cellular organization and stem cell
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niche. This platform offers a valuable opportunity to
investigate the impact of microbiome communities on
gut health and understand how these communities
generate microbial metabolites that contribute to intestinal
pathophysiology14*23. These advancements can now be
extended to canine intestinal samples, providing researchers
with opportunities to explore the intricate relationship between
the gut microbiome and host physiology. This opens up
avenues for gaining valuable insights into the underlying
mechanisms of intestinal pathophysiology and understanding
the potential role of microbial metabolites in both canine
and human health, as well as various disease conditions.
The protocol used for canine Gut-on-a-Chip is reproducible,
making it a suitable experimental model for comparative
medicine, as this approach enables investigation of host-
microbiome interactions, pathogen infections, and probiotic-

based therapeutic effects in both dogs and humans.

Protocol

The study was approved and conducted in accordance
with the Institutional Animal Care and Use Committee of
Washington State University (ASAF# 6993). In this protocol,
we utilized a well-established Gut-on-a-Chip microfluidic
device made of PDMS which was fabricated in-house?
(Figure 1D). Detailed methods of the fabrication of the Gut-
on-a-Chip microdevice can be found in previous repor‘csz'24.
This protocol demonstrates a unique integration of intestinal

organoids and a microfluidic system (Figure 2).

1. Surface activation of a Gut-on-a-Chip made of
PDMS

1. Prepare 1% polyethyleneimine (PEI) solution by adding
1 mL of 50% PEI solution into 49 mL of distilled (DI) water

in a 50 mL conical tube. Invert the tube two to three times

to mix the solution well, then filter the solution using a 0.2
pum syringe filter.

NOTE: Keep it stored at 4 °C.

Prepare 0.1% glutaraldehyde (GA) solution by adding
100 pL of 50% GA solution into 49.9 mL of DI in a 50
mL conical tube. Invert the tube two to three times to mix
the solution well, then filter the solution using a 0.2 ym
syringe filter.

NOTE: Store it at 4 °C and make sure to protect it from

exposure to direct light.

Place the Gut-on-a-Chip device in a dry oven set at 60
°C and incubate it for a minimum of 30 min to eliminate

any remaining moisture.

Expose the Gut-on-a-Chip device to UV and Ozone
treatment for 60 min using a UV/Ozone generator.

NOTE: To ensure optimal activation of the PDMS
surfaces during treatment, maintain a distance of
approximately 3 cm or less between the UV lamp and the
device. Avoid overcrowding of devices in the generator

to accomplish efficient surface activation.

Secure the upper microchannel's inlet, bypass, and outlet
tubing by using binder clips to clamp them. Also clamp

the inlet tubing for the lower microchannel.

Disconnect the outlet tubing for the lower microchannel.
Ensure that the bypass tubing of the lower microchannel

remains open.

Using a P100 micropipette, introduce 100 pyL of a
1% PEI solution through the outlet hole of the lower
microchannel.

NOTE: It is recommended to perform this process
while the device is still warm from UV/Ozone

exposure. Observe the PEI solution flowing through the
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10.

11.

12.

13.

14.

15.

16.

17.

microchannel and the PEI solution drops to come out

from the bypass tubing for the lower microchannel.
Reconnect the outlet tubing for the lower microchannel.

Secure the lower microchannel's inlet, bypass, and outlet
tubing by using binder clips to clamp them. Also clamp

the inlet tubing for the upper microchannel.

Disconnect the outlet tubing for the upper microchannel.
Ensure that the bypass tubing of the upper microchannel

remains open.

Using a P100 micropipette, introduce 100 pL of a
1% PEI solution through the outlet hole of the upper
microchannel.

NOTE: Observe the PEI solution flowing through the
microchannel and the PEI solution drops to come out

from the bypass tubing for the upper microchannel.
Reattach the outlet tubing of the upper microchannel.

Once both upper and lower microchannels are filled with
1% PEI solution, allow the device to incubate at room

temperature (RT) for 10 min.
Perform steps 1.5-1.12 with 0.1% GA solution.

Once both upper and lower microchannels are filled with
0.1% GA solution, allow the device to incubate at RT for

20 min.

Perform steps 1.5-1.12 with DI water to remove any

excess surface activation solution.

Place the chip in a dry oven at 60 °C and allow it to dry
overnight.

NOTE: Make sure to remove the binder clips from all
the tubing to avoid any impingement of the tubing. This

drying process is critical to the even surface activation of

the microchannel within the Gut-on-a-Chip12.

2. Extracellular matrix (ECM) coating and culture
medium preparation for Gut-on-a-Chip culture

Prepare an ECM mixture with organoid basal medium so
that the final concentration of Collagen | and Matrigel are
60 ug/mL and 2 % (vol/vol), respectively.

NOTE: Prepare 50 yL of ECM mixture per gut chip
(i.e., 20 pL of ECM mixture for each upper and lower
microchannel and 10 yL extra). Prepare this on the day
of use and store this solution at 4 °C or place it on ice

until it is ready for use.

Take out the Gut-on-a-Chip that has been treated with
UV/Ozone, PEI, and GA from the dry oven.
NOTE: Inspect under a phase-contrast microscope to

see if there is any residual moisture.

Allow the Gut-on-a-Chip to cool down in a biosafety

cabinet for 10 min.

Secure the upper microchannel's inlet, bypass, and outlet
tubing by using binder clips to clamp them. Also clamp

the inlet tubing for the lower microchannel.
Disconnect the outlet tubing for the lower microchannel.

Using a P100 micropipette, introduce 20 yL of ECM
mixture through the outlet hole of the lower microchannel.
NOTE: Observe the ECM mixture flowing through the
microchannel without any air bubble entrapment. If there
is any air bubble present, introduce additional ECM
mixture to the lower microchannel until the bubble is

gone.
Reattach the outlet tubing for the lower microchannel.

Secure the lower microchannel's inlet, bypass, and outlet
tubing by using binder clips to clamp them. Also clamp

the inlet tubing for the upper microchannel.

Disconnect the outlet tubing for the upper microchannel.
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10. Using a P100 micropipette, introduce 20 pL of
ECM mixture through the outlet hole of the upper

microchannel.
11. Reattach the outlet tubing for the upper microchannel.

12. Place the chip in a humidified CO5 incubator with 5% CO,
at 37 °C for 1 h to form the ECM layer onto the PDMS
membrane treated with PEI and GA (Figure 3A).
NOTE: Make sure all the tubing is clamped during the

incubation.

13. During the incubation of the ECM coating, prepare
two 1 mL syringes containing cold seeding medium,
which is the organoid culture medium lacking A8301
but containing 10 uM Y-27632 and 2.5 yM CHIR99021,

as previously reported in Gut-on-a-Chip derived from

human organoidsz.
NOTE: A8301 was removed from the medium to enhance

the attachment of cells to the coated ECM as previously

reportedz. Day 0 of Gut-on-a-Chip culture only requires
upper microchannel flow. Therefore, prepare a full
syringe for the upper channel while a minimum of 0.2 mL

for the lower channel.

14. Once the ECM coating is completed, take the Chip out of
the incubator and release the clamp to the bypass tubing

connected to the lower microchannel.

15. Connecta 1 mL syringe filled with seeding medium to the
blunt-end needle that is linked to the lower microchannel
of the Gut-on-a-Chip. Carefully introduce the seeding
medium (~50 uL) to the bypass tubing. Once the tubing
is filled with the introduced medium, secure the bypass
tubing connected to the lower microchannel with a binder

clip.

16. Release the clamp of the outlet tubing connected to
the lower microchannel. Carefully introduce the seeding
medium into the lower microchannel allowing it to flow
smoothly through the system. Secure the outlet tubing
connected to the lower microchannel with a binder clip

after perfusion.

17. Next, open the bypass tubing connected to the upper

microchannel.

18. Connecta 1 mL syringe filled with seeding medium to the
blunt-end needle that is linked to the upper microchannel
of the Gut-on-a-Chip. Carefully introduce the seeding
medium (~50 L) to the bypass tubing. Once the tubing
is filled with the introduced medium, secure the bypass
tubing connected to the upper microchannel with a binder

clip.

19. Release the outlet tubing connected to the lower
microchannel. Carefully introduce the seeding medium
into the upper microchannel allowing it to flow smoothly
through the system. Secure the outlet tubing connected
to the upper microchannel with a binder clip after

perfusion.

3. Canine intestinal organoid cell preparation for
seeding

NOTE: To generate the Gut-on-a-Chip model, canine colon
organoids (referred to as colonoids) derived from IBD patient
dogs were utilized in this protocol. These colonoids were
derived from three to five small fragments of biopsied colonic
tissue, following a previously reported method'®: 18 For
optimal results, it is crucial to use canine colonoids that
have undergone a minimum of three culture passages to
establish stable organoids suitable for in vitro applications. It
is recommended to culture the canine colonoids for a duration

of at least 3-4 days to facilitate adequate differentiation
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of multi-lineage cells within the organoids, ensuring their

functional maturity and suitability for subsequent experiments

in the Gut-on-a-Chip model. The maximum limit of the

passage for this work is fewer than 20, as indicated by a

previous study that demonstrated the unaltered phenotype

and

karyotype throughout 20 consecutive passage525. The

signalment of these donors is presented in Supplementary

Table S1.

1.

Culture the canine colonoids in 24-well plates embedded

in 30 uL of Matrigel15'18 with organoid culture medium

listed in the Table of Materials, which is modified from

previously reported medium'®:26:27  The conditioned

medium was obtained by cultivating Rspo1 cells and

HEK?293 cells engineered to secrete Noggin28.

Discard the organoid culture medium through vacuum
suction and introduce 500 uL of Cell Recovery Solution
at an ice-cold temperature into each well. Incubate for 30
minutes at 4 °C.

NOTE: Typically, three wells out of a 24 well-plate of
mature canine intestinal organoids provide a sufficient
quantity of dissociated cells to seed a single Gut-on-a-
Chip device with 40-50 organoids/one field of view at x10

magnification.

Mechanically disrupt the Matrigel domes for 5 s using a
P1000 micropipette. Subsequently, gather the organoid

suspension in a 15 mL conical tube.

Centrifuge the conical tube at 200 x g and 4 °C for 5 min,

followed by the removal of the supernatant.

Introduce 1 mL of trypsin-like protease at room
temperature, supplemented with 10 uM Y-27632, and
resuspend the cell pellet by pipetting using a P1000

micropipette.

10.

Place the cell suspension in a water bath set at 37 °C
and incubate it for 10 min while periodically shaking the

mixture.

Introduce 5 mL of warm organoid basal medium and
vigorously pipette the cell suspension using a P1000
micropipette until it becomes cloudy, without any visible

cell clumps.

Pass the cell suspension through a cell strainer with a 70
pm cutoff to eliminate any Matrigel debris and large cell

clusters.

Centrifuge the conical tube at 200 x g and 4 °C for 5
min, followed by resuspension of the pellet in seeding
medium. For the seeding of one canine Gut-on-a-Chip
device, use 20 uL of seeding medium to resuspend the
cell pellet (i.e., use 20 pyL of seeding medium when

seeding one Gut-on-a-Chip device).

Modify the concentration of viable cells to 1 x 107

cells/mL with seeding medium as previously reported?.
Conduct viability assessment using a hemocytometer
by combining 10 pL of the cell suspension with 10 uL
of Trypan blue, and then observe the cells under a
microscope.

NOTE: It is crucial to adjust the cell concentration
appropriately to ensure optimal cell attachment and the
formation of a uniform monolayer on the chip membrane.
If the initial number of cells is insufficient, it may
result in delayed or unsuccessful establishment of a
confluent monolayer. Conversely, if the number of cells is
excessive, non-adherent cells can aggregate into clumps
within the channel, leading to undesirable concentration

effects.
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4. Seeding and formation of a 2D cell monolayer

Disconnect the outlet tubing for the upper microchannel.
Ensure that the bypass tubing of the upper microchannel
remains open. Secure both the inlet and outlet of the

lower microchannel by using binder clips to clamp them.

Using a P100 or P20 micropipette, introduce 20 pL of the
cell suspension from Protocol 3 to the outlet hole of the

upper microchannel (Figure 3B Seeding).

Secure the bypass and inlet tubing of the upper
microchannel by using binder clips to clamp it. Then,
reattach the outlet tubing to the outlet hole of the upper
microchannel, ensuring that the tubing remains open
throughout the process to avoid any pressure being
applied to the upper microchannel. After this step, secure
the outlet tubing of the upper channel slowly using a

binder clip to clamp it.

Verify using a microscope that the cells are evenly
distributed throughout the upper microchannel.

NOTE: It is important to clamp the tubing to stop the
movement of the medium within the channel to allow
stable static conditions until the desirable cell attachment

is accomplished.

Place the chip in a humidified CO» incubator at 37 °C.
NOTE: It takes approximately 3 h for canine intestinal
organoid cells to attach to the ECM coating (Figure 3B
Attachment).

Connect the syringe attached to the upper microchannel
of the Gut-on-a-Chip to a syringe pump positioned within
a COy incubator.

NOTE: Carefully flush the medium into the microchannel
using the knob of the syringe pump and remove unbound

cells. Examine the chip under a microscope to ensure

7.

that any unattached cells have been effectively washed

away.

Initiate the flow of culture medium at 30 pL/h with
seeding medium. This continuous flow is only for the
upper microchannel initially until the 2D monolayer
establishment on a Gut-on-a-Chip. For the lower
microchannel, leave the microchannels clamped and the

medium unflushed.

From the day after the cells are seeded, change the
culture medium to organoid culture medium, which
contains A8301 and lacks 10 yM Y-27632 and 2.5 uM
CHIR99021, from the seeding medium.

Once the monolayer is established, initiate the
continuous medium flow to the lower microchannel
as well. It usually takes 2 to 3 days for canine
intestinal organoid epithelial cells to establish epithelial

monolayers (Figure 3C).

5. Establishment of 3D morphogenesis in canine
Gut-on-a-Chip

NOTE: After the confluent monolayers are formed in Gut-

on-a-Chip, medium flow of both the upper channel and

lower channel and cell strain were introduced to initiate 3D

morphogenesis to 2D monolayer as presented in Figure 2.

Introduce the organoid culture medium into both

the upper and lower microchannels to initiate the

development of 3D morphogenesis in a Gut-on-a-Chip
system. To achieve shear stress of 0.02 dyne/cm2 in
the existing Gut-on-a-Chip design (i.e., 500 uym height
microchannel), increase the flow rate to 50 uL/h29.

Initiate 10% of cell strain and 0.15 Hz of frequency,

as recommended before?, using a computer-regulated

bioreactor applying cyclic strain to cells cultured in vitro.
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This process would apply vacuum suction to the Gut-on-

a-Chip device.

3. Sustain these culture conditions for a minimum of 2 to
3 days. The 3D morphogenesis of the canine intestinal
monolayer usually occurs 2 to 3 days after Dural channel

flow and vacuum suction have been started (Figure 3C).

6. Characterization of canine Gut-on-a-Chip

1. Live cell imaging

1. Remove any air bubbles in the Gut-on-a-Chip by

gently flowing the medium using the syringe pump.

2. Disconnect the Gut-on-a-Chip device from the
syringe pump.
NOTE: Avoid any maneuver that can apply pressure

within the Gut-on-a-Chip.

3. Position the device onto a microscope to capture
images of the established 3D epithelium. For
visualizing the structure of the 3D epithelial layers
using phase-contrast, use 10x and 20x objectives

(Figure 3C).
2. Immunofluorescence staining

1. Prepare the blocking solution by dissolving 1 g of
BSA in 50 mL of Phosphate buffer saline (PBS) to
make 2% BSA. Pass the solution through a syringe
filter of 0.2 ym for filtration. Keep this solution stored

at4 °C.

2. Prepare the permeabilizing solution by combining
150 pL of Triton X-100 with 50 mL of blocking
solution, resulting in a final concentration of 0.3%
Triton X-100. Pass the solution through a syringe
filter of 0.2 um for filtration. Keep this solution stored

at4 °C.

10.

Perform fixation of the cells by injecting 100 pL
of a 4% PFA into both the upper and lower

microchannels as described in steps 2.4-2.11.

Rinse the cells by injecting 100 pL of PBS into
both upper and lower microchannels as described in

steps 2.4-2.11.

Perform permeabilization of the cells by injecting
100 pL of 0.3% Triton into both upper and lower
microchannels as described in steps 2.4-2.11. Place

the device at RT for 30 min.

Rinse the cells by injecting 100 pL of PBS into
both upper and lower microchannels as described in

steps 2.4-2.11.

Perform blocking of the cells to prevent nonspecific
binding by injecting 100 pL of 2% BSA to both
upper and lower microchannels as described in

steps 2.4-2.11. Place the device at RT for 1 h.

Inject 20 pL of the primary antibody solution diluted
in 2% BSA and place it at RT for 3 h, followed by
overnight incubation at 4 °C.

NOTE: Make sure all the tubing is clamped
during the incubation at 4 °C for overnight.
The concentration of a primary antibody should
be 2-5 times higher than the recommended
concentration for monolayer or 3D organoid staining

(Supplementary Figure S1).

Rinse the cells by injecting 100 pL of PBS to both
upper and lower microchannels as described in

steps 2.4-2.11.

Inject 20 uL of the secondary antibody solution

diluted in 2% BSA and place it at RT for 1 h.
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NOTE: Make sure all the tubing is clamped during
the incubation. Starting from this step, it is necessary
to shield the device setup with aluminum foil to

prevent photobleaching.

11. Rinse the cells by injecting 100 pyL of PBS to both
upper and lower microchannels as described in

steps 2.4-2.11.

12. Prepare a combined solution for F-actin and DAPI
(diamidino-2-phenylindole) counterstaining. Inject
20 pL of the combined solution into both upper and

lower microchannels as described in steps 2.4-2.11.

13. Rinse the cells by injecting 100 pyL of PBS into
both upper and lower microchannels as described in
steps 2.4-2.11.

Perform fluorescence imaging of the architecture
of the 3D epithelial cells using a fluorescence

microscope or a confocal microscope.

7. Epithelial barrier function

1. Remove any air bubbles in the Gut-on-a-Chip by gently
flowing the medium using the syringe pump. Make sure

all the tubing is open during the measurement.

2. Remove the Gut-on-a-Chip from the syringe pump and

place it at RT for at least 10 min.
3. Remove Ag/AgCI electrodes from 70% EtOH solution.

4. Place two Ag/AgCI electrodes into the upper inlet and
lower outlet, respectively, to measure the resistance of

the epithelial layer using a multimeter.

5. Place two Ag/AgCI electrodes into the lower inlet and
upper outlet, respectively. Report the mean of these two
values as a resistance value for the Gut-on-a-Chip.
NOTE: The blank TEER should be measured on a Gut-
on-a-Chip with only ECM coating without the epithelium.

6. Calculate transepithelial electrical resistance (TEER)

value (kQ x cm2) can be calculated using equation (1).
TEER = (Qt - Qpjank) * A (1)

Where Q) is a resistance value measured at the specific
time point since the start of the experiment, Qpank is
a resistance value measured at the time without the

epithelium, and A is the area of the surface covered by a
cell layer (approximately 0.11 cm? for this Gut-on-a-Chip
design29).

1. Calculate normalized TEER using equation (2).

(it — 0blank)
TEER = (f20 — 0blank) (2)

Where Qg is a resistance value at the initial

reading time point of the experiment as reported

previously3? (Figure 4C).

Representative Results

This protocol reliably facilitates the spontaneous development
of 3D intestinal morphogenesis in a Gut-on-a-Chip system.
This approach utilizes canine intestinal epithelial cells
obtained from intestinal organoids derived from dogs
affected by inflammatory bowel disease (IBD) (Figure
1B). Occasional clustering of 3D morphogenesis of canine
intestinal epithelial cells can be observed throughout the
microchannel following 6-9 days of medium flow (Figure
3C). These morphological changes can be monitored using
phase-contrast techniques.In this study, we utilized organoids
derived from two dogs diagnosed with IBD. Notably,
successful 3D morphogenesis was observed in two biological
replicates, each of which was performed with two technical
replicates. The findings from this study provide a foundation
for future investigations involving intestinal organoids derived

from other canine donors. These results demonstrate the

potential applicability and repeatability of our experimental
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approach, which has previously been reported in human
samples. These findings provide further confirmation that
Gut-on-a-Chip technology is applicable to canine intestinal
epithelial cells as previously reported with the studies utilizing

human intestinal epithelial cells?.

This protocol showed that immunofluorescence staining
can be used to evaluate the 3D structure of organoid-
derived monolayers that have formed villus-like structures
in microfluidic chips using conventional fluorescence
microscopy (Figure 4 A,B). This protocol can be adapted
to validate the differentiated and spatially organized cellular
phenotypes through immunofluorescence staining. The
visualization of a 3D morphogenesis within a Gut-on-a-Chip
provides an excellent opportunity to investigate the host
response during various pathological interactions 423,31,
When combined with epithelial cells derived from patient
donors, as previously described in humans, this technology

can be utilized to construct personalized models of intestinal

Porous membrane

Mechanical strain

diseases'3. Through the integration of immunofluorescence
imaging with targeted RNA visualization techniques like
fluorescence in situ hybridization, it can be feasible to visually
analyze the transcriptomes and proteomes of the host within

a Gut-on-a-Chip system.

Preserving the integrity of the intestinal membrane is vital
for maintaining intestinal homeostasis, and the Gut-on-a-
Chip platform provides a valuable advantage by allowing
for precise monitoring and quantification of this crucial
function. The measurement of TEER using the Gut-on-
a-Chip technology offers several benefits. For instance,
previous studies have successfully evaluated TEER while co-
culturing intestinal cells with non-pathogenic and probiotic

2 as well as under leaky-gut conditions23. This

bacteria®
allows researchers to study the impact of different conditions
on the intestinal barrier function and to identify potential

interventions to promote intestinal health.

D ' Connection to Syringes
Lower Inlet Upper Inlet
Bypass Tubing
Binder Clip L i
g! ”
Upper Outlet Lower Outlet
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Figure 1: Establishment of patient-derived canine IBD Gut-on-a-Chip. (A) Integration of the patient-derived intestinal
organoids and the Gut-on-a-Chip platform. Endoscopy biopsy can be performed to isolate intestinal crypt cells to develop
donor-specific intestinal organoids. Epithelial cells can be dissociated into single cells from the organoids, then seeded

into a PDMS-based Gut-on-a-Chip and cultured in a unique dynamic microenvironment. (B) Representative images of
colonoids from an IBD dog. Scale bar = 100 uym. (C) This schematic illustrates a Gut-on-a-Chip device consisting of a porous
membrane placed between upper and lower microchannels. The upper microchannel is indicated by the blue area, while the
lower microchannel is indicated by the red area. Vacuum chambers are present on each side of the microchannel, which
deform the porous membrane to mimic peristaltic motion24. (D) A setup of canine Gut-on-a-Chip includes a PDMS-based
Gut-on-a-Chip assembled with tubing that is placed on a cover slip2*24. The bypass tubing is critical to avoid pressure built-
up within the microchannel during the handling (i.e., connecting to syringes). Binder clips are used to clamp the tubing.
Volume-sensitive materials can be infused via the open holes of the upper or lower outlet. Organoid culture medium can be
infused by connecting the syringes to the blunt end needles and the flow through the upper and lower inlet. Abbreviations:

IBD = inflammatory bowel disease; PDMS = polydimethylsiloxane. Please click here to view a larger version of this figure.

AP — —
! 43 o BL — —
i Dissociated
Organoids epithelial cells Organoid-derived Stretching 3D Morphogenesis
Monolayer AP and BL Flow (D9-12)

(D0-D3} (D3)

Figure 2: Formation of villus-like structures in canine IBD Gut-on-a-Chip. The dissociated epithelial cells were seeded
in an ECM-coated Gut-on-a-Chip. Once the dissociated cells were attached to the PDMS membrane, apical flow was
initiated for 3 days (D0-D3). When a confluent 2D monolayer is formed (D3), basolateral flow with frequent stretching is
initiated (Stretching, AP, and BL Flow). After 2-3 days of dual flow and membrane stretching, the 2D monolayer begins

to develop 3D morphogenesis, and villus-like structures are formed after 9 days of culture (3D morphogenesis, D9-D12).
Abbreviations: ECM = extracellular matrix; PDMS = polydimethylsiloxane; AP = apical; BL = basolateral. Please click here to

view a larger version of this figure.
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Figure 3: Canine intestinal organoid seeding and 3D morphogenesis in a Gut-on-a-Chip. (A) The experimental steps
for the surface activation of a porous membrane in a PDMS-based Gut-on-a-Chip. The utilization of UV/Ozone treatment,
PEI, and GA treatment in conjunction facilitates the cross-linking of amines present in ECM solutions. This process leads
to the stable immobilization of ECM proteins onto the porous membrane. (B) The phase contrast images demonstrate

the morphologies of cells immediately after seeding (left) and 3-5 h after seeding (right). The porous membrane after 3 h
of seeding displays thinner and darker areas where single cells have attached, highlighting the attachment process. (C)
The phase contrast images depict the 3D morphogenesis of intestinal monolayers within a Gut-on-a-Chip system. These
monolayers were derived from dogs affected with IBD and these organoid cells were cultured for a period of 12 days under
dynamic conditions, which involved fluid flow and stretching motions. Scale bars = 50 um (B,C). Abbreviations: IBD =
inflammatory bowel disease; ECM = extracellular matrix; PDMS = polydimethylsiloxane; PEI = polyethylenimine; GA =

glutaraldehyde. Please click here to view a larger version of this figure.
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Figure 4: Evaluation of the 3D morphological development in patient-derived canine Gut-on-a-Chip. (A)
Immunofluorescence imaging of a canine IBD Gut-on-a-Chip, showcasing a top-down view of a fully developed 3D
epithelium after 12 days of culture, which is evaluated by a fluorescence microscope. The tight junction protein (ZO-1) is
visualized in yellow; the brush-border membrane (F-actin) appears in red; and the nuclei are stained with DAPI and appear
blue. (B) Immunofluorescence imaging of a canine IBD Gut-on-a-Chip using a confocal microscope with a long-distance lens.
As shown in the schematic, a fluorescent image of a cross section of a villus-like structure of a fully developed 3D epithelium
after 12 days of culture is shown. In addition, Z-stacking shows a side view of the 3D epithelium, which reveals the formation
of villus-like structures. The brush-border membrane (F-actin) appears in red, and the nuclei are stained with DAPI and
appear blue. (C) Intestinal barrier function was evaluated and measured by TEER in patient-derived canine Gut-on-a-Chips.
Stable TEER values were reached on Day 5 of culture on Gut-on-a-Chip. Error bars express the SEM of the measurements.
TEER value was measured among two biological replicates with one technical replicate. Scale bars = 50 um (A), 25 ym (B).
Abbreviations: IBD = inflammatory bowel disease; DAPI = 4',6-diamidino-2-phenylindole; TEER = transepithelial electrical

resistance. Please click here to view a larger version of this figure.

Supplementary Figure S1: Characterization of anti-
Z0-1 polyclonal antibody in canine colonoid-derived
monolayers and on Gut-on-a-Chip devices. (A)
Immunofluorescence staining of ZO-1 in yellow with F-actin

in red and their overlay image. Scale bar = 25 ym. (B)

Immunofluorescence visualization of ZO-1 in yellow in 'Leaky
Gut Chips' was conducted under various conditions, including
stimulation with probiotic bacteria (LGG + Cytokines or
VSL#3 + Cytokines) and germ-free controls without probiotic

stimulation (Cytokines). Scale bar = 50 uym. This figure is
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reproduced from Min et al.23. Please click here to download

this File.

Supplementary Table S1: A summary of tissue donors'
information. A summary table of the donors' age, sex, breed,
histopathological evaluation, and canine IBD activity index
(CIBDAI) score. The CIBDAI is a numeric scoring system
used to infer clinical severity in canine IBD33. Please click

here to download this File.

Discussion

This study marks the pioneering demonstration of the

compatibility of canine intestinal organoids with the
development of a canine IBD Gut-on-a-Chip model. The
integration of intestinal organoids and organoid-derived
monolayer cultures into a microfluidic system (i.e., Gut-on-
a-Chip system) has further evolved the technology, enabling
the creation of in vitro intestinal models that closely mimic
physiological dynamics and are more representative of
biological conditions. In particular, since there are very few
reports of Gut-on-a-Chip culture using IBD-derived organoids
in humans, the current study using canine IBD-derived Gut-
on-a-Chip may provide leading insights into the study of IBD

in humans.

The successful development of canine intestinal epithelial 3D
morphogenesis on a Gut-on-a-Chip requires careful attention
to several critical steps. First, the hydrophobic surface of
PDMS microfluidic channels may impede ECM adhesion and
subsequent cell attachment, necessitating surface activation
of PDMS prior to ECM coating and cell seeding (see protocol
section 1). To achieve a stable monolayer culture, the removal
of excess unattached cells is crucial following cell attachment
(protocol steps 4.6-4.7). Additionally, dynamic stimulation,
such as constant medium flow and peristaltic-like vacuum

motion, is necessary for 3D morphogenesis of the intestinal

epithelium (protocol step 5.2). Careful handling is essential to
avoid air bubbles in the microchannel during any steps of the

Gut-on-a-Chip culture.

If encountering poor cell seeding into the Gut-on-a-Chip, it
could be due to a low cell number or poor cell attachment.
To troubleshoot low cell numbers, it is important to inspect
the health of prepared intestinal organoids by observing
their growth in Matrigel. Cell viability can be assessed by
Trypan blue staining after cell dissociation to ensure no
more than 20% of cells are dead. If viable cell numbers
are insufficient, optimizing organoid medium conditions can
be attempted. Another possibility is incomplete organoid
dissociation, resulting in an excess of cell clumps larger than
70 um that become trapped by the filter. To resolve this,
one option is to extend the duration of pipetting during cell
dissociation. Alternatively, the 15 mL conical tube can be
gently agitated every minute while undergoing treatment with
a trypsin-like protease. Poor cell attachment to the Gut-on-a-
Chip may be due to improper ECM coating. During the coating
process, it is advised to carefully check for the presence
of air bubbles and prevent their formation by gently adding
more coating solution as needed. Overcrowding of cells and
a failure to wash away unattached cells can result in an
insufficient initial monolayer. In such a case, a mild pulsing
can be applied when pushing the syringe plunger. These
troubleshooting steps can help identify and address issues

during the Gut-on-a-Chip culture process.

While this Gut-on-a-Chip platform enables the creation

of undulated 3D epithelial layers, we recognize the
need for additional biological complexity to replicate the
intestinal microenvironment fully. It is crucial to consider the
interactions between epithelial and mesenchymal cells, the

deposition of ECM for 3D regeneration, and the presence of
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crypt-villus characteristics that establish a suitable stem cell
niche. Stromal cells, such as fibroblasts, play a vital role in
the production of ECM proteins and the regulation of intestinal

morphogenesis>4-3%.36

The inclusion of mesenchymal
cells in this model has the potential to enhance both
morphogenesis and the efficiency of cell attachment.
Endothelial layers, which encompass capillary vasculature
and lymphatic vessels, play a crucial role in governing
molecular transport and the recruitment of immune cells37-38,
The inclusion of patient-derived immune cells could be
essential in modeling intestinal diseases as it allows for the
demonstration of the interplay between innate and adaptive
immunity as well as the establishment of tissue-specific
immunity39. Following the completion of 3D morphogenesis
on Gut-on-a-Chip, the organoid culture medium can be
modified to an organoid differentiation medium. This can be

a viable approach to induce additional cellular differentiation,

depending on the experimental objectives.

Imaging the 3D microarchitecture in situ is challenging due to
the long working distance required, which can be overcome
with a long-distance objective. Additionally, the layer-by-
layer microfabrication and bonding methods make it difficult
to access upper layers for examination with SEM. For the
current Gut-on-a-Chip design, one syringe pump per Gut-
on-a-Chip microdevice is needed, occupying CO» incubator
space and preventing large-scale experiments. Innovations
are needed to increase scalability for a user-friendly platform

and high-throughput screening.

These current protocols allow for the spontaneous
development of 3D epithelial layers in vitro, surpassing
the limitations of traditional 3D organoids, 2D monolayers,
and static microdevice culture systems. This dynamic
microenvironment can be controlled

in vitro intestinal

by introducing co-culture of diverse cell types. Previous
studies have explored methods for manipulating the Gut-
on-a-Chip microenvironment, including co-culturing intestinal

14.23 and peripheral mononuclear cells30. This

microbiome
reconstituted microenvironment has numerous potential
applications, including drug testing, fundamental mechanistic
and disease reconstructed

studies, modeling. The

microenvironment holds significant potential for a wide range

23,40,41

of applications, such as drug testing and disease

12'13’14'30, as well as fundamental mechanistic

modeling
investigations of intestinal morphogenesis42. A variety of
assays can be performed by either collecting supernatants for
assessment of metabolites*3, by collecting cells for genomic

2,32

examination , or by visually examining the cells using

live-cell dyes or fixation for subsequent immunofluorescence

imagin923’44.

This study presents a reproducible protocol for developing
3D morphogenesis of canine intestinal epithelial layers
in a Gut-on-a-Chip platform. The resulting 3D epithelial
structure provides a more realistic representation of the
intestinal microenvironment, which has immense potential
for applications in various biomedical studies. By utilizing
this intestinal architecture, we can conduct more translational

research and potentially yield promising outcomes.
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