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Dynamics of Spatial Organization of Bacterial Communities
in a Tunable Flow Gut Microbiome-on-a-Chip

Jeeyeon Lee,* Nishanth Venugopal Menon, Hung Dong Truong, and Chwee Teck Lim*

The human intestine, a biomechanically active organ, generates

cyclic mechanical forces crucial for maintaining its health and functions. Yet,
the physiological impact of these forces on gut microbiota dynamics remains
largely unexplored. In this study, we investigate how cyclic intestinal motility
influences the dynamics of gut microbial communities within a 3D gut-like
structure (uGut). To enable the study, a tunable flow Gut Microbiome-on-a-Chip
(tfGMoC) is developed that recapitulates the cyclic expansion and compression
of intestinal motility while allowing high-magnification imaging of microbial
communities within a 3D stratified, biomimetic gut epithelium. Using

deep learning-based microbial analysis, it is found that hydrodynamic forces
organize microbial communities by promoting distinct spatial exploration
behaviors in microorganisms with varying motility characteristics. Empirical
evidence demonstrates the impact of gut motility forces in maintaining a
balanced gut microbial composition, enhancing both the diversity and stability
of the community - key factors for a healthy microbiome. This study, leveraging
the new tfGMoC platform, uncovers previously unknown effects of intestinal
motility on modulating gut microbial behaviors and community organizations.
This will be critical for a deeper understanding of host-microbiome
interactions in the emerging field of microbiome therapeutics.

1. Introduction

Human gut motility plays a pivotal role in facilitating key in-
testinal functions, including digestion, nutrient absorption, and

J. Lee, C. T. Lim
Institute for Health Innovation and Technology (iHealthtech)
National University of Singapore
Singapore 117599, Singapore
E-mail: ihtljy@nus.edu.sg; ctim@nus.edu.sg
N.V.Menon, C.T. Lim
Mechanobiology Institute
National University of Singapore
Singapore 117411, Singapore
H.D.Truong, C.T. Lim
Department of Biomedical Engineering
National University of Singapore
Singapore 117583, Singapore
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202410258
© 2025 The Author(s). Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

DOI: 10.1002/smll.202410258

Small 2025, 21, 2410258

2410258 (1 of 14)

waste elimination, all of which have a sig-
nificant impact on human health.[!l The
coordinated mechanical and hydrodynamic
forces generated by peristalsis and seg-
mentation processes, such as shear flow,
intestinal wall expansion, and compres-
sion directly influence the functions of
the intestinal epithelium.l!!l' Beyond the
epithelium, the human intestine harbors
a diverse population of gut microbiotal?!
which are also subjected to these forces.

Clinical evidence suggests a correla-
tion between impaired gut motility and
alterations in the composition of gut
microbiota.’) Mechanical stimuli, such
as hydrodynamic force, have been shown
to influence various microbial behaviors,
including surface colonization, growth,
upstream migration, motility switch-
ing, and interspecies competitions.*!
However, most studies focus solely on
shear forces, neglecting other motility
patterns like peristalsis and segmenta-
tion. Additionally, these studies are often
conducted on 2D or abiotic surfaces,
lacking physiologically relevant host factors and the 3D stratified
habitat of the gut, making it difficult to translate findings to the
gut environment.

Microorganisms possess diverse motility mechanisms!®! that
enable them to acquire essential resources, such as physical
space and nutrients.l®) In ecological communities like the gut
microbiota,l”) different motility strategies allow species to com-
pete for shared resources(®! and partition these resources in ways
that enable coexistence.’] These collective behaviors may result
in the spatial organization of microbial communities, influenc-
ing their structure,'”) and contributing to the stability!®>!! and
diversity!'?) that are essential for healthy gut microbiota.[**)

Despite the importance of understanding gut microbial behav-
iors under physiologically relevant conditions, research in this
area faces significant challenges due to the lack of mechanistic
platforms. An ideal model system would replicate the complex
mechanical forceof gut motility, provide a physiologically relevant
3D habitat that mimics the host environment, and allow for high-
resolution imaging to visualize microbial community dynamics.

Conventional 2D systems, such as soft agar and liquid me-
dia that create nutrient patches,' 3D printed host-microbe
models,[”®) and microfluidic devices that generate controlled
environments,*! are inadequate for recreating the combined ef-
fects of intestinal motility and the 3D gut environment. Larval
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Zebrafish has also been used as a candidate organism to
investigate host-microbe interactions under altered intestinal
motility.!%) However, despite their biological complexity, in vivo
platforms face challenges in controlling the mechanical environ-
ment and visualizing gut microbial communities, making it diffi-
cult to examine community dynamics. The gut-on-a-chip model
recapitulates essential intestinal features, such as cellular com-
plexity, cyclic stretching, and fluid shear,'”! and has been in-
strumental in exploring various aspects of gut physiology and
disease.l>¥4418] However, these models typically lack the resolu-
tion needed for in situ, high-magnification visualization of dif-
ferent microbial species, restricting their utility for studying gut
microbiota behaviors. Our previous Gut Microbiome-on-a-Chip
(GMoC)*! addressed some of these limitations but primarily fo-
cused on shear flow, omitting the critical cyclic components of
gut motility that are essential for accurately representing gut mi-
crobial behaviors.

In this study, we present advancements on both technolog-
ical and scientific fronts. Extending our previously reported
GMoC,[*! we developed a tunable flow Gut Microbiome-on-a-
Chip (fGMoC) capable of simulating cyclic compression- and
expansion-like motions that mimic intestinal peristalsis and seg-
mentation. Within this system, we recreated the gut microenvi-
ronment, where human intestinal epithelial cells (Caco-2 cells)
formed a 3D structured, functional biomimetic gut epithelium
(uGut). Additionally, we incorporated deep learning-based bacte-
rial quantification to track the spatial dynamics of microbial com-
munities colonizing the pGut.

The tf{GMoC allowed us to demonstrate how gut motility-
generated hydrodynamics induce the spatial organization of gut
bacterial communities by modulating the differential 3D spatial
exploration behaviors of motile and nonmotile gut bacteria. Our
findings reveal that hydrodynamic forces are key to fostering a
balanced composition within the gut microbial community, en-
hancing its diversity and stability. These insights provide an un-
precedented view into gut microbial community behaviors and
their relationship to gut motility. Taken together, our results high-
light the critical role of gut motility and its associated hydrody-
namics in shaping gut microbial community structure.

2. Results

2.1. Development of a Tunable Flow Gut Microbiome-on-a-Chip
(tfGMoC) Recapitulating Gut Motility, 3D Epithelium, and Key
Functions

Gut motility is characterized by the peristalsis and segmentation
processes of the intestinal walls resulting in cyclic lumen narrow-
ing (compression) and widening (expansion), which ultimately
generate peristaltic shear flow of the luminal contents.!') In this
study, we introduce a novel tunable flow Gut Microbiome-on-a-
Chip (tftGMoC) that is inspired by the mechanically active dynam-
ics of the intestinal walls. Our design includes a bilayered poly-
dimethylsiloxane (PDMS) chip that can generate cyclic compres-
sion and expansion movements using a deflectable microchannel
wall, and shear flows created by continuous media flow using a
syringe pump (Figure 1a). The two layers of PDMS are bonded
to a microscopic glass slide to support epithelial cell culture and
facilitate in situ, high-magnification microscopy for the investi-
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gation and visualization of gut microbial behaviors under me-
chanical stimuli (Figure 1b). The bottom PDMS layer consists of
the cell culture channel (width X height = 1500 x 180 um, re-
spectively) while the top PDMS layer (width x height of 1500 X
50 um, respectively) houses an air chamber that is parallelly juxta-
posed over the cell culture channel. By controlling the thickness
of the bottom PDMS layer (=400 um), we create a pneumatically
deflectable quake valvel??! to facilitate cyclic compression and ex-
pansion of the ceiling of the cell-culture chamber by pumping or
withdrawing air into the air chamber (Figure 1c; Video S1, Sup-
porting Information). Additionally, this juxtaposed configuration
of the chip enables parallelization by incorporating an array of
designs side-by-side for high throughput applications (Figure 1c).
The bottom PDMS layer also consists of a gel channel adjacent to
the cell culture channel to house the extracellular matrix (ECM,
Type 1 collagen gel) (Figure 1c; Figure S1, Supporting Informa-
tion). The gel channel is connected to the cell chamber through
a narrow opening (width — 150 um), which serves as a capillary
burst valve to confine the ECM within the respective channel. The
presence of collagen gel supports cell attachment and promotes
the long-term maintenance of the Caco-2 cells culture.l?!]

Calibration of the deflectable cell channel (refer to methods)
was performed using fluorescein isothiocyanate (FITC) fluores-
cence distribution (Figure S2, Supporting Information). The cal-
ibration curve can be used to calculate the volume of air to be
pumped (or withdrawn) into the air chamber for varying percent-
ages of deflection of the deflectable cell culture channel. In addi-
tion to cyclic mechanical actuation, a constant fluid flow through
the cell culture channel at physiologically relevant shear stress
(0.03 dyne cm~2; reported in vivo shear stress ~0.002-0.08 dyne
cm~2)[22] ig generated using a syringe pump (Figure S3, Support-
ing Information).

To understand hydrodynamics, temporal velocity vectors were
computed from fluid dynamic simulations in the cell culture
chamber during a single actuation cycle (10 s). These simulations
revealed the complex fluid flow profile resulting from the combi-
nation of cyclic mechanical deflection and constant displacement
fluid flow (Figure 1d). Briefly, an initial constant unidirectional
fluid flow (T = 0 s, constant flow from syringe pump) undergoes
areversal in the flow direction (T = 2.5 s) as the cell channel roof
expands, leading to an increase in the volume of the cell culture
chamber. The backflow is nullified when the cell channel is at
the maximum expanded state (T = 5 s), resulting in a return to
unidirectional fluid flow. As the deflected channel returns from
its expanded state to its equilibrium state, the fluid velocity in-
creases (T'= 7.5 s) before stabilizing at its initial levels (T'= 10 s).
Notably, despite the flow reversal, a net forward flow (from inlet to
outlet) is generated in the chip, mimicking the physiological peri-
staltic and segmentation movement of chyme through the intes-
tine (Videos S2—S4, Supporting Information). Fluorescent beads
tracking (Videos S3 and S4, Supporting Information) showcased
the back-and-forth flow corroborating the observations from CFD
simulations. Furthermore, the magnitude of the bead’s velocity
and its directionality matched the simulated velocity profiles for
both the compression and expansion modes (Figure S4, Sup-
porting Information). Also, such peristaltic flow profiles favored
the culture of the intestinal epithelial cell line (Caco-2 cells)
from a cell monolayer on Day 1 to a multilayered 3D puGut by
Day 7. In addition to improved coverage over time, Caco-2 cells
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Figure 1. The tunable flow Gut Microbiome-on-a-Chip (tfGMoC) recapitulates gut motility, 3D gut epithelium, and key functions. a) Cross-sectional
schematic of the tfGMoC model, illustrating the multilayered PDMS chip organization. Air is infused or withdrawn from the top-air chamber, inducing
deflection of the roof of the cell culture chamber, and resulting in cyclic compression and expansion. b) Schematic of the parallelized tfGMoC array
chip, featuring the top layer with air chambers, the middle layer with cell culture chambers, and the glass cover slip. Inset: Magnified schematic of a
section of the chip showcasing the bonding orientation of the PDMS layers. c) Image of the tfGMoC array chip with the inset highlighting the chip
cross-section under different conditions; expanded state, steady state, and compressed state, showcasing the elasticity of the cell culture channel roof.
d) Fluid dynamic simulation illustrating velocity vectors within the tfGMoC model across one actuation cycle. The velocity vectors originate from two
components: a constant volumetric flow rate pumping and the peristaltic motion of the air chambers. e) 3D self-stratified biomimetic gut epithelium
developed from Caco-2 cells (uGut) within the tfGMoC. f) Magnified top-view of the uGut cultured in the tfGMoC, signifying the convoluted villi-like
structures. g) Cross-sectional view of the convoluted villi-like projections of the uGut within the tfGMoC. The pGut exhibits h) micro-villi structures and
i) brush border. j) ZO-1 expression indicates the formation of the uGut barrier. Computational Fluid dynamics (CFD) modeling shear stress (top) and
pressure drop (bottom) in the tfGMoC model under k) shear flow and I) expansion mode. The top row highlights the schematic of the deflected cell
channel at different time points. m) Height of the villi after 7 d of pGut culture under static, shear flow, and different modes of mechanical forces within
the tfGMoC model. n = 4, **p < 0.01. n) Quantification of mucin secreted by uGut using Alcian blue staining, representing the fold change in mucin
secretion relative to static Caco-2 culture after 7d. n =5, **p < 0.01.

self-organized to form 3D projections, simulating the in vivo  mation of the crypt-villus morphogenesis in the 3D Caco-2 pGut
intestinal epithelium-like features across the length of the cell ~ with microvilli structures over 7 days (Figure 1g,h). The cells were
culture channel (Figure le,f). High-magnification confocal mi-  organized in a 3D structure forming tight junctions (ZO-1), a
croscopy enabled easy visualization of the functional characteris-  hallmark of a physiologically healthy intestinal epithelial barrier
tics of the developed 3D pGut epithelium, highlighting the for-  (Figure 1j).
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Physiologically, the intestinal epithelium comprises a dif-
ferentiated distribution of cells including enterocyte (sucrase-
isomaltase; SI),!2] goblet cells (Mucin 2; MUC2),?* en-
teroendocrine cells (Chromogranin A; CHGA),!®] paneth cells
(Lysozyme; LYSO),[2%] and stem cells (SOX9)?’! and proliferating
cells (Ki67)!%#] organized along the crypt-villus axis. We have pre-
viously reported the heterogeneity of the Caco-2 cells in a shear-
induced model.") In tftGMoC, we note that peristaltic hydrody-
namics facilitates improved physiological relevance in cell strat-
ification as compared to the shear-only model (Figure S5a, Sup-
porting Information). Similar to the in vivo crypt-villus organiza-
tion, the stem cells were spotted at the base of the 3D pGut ep-
ithelium, within 0-5 um of the villi height while proliferative cells
(Ki67) spread higher (0—20 pm) and the enteroendocrine cells or-
ganized between the base and the mid-section of the uGut (5 and
40 um). Paneth cells are another cell type found closer to the base
(0-20 pm) and Goblet cells (MUC2) spread across the height of
the pGut (0-60 um) (Figure S5b, Supporting Information). Due
to such a spatial arrangement of the epithelial cells, we refer to
the 3D projections as the “crypt-villus axis” or “villi-like” in the
following sections.

Taken together, we have developed a novel tf{GMoC that mim-
ics the biomechanical cues of an in vivo intestine by replicating a
back-and-forth flow profile, emulating the hydrodynamics from
peristalsis and segmentation of gut motility. This was achieved
through a simple modification of the GMoC[**! by altering the
deflectability of the cell culture channel to tune the fluid flow
through pneumatic actuation. Simultaneously, the chip supports
the formation of an intact 3D biomimetic gut epithelium that
more closely resembles in vivo spatial organization as opposed
to the shear-only condition. Additionally, the chip’s unique ar-
rangement facilitates easy integration with high-magnification
microscopy for in situ visualization of sub-micron features suit-
able for deep learning and parallelization for high throughput
operations, a distinction from existing mechanically active gut-
on-a-chip systems.

2.2. Hydrodynamics in the tfGMoC and its Associated Impact on
3D pGut Epithelium

To understand the influence of cell channel deflection on fluid
dynamics and subsequent impact on the 3D uGut epithelium,
we performed computational fluid dynamic analysis and cultured
cells under static culture (no fluid perfusion + no cell channel
deflection), shear mode (steady fluid perfusion + no cell channel
deflection), and expansion mode (steady fluid perfusion + cell
channel deflection). As expected, the pressure drops and shear
rate across the channel remained constant at 0.4 Pa and 0.03 dyne
cm2, respectively under the shear mode conditions (Figure 1k).
In the expansion mode, the cell channel deflection was induced
by air withdrawal from the air chamber, reaching a maximum
at 5 s and returning to its equilibrium (0% channel compres-
sion) state within 10 s (Figure 11). From CFD analysis, a spatio-
temporal variation in shear stress and pressure change was ob-
served under expansion mode (Video S5, Supporting Informa-
tion). In tandem with the velocity profile (Figure 1d), shear stress
and pressure assumed negative values at T = 2.5 s owing to the
reversal in fluid flow. Furthermore, the pressure and shear stress
reached a maximum of (2.3 Pa and 0.17 dyne cm™2, respectively)
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at T = 7.5 s, before reducing to their equilibrium values corre-
sponding to T = 0 (0.4 Pa and 0.03 dyne cm™2, respectively).

To assess the impact of various mechanical stimuli on gut ep-
ithelium cultured on-chip, Caco-2 cells were cultured for 7 days
and the height of the 3D crypt-villus axis and the fold change in
mucin secretion by the pGut was quantified. Under static condi-
tions, Caco-2 proliferates as a monolayer over 7 days, reaching a
maximum height of 10 um (Figure 1m; Figure S6a, Supporting
Information). A dynamic fluid microenvironment generated by
shear flow, with or without mechanical actuation, results in the
formation of the crypt-villus axis with comparable villi heights
between shear flow and expansion modes (%90 um) (Figure 1m;
Figure S6b, Supporting Information).

Altered mechanical stimuli also impact the mucin secretion
by Caco-2 cells. The on-chip pGut epithelium cultured under
different stimuli was stained using Alcian blue to quantify the
mucin production (Figure 1n; Figure S7, Supporting Informa-
tion). As expected, mucin levels were the lowest in static culture
(Figure 1n; Figure S7a, Supporting Information). In contrast,
shear flow demonstrated a 3.5 times higher mucin secretion as
compared to static culture, while the expansion mode exhibited
significantly elevated mucin secretion at 4.5 times greater than
that observed in static culture (Figure 1n; Figures S5b,c, Support-
ing Information).

Apart from expansion mode, we examined the impact of com-
pressive channel deflections on the fluid flow profile (Figure S8,
Supporting Information). For the compression mode, the cell
channel was deflected by pumping into the air chamber based
on the calibration curve in Figure S2 (Supporting Information)
to achieve a 15% channel compression. In brief, at T = 0 s, the
cell channel deflection was set at 15% compression following
which air was withdrawn from the air chamber to cause a chan-
nel expansion and eventually back to the 15% compression by T
= 10 s. While the membrane could be deflected further to cre-
ate higher percentages of channel compression, 15% was iden-
tified as the optimal condition for compression mode from em-
pirical observations. We observed significant cell detachment for
higher degrees of channel compression (>30%). CFD simulation
of velocity, shear stress, and pressure under compression mode
(Figure S8; Video S5, Supporting Information) revealed direc-
tional changes to the fluid flow similar to that in expansion mode
with reverse flow at T = 2.5 s and a net forward flow for a cy-
cle (10 s). The maximum velocity in compression mode was 60%
higher than in expansion mode (2 mm™ s vs 1.2 mms s™!), while
the maximum shear stress increased by 20% (0.2 dyne cm™2 vs
0.17 dyne cm~2) and pressure drop was higher by 90% (4.3 Pa vs
2.3 Pa) in compression mode. These fluid dynamic parameters
resulted in stunted villi (%60 um) and reduced mucin secretion
(25% lower than in expansion mode) over the 7-day cell culture
period (Figure S9, Supporting Information).

Notably, mucin secreted under compression mode and shear
flow conditions was comparable. These results corroborate pre-
vious observations that favorable mechanical stimuli coupled
with shear stress can lead to increased mucin secretion in Caco-
2 cells.”®] Cyclic changes in shear rate and channel pressure
drop represent crucial mechanical stimuli that influence cell
growth and contribute to the development of a functional and
biomimetic 3D uGut model. Caco-2 self-organization, spatial or-
ganization, and mucin secretion show favorable results under
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expansion mode while stunted Caco-2 crypt-villus axis and re-
duced mucin secretion highlight the adversarial impact of com-
pression mode. Given these observations, compression mode did
not qualify for subsequent studies. Importantly, the structural
and biochemical components of the established uGut, in con-
junction with the mechanical stimuli generated by tftGMoC, mir-
ror those found in the human intestine. This combination fosters
the creation of a conducive and naturally representative environ-
ments for mimicking gut bacterial behaviors within the intestine,
thereby highlighting this system as a useful platform for conduct-
ing in-depth studies on gut microorganisms.

2.3. Effects of Mechanical Forces on 3D Spatial Exploration
Behaviors of Motile Bacteria in a 3D pGut

To comprehend the influence of in vivo-like gut motility on bac-
terial spatial exploration, we chose two model organisms with
distinct morphologies and motility mechanisms: E. coli Nissle
1917 (EcN), which exhibits flagellum-driven swimming motility
in fluid and swarming motility on surfaces,® and Lactobacil-
lus rhamnosus GG (LGG), which lacks motility mechanisms!*]
(Figure S10, Supporting Information). Two modes of fluid flow-
shear (control) and expansion mode (motile gut)- were applied to
assess varied bacterial responses in attachment, phenotype, and
spatial exploration of motile and nonmotile bacteria within the
uGut. Notably, we avoided using static mode as a control due to
indiscriminate bacterial proliferation under no-flow conditions,
which compromised gut epithelium within a few hours.

Due to the mucin layer produced by the uGut, motile EcN effi-
ciently attaches to the outer surface of the uGut under both shear
and expansion flow conditions (Figure 2a,b; Videos S6 and S7,
Supporting Information). Confocal imaging revealed the spatial
distribution of motile EcN throughout the 3D uGut surface, span-
ning from the base to the top of the villus, with consistent pat-
terns observed between shear and expansion modes (Figure 2c—f;
Videos S6 and S7, Supporting Information).

Spatial distribution analysis using deep learning-based bacte-
rial quantification (Figure S11, Supporting Information) revealed
the spatial presence of motile bacteria at the villus top but with
high bacterial density at the villus base under both shear and
expansion modes (Figure 2d,f). This suggests that motile EcN
can colonize the entire surface regardless of varied hydrodynamic
forces but prefers to localize near the base compared to the villus
side and top (Figure 2d,f). Motile EcN exhibits individual bacterial
forms under both shear and expansion forces, indicating that hy-
drodynamic forces have a less significant influence on the motile
bacteria’s phenotype (Figure 2¢). In addition, denser bacterial lay-
ers on the uGut (Figure 2e) and increased abundance of motile
EcN (Figure 2g) indicate enhanced bacterial growth promoted by
the expansion mode.

CFD simulation of the velocity field in the crypt-villus axis of
the pGut revealed that the expansion mode generates a dynamic
flow profile in both the horizontal and vertical directions (Figure
S12a,b, Supporting Information), with each cycle exhibiting alter-
nating flow directions and higher fluid velocity- contrasting with
the steady flow profile generated by shear mode (Figure S12a;
Video S8, Supporting Information). Additionally, both mechan-
ical modes exhibited spatially varying shear gradients along the
height of the crypt-villus axis, displaying high shear stress at the
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villus top but low shear stress at the villus base, although the lev-
els were significantly higher in the expansion mode (Figure S12c,
Supporting Information).

Enhanced bacterial growth and abundance under expansion
mode (Figure 2g) could be attributed to efficient agitation of the
media by dynamic flow during cyclic expansion, refreshing lo-
cal oxygen and nutrients required for bacterial growth. The 3D
spatial presence of motile EcN indicates that motile bacteria can
explore the 3D space using their inherent motility mechanisms
rather than relying on surrounding flows. However, the gradi-
ent spatial distribution indicates that they were influenced by the
shear gradient generated within the crypt-villus axis and favored
colonizing the low-shear stress region, which is the base of the
crypt-villus axis (Figure S12c, Supporting Information).

Overall, motile bacteria were likely to initially attach near the
base and villus top due to the flat surface and diffusive forces
(Figure 2h). The 3D spatial presence of motile bacteria observed
under both shear and expansion modes indicates that the me-
chanical force has limited influence on the spatial exploration
behaviors or phenotypes of bacteria with inherent motility mech-
anisms. However, the gradient spatial distribution and enhanced
bacterial abundance under the expansion mode suggest that hy-
drodynamics generated by motility, and the resulting peristaltic
flow dynamics, impact colonization and growth of motile bacteria
on the 3D-structured pGut.

2.4. Expansion Promotes 3D Spatial Exploration and Phenotype
Changes of Nonmotile Bacteria

Unlike motile bacteria, which were less affected by different me-
chanical modes, bacteria lacking motility mechanisms were sig-
nificantly influenced by expansion-generated forces in terms of
3D spatial distribution and phenotypes. Nonmotile LGG attached
to the mucin layer of the pGut exhibited an elongated chain
morphology!®! under both shear and expansion modes (Figure
3a,b). Confocal imaging and deep-learning quantification of ini-
tial LGG attachment revealed a sparse distribution within the
tfGMoC, predominantly diffusing to the bottom of the villus-like
structures or settling at the roof of the villus (Figure S13, Support-
ing Information), with limited presence along the villus sides.
After 24 h under shear mode, LGG localized predominantly near
the base (Figure 3c,d; Video S9, Supporting Information), show-
casing two types of bacterial phenotypes: a predominant individ-
ual form and a low-abundance clustered form (Figure 3c). No-
tably, bacterial phenotypes depended on their spatial locations.
Specifically, the individual form was mainly at the base and side
of the villus, while LGG clusters were observed on top. Moreover,
above the villus, interconnected bacterial streamers(*=*?] that con-
nected LGG clusters between villi were also observed (Figure 3c).
This indicates that shear mode induced nonmotile bacteria to
adopt varied phenotypes at different spatial locations along the
crypt-villus axis. However, the absence of initial 3D spatial pres-
ence and crypt-localized spatial distribution of nonmotile LGG
indicates that these bacteria were unable to freely explore the 3D
gut space, unlike motile bacteria, and that shear mode did not
contribute to improving their 3D spatial presence.

In contrast, the expansion mode promoted a relatively even
spatial distribution of nonmotile LGG throughout the crypt-
villus axis compared to the shear mode (Figure 3e,f; Video S10,
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Figure 2. Motile bacteria utilize inherent motility for 3D spatial exploration in the pGut, with minimal influence from hydrodynamic forces. Top and
cross-sectional view of motile EcN attachment to the uGut surface under a) shear and b) expansion modes. c) Shear-induced colonization of motile
EcN on the 3D uGut, displaying the spatial presence throughout the 3D pGut. The top view of EcN colonization was captured at three spatial locations
(villus base, side, and top) along the Z-axis of the crypt-villus axis. d) Deep learning-based quantification of motile EcN distributed on the 3D uGut
under the shear mode reveals 3D spatial presence but a gradient spatial distribution, predominantly localized near the villus base. e) Expansion-induced
spatial distribution of motile EcN on the 3D pGut. f) The 3D bacterial spatial presence and gradient spatial distribution of motile EcN on the uGut under
expansion. g) Abundance of motile EcN colonizing 3D uGut under different mechanical forces. h) Schematics illustrating the 3D spatial exploration
behavior of motile EcN and the resulting spatial distribution on the pGut under different mechanical modes.

Supporting Information). However, a high density of LGG was
still observed at the villus base, with less presence on the sides
and top of the villus (Figure 3f).

Compared to the shear mode, which exhibited abundant in-
dividual bacterial forms but fewer clusters, the expansion mode
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induced more clustering phenotypes and fewer individual forms,
indicating that nonmotile bacteria switch their dominant pheno-
types in response to different mechanical forces. Fewer individ-
ual bacterial forms were found near the base, while increased
LGG clusters and filamentous aggregates(**! were observed on
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Figure 3. Hydrodynamics generated by expansion facilitates efficient dispersal of nonmotile LGG, enabling 3D spatial exploration in the uGut. Top
and cross-sectional view of nonmotile LGG attachment to the uGut surface under a) shear and b) expansion modes. c) Shear-induced nonmotile LGG
colonizing in the 3D pGut, displaying localized spatial distribution, predominantly colonized near the base. The top view of LGG colonization was
captured at five spatial locations along the Z-axis of the crypt-villus axis (base, side, and top of the villus), above the villus top and inter-villus space.
d) Deep learning-based quantification of nonmotile LGG distributed on the 3D uGut under the shear mode. €) Expansion-induced nonmotile LGG
colonizing in the 3D pGut, displaying relatively even spatial distribution throughout the crypt-villus axis. f) Quantification of nonmotile LGG under
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altered 3D spatial exploration behaviors of nonmotile LGG, resulting in distinct 3D spatial distribution and phenotypes in the 3D uGut.

the villus sides and top (Figure 3e). Similar to the shear mode, in-
terconnected LGG streamers were also observed above the villus
under expansion (Figure 3e). Expansion force also contributed
to an increased abundance of nonmotile bacteria compared to
shear mode (~1.7 folds), indicating expansion-induced bacterial
growth (Figure 3g).

The enhanced 3D spatial distribution promoted by the expan-
sion mode demonstrated the capability of nonmotile bacteria for
3D spatial exploration, utilizing a peristaltic-driven environment
and even exploiting the upper region of the 3D villus that was
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previously unreachable under shear mode. This observation was
supported by the CFD simulations of the Z-velocity field under
expansion mode. The analysis unveiled dynamic flows due to the
cyclic upward and downward deflection of the membrane (Figure
S12b; Video S8, Supporting Information). This dynamic flow fa-
cilitated the 3D spatial presence and distribution of LGG along
the height of the villi. Coupled with cyclic backflow (Figure S12a;
Video S8, Supporting Information), the dynamic flow profiles
induced by expansion enabled continuous mixing and redistri-
bution, allowing nonmotile bacteria to efficiently disperse and
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explore 3D pGut. The enhanced spatial presence of bacteria con-
tributed to bacterial growth through increased spatial resource
acquisition, as evidenced by the bacterial abundance in the expan-
sion mode (Figure 3g). In comparison, the laminar flow profile
generated by the shear mode was insufficient to facilitate bac-
terial dispersion, resulting in localized spatial distribution and
limited 3D spatial presence, with lower bacterial abundance. No-
tably, both shear and expansion modes resulted in a significant
increase in bacterial count per unit area compared to the ini-
tial bacterial count, as observed in Figure S13 in the Supporting
Information.

Phenotype differences by spatial locations, displaying the indi-
vidual form in the crypt and clustering form in the upper region
of the villus, can be attributed to spatially varying shear stress
within the 3D crypt-villus axis (Figure S12, Supporting Infor-
mation). Gradually increasing shear stress from the base to the
top can promote cluster phenotypes that increase the adhesive
force to the uGut surface through collective group behavior un-
der a mechanical environment, minimizing the risk of mechan-
ical flushing and resistance.[**34] Furthermore, the enhanced hy-
drostatic pressure caused by cell channel expansion (~4.5 times)
(Figure 3i) may further contribute to bacterial clusters and ag-
gregations, explaining the abundant bacterial cluster formation
under the expansion mode compared to the shear mode. These
findings suggest that nonmotile bacteria adopt niche-specialized
phenotypes under biomechanically active environments for
survival.

Taken together, the lack of motility mechanisms hampers the
ability of nonmotile bacteria to exploit the 3D spatial resource,
resulting in bacterial proliferation at the initial attached sites;
the base and top of the villi (Figure 3j). While flows generated
by shear mode are insufficient to facilitate bacterial movement,
the strong velocity and dynamic flows generated by expansion
efficiently disperse bacteria, enabling nonmotile bacteria to en-
gage in 3D spatial exploration. Under the expansion mode, non-
motile LGG not only colonized onthe uGut surface but also ex-
panded their spatial presence above the villus top by forming
longer and denser clusters, despite mechanical stress in that spa-
tial location (Figure S12c, Supporting Information). These ob-
servations suggest that nonmotile bacteria can sense and har-
ness hydrodynamics-induced flows in the surrounding environ-
ment and exploit them to increase their spatial presence. Further-
more, their inability to escape from spatial locations with high
mechanical stress leads them to develop coping strategies, such
as adopting clustering phenotypes to resist such stress through
collective group behavior. The gut motility-generated hydrody-
namic forces induce varied levels of 3D spatial exploration behav-
ior due to their interplay with inherent bacterial motility. Strong
hydrodynamic forces and the resulting dynamic flow generated
Dby the expansion mode promote efficient dispersal of nonmotile
bacteria, contributing to 3D spatial exploration with enhanced
growth.

2.5. Intermixed Spatial Organization in the Shear-Induced
Bacterial Community

Behavioral changes in one species may influence other species

in ecological communities, such as gut microbiota. Alterations
in spatial exploration behaviors of one species within the shared
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spatial resource can impact the spatial organization of the en-
tire community. Although the underlying mechanisms remain
unknown, intestinal motility is known to influence the compo-
sition of the gut microbiota.?*<] We hypothesized that intestinal
motility-induced hydrodynamic forces and the resulting changes
in spatial exploration behaviors might induce shifts in both com-
position and spatial organization of bacterial communities. To
study this, a mixed-motility bacterial community, comprising
motile EcN and nonmotile LGG, was introduced into the tfGMoC
system and subjected to both mechanical forces: shear mode and
expansion mode. We examined the spatial organization, species
abundance, and phenotypes of each species as influenced by me-
chanical forces. Additionally, based on species abundance and
spatial structures, we analyzed the diversity and stability of the
bacterial communities.

Under shear mode, a spatially intermixed community orga-
nization was established. Motile EcN predominantly colonized
throughout the crypt-villus axis, while nonmotile LGG primarily
occupied the villus base (Figure 4a; Video S11, Supporting Infor-
mation). Deep learning-based quantification revealed that motile
EcN exhibited a 3D spatial presence with a local gradient distri-
bution, while nonmotile LGG displayed a base-localized distri-
bution, resembling the spatial patterns of each species in mono-
colonized conditions under shear mode (Figures 4b, 2d, and 3d).
In this shear-induced community, the spatial presence of these
species overlapped, leading to competition for the shared spatial
resource.”*®%] High EcN abundance and low LGG abundance
indicated EcN dominance, resulting in an imbalanced commu-
nity composition, with 78.1% motile bacteria and 21.9% non-
motile bacteria, indicating competition favoring motile bacteria
(Figure 4c).

Phenotypically, motile EcN consistently displayed the individ-
ual form, while nonmotile LGG exhibited both individual (base)
and cluster forms (top) in spatially distinct locations (Figure 4a,d;
Video S11, Supporting Information). Under the same shear
mode, nonmotile LGG in the community formed slightly more
small clusters than in mono-colonized conditions, suggesting
a response to ecological competition in the presence of motile
EcNB¢! (Figure 4a). Nevertheless, the low population of non-
motile LGG in its individual form was surrounded by an abun-
dant population of EcN in the pGut (Figure 4d). Although a few
clusters provided spatial segregation, the lack of defined spatial
structures (Figure 4b,d) indicated low community stability. The
diversity of the shear-induced bacterial community, calculated
based on the abundance of each species, resulted in a Simpson’s
diversity index (DI)*”) of 0.34 and a Shannon diversity index!*®]
of 0.526, with a species evenness of 0.759.

In a bacterial community with limited resources shared by two
species, competition is expected®] (Figure 4e). Motile bacteria
leverage active motility mechanisms and are strong competitors
in 3D spatial resource competition, whereas nonmotile bacteria,
being inefficient in spatial resource acquisition, are weak com-
petitors. Under shear mode, the intermixed bacterial community
maintains the intrinsic 3D spatial exploration behaviors of both
motile and nonmotile bacteria (Figure 4e). Due to overlapping
spatial resource utilization, competition between the two species
intensifies, leading motile bacteria (strong competitors) to dom-
inate spatial resources and exhibit high abundance. In contrast,
nonmotile bacteria (weaker competitors), with limited resource
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crypt-villus axis while nonmotile LGG occupies the villus base in the 3D pGut. b) Deep learning-based quantification of motile EcN and nonmotile
LGG in the shear-induced community reveals an overlapping spatial distribution of both bacterial species in the lower region of the villus. Because the
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promoted spatially organized community reveals motile EcN predominantly localized in the lower region of the villus and nonmotile LGG localized in the
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acquisition ability, show low spatial presence and abundance, in-
creasing the risk of competitive exclusion and extinction.[8%11:3]
Furthermore, the individual form of the nonmotile bacterial phe-
notype likely fails to provide spatial segregation from the strong
competitor, accelerating the exclusion of nonmotile species. This
shift in species dynamics further impacts the community, lead-
ing to an imbalance in composition and reduced diversity. Ad-
ditionally, the lack of defined spatial organization and low spatial
segregation, combined with increased competition, suggests that
the shear-induced bacterial community is unstable.!'%>11]

2.6. Expansion Fosters the Spatially Organized Bacterial
Community, Leading to a Balanced Composition with Increased
Stability and Diversity

In expansion mode, a spatially segregated bacterial community
organization was observed, with each species establishing its own
spatial niche. Motile EcN exhibited a 3D spatial presence with a
gradient distribution, predominantly localizing at the villus base
and side. In contrast, nonmotile LGG displayed a relatively even
distribution along the crypt-villus axis, with greater localization
on the villus side and top, and reduced presence at the villus
base (Figure 4f; Video S12, Supporting Information). Compared
to the shear-induced community, the expansion-promoted bacte-
rial community exhibited distinct 3D spatial resource partition-
ing, with each species occupying spatially separate regions of the
crypt-villus axis (Figure 4g). Motile EcN was primarily distributed
in the lower region, while nonmotile LGG localized in the upper
region of the villus, although some spatial overlap occurred along
the villus sides.

Furthermore, expansion promoted the spatial presence of non-
motile LGG above the villus top by forming denser and longer
clusters emanating from the villus top (Figure 4h), contribut-
ing to a more defined spatial organization in which two species
were spatially partitioned, securing their respective spatial niche.
The reduced presence at the villus base, combined with a signifi-
cant shift towards the upper region, suggests that nonmotile LGG
avoids highly competitive areas (villus base), where strong com-
petitors dominate, and instead explores a less contested spatial
niche (villus sides and top) through expansion-promoted disper-
sal (Figure 4g; Figure S12, Supporting Information).

Expansion also influenced the spatial distribution of motile
EcN within the community. Under the expansion mode, EcN ex-
hibited a narrower distance distribution from the uGut surface,
positioning the bacteria closer to the pGut, in contrast to the
broader distribution observed under shear flow, where loosely at-
tached bacteria were more prevalent (Figure 4i). This pattern was
not observed in mono-colonized EcN exposed to the same expan-
sion force (Figure S14, Supporting Information), suggesting that
within a community, EcN must tightly attach to the uGut surface
to resist mechanical flushing. This immobilization state can re-
strict the spatial exploration of motile species. Loosely attached
Dbacteria in a high motility state can move freely to explore their
environment, whereas tightly attached bacteria, immobilized on
the surface and exhibiting a low motility state,3°) become spa-
tially constrained. Expansion appears to induce a transition in
motile bacteria from a high motility state to a low motility state,
reducing the efficiency of spatial resource acquisition and ulti-
mately leading to reduced bacterial growth (Figure 4i,c,j).
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Under expansion, a relatively similar abundance of motile EcN
and nonmotile LGG was observed (Figure 4j). Compared to the
shear-induced community, EcN abundance was reduced, while
LGG abundance became comparable (Figure 4c,j). These results
suggest that hydrodynamic forces generated by expansion neg-
atively regulate the motility of motile bacteria while promoting
the dispersal of nonmotile bacteria, thereby enabling both species
to access 3D spatial resources and ultimately achieve more bal-
anced growth. This dual modulation of bacterial motility, com-
bined with spatial organization and resource partitioning, results
in a more balanced community composition, with 44.5% motile
bacteria and 55.5% nonmotile bacteria in the expansion-induced
community (Figure 4;j).

Furthermore, the enhanced cluster formation of nonmotile
bacteria observed under expansion contributes to maintaining
LGG abundance under mechanical stress as well as provid-
ing a strategy for spatial segregation from strong competitors
(Figure 4k). Structured and filamentous clusters of nonmotile
LGG were found in the community rather than in individual
forms of bacteria under expansion mode, indicating that ecologi-
cal cues (competition) together with mechanical cues (expansion)
(Figure 3h,i) induce enhanced formation of clusters. These clus-
ters or aggregated biofilms not only offer spatial segregation from
competitor encroachment!'®! but also enhance resource capture
and resistance, serving as an effective survival strategy in a com-
munity subjected to both competitive interactions and mechani-
cal stress.[10040]

Together with spatial partitioning (Figure 4g) and segregation
through resistant phenotypes (Figure 4k), the community be-
comes spatially compartmentalized, with effectively partitioned
resources. This well-defined spatial structure established under
expansion is likely to confer higher community stability.['") More-
over, in a spatially organized community, interspecies competi-
tion is reduced, as each species secures its own spatial resources
for growth, allowing weaker competitors to coexist alongside
strong ones without facing extinction.[*!?] As a result, biodiver-
sity within the expansion-promoted community is enhanced, as
reflected in a calculated Simpson’s diversity index of 0.5 and
Shannon’s diversity index of 0.689, yielding a species evenness
of 0.994. These metrics highlight that the expansion-promoted
bacterial community exhibits higher diversity and greater species
evenness compared to the shear-induced community.

Under expansion mode, hydrodynamic forces simultaneously
promote the dispersal of nonmotile bacteria and restrict the
motility of motile bacteria (Figure 41). This dual effect alters the
spatial exploration behaviors of both species, enhancing the spa-
tial dispersal of nonmotile bacteria while limiting that of motile
bacteria. As a result, both species exhibit altered spatial mobility
under expansion, enabling effective spatial partitioning and seg-
regation of the pGut as a resource. This spatial organization re-
duces interspecies competition by securing distinct spatial niches
for each species.?l The spatial structuring of the community,
along with altered spatial resource acquisition dynamics, fosters
comparable species abundances, contributing to a more balanced
community composition and supporting coexistence.®®! Addi-
tionally, the formation of structured clusters by nonmotile bac-
teria under expansion mode further reinforces spatial segrega-
tion, providing protection for weaker competitors from strong
ones. This enhances overall community resilience and stability.
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Collectively, these expansion-induced behavioral changes and the
resulting spatial organization lead to a community with a more
balanced composition, increased diversity, and enhanced ecolog-
ical stability.[8>11.12]

3. Discussion

In this study, we developed a tunable flow Gut Microbiome-on-a-
Chip (tfGMoC) and provided a novel insights into gut microbial
community behaviors under the influence of intestinal motility.
The tfGMoC was designed to mimic the dynamic environment of
the gut, incorporating compression and expansion movements
of the intestinal wall alongside a 3D biomimetic gut epithelium.
The peristaltic hydrodynamics supported the creation of a strati-
fied gut epithelium with increased mucin secretion compared to
static or shear flow conditions. Furthermore, this physiologically
relevant setup allowed us to host and observe gut microorgan-
isms. By integrating high-magnification microscopy and deep-
learning-based bacterial analysis, we were able to explore the ef-
fects of mechanical forces on gut microbial dynamics.

The tfGMoC facilitated a comprehensive investigation into
how gut motility-driven hydrodynamics forces shape the behav-
ior of gut microorganisms. We uncovered intricate interactions
between these forces and microbial motility, which led to dis-
tinct spatial exploration patterns. At the community level, hydro-
dynamic forces conferred competitive advantages to nonmotile
species, enabling spatial resource partitioning and niche special-
ization. This, in turn, promoted the formation of a diverse, stable,
and coexisting microbial community with an organized struc-
ture. Our findings surpasses conventional 2D models of micro-
bial ecology, providing unprecedented insights into the spatial or-
ganization of gut microbiota.

Beyond showcasing the technical advances of the tfGMoC plat-
form, our work also offers valuable insights into the mechanical
forces that shape gut microbiota. The tfGMoC’s ability to recreate
a biomechanically active and physiologically relevant gut environ-
ment opens new avenues for addressing biomedical questions
that were previously difficult to explore in conventional settings.
Although other gut-on-a-chip systems have showcased the abil-
ity to integrate gut microbiota,!*!l we have highlighted the ability
to monitor microbial community organization and behaviors un-
der various conditions. The ability to investigate and discriminate
bacterial species could significantly advance our understanding
of disease pathogenesis, the impact of environmental and host
factors, and the development of community-scale therapeutic in-
terventions.

While our primary emphasis is on the observable mechanical
impact on gut bacterial behavior, mechanical cues may also trig-
ger feedback mechanisms!“®! that influence the functional and
metabolic dynamics of the gut microbial community. Future re-
search into the effect of various environmental and host factors
on these interactions could deepen our understanding of the
complex dynamics of gut microbial communities, paving the way
for novel therapeutic approaches.

4, Conclusion

In summary, our novel tfGMoC serves as an ecological platform
to explore diverse aspects of gut microorganisms and their com-
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munity dynamics in a physiologically relevant environment. Our
study highlights that hydrodynamics mimicking gut motility in-
duce distinct spatial exploration behaviors in gut bacteria, signif-
icantly influencing the formation of a diverse and stable gut bac-
terial community. Additionally, the ability to control cyclic peri-
staltic flow dynamics allows us to recreate gut motility disorders,
enabling a deeper understanding of their impact on gut epithe-
lial functions and the microbial community. The model may thus
prove useful for studying disease progression and developing
therapeutic applications.

5. Experimental Section

Fabrication of the tfGMoC: The tfGMoC, which consists of two lay-
ers (top and bottom), was fabricated by PDMS soft lithography. This was
based on SU-8 photoresist-based Si molds, which were created by pho-
tolithography. Briefly, a positive relief of both the top and bottom lay-
ers was fabricated using SU-8-based photolithography on a silicon (Si)
wafer. Before casting PDMS, each Si mold underwent salinization with
trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma Aldrich). The top
PDMS layer was fabricated by mixing the elastomer and curing agent in
a 10:1 weight ratio. The mixture was poured over the SU-8 mold and then
thermally cured at 70 °C for 2 h. For the bottom PDMS layer, the degassed
PDMS mixture (weight ratio of elastomer:curing agent = 15:1) was applied
to the Si mold using spin-coating (Laurell Technologies Corporation) at
500 rpm for 10 s. This was followed by curing PDMS at 70 °C for 1.5-2 h.
The surface of the top PDMS layer was cleaned with IPA by sonication in
an ultrasonic bath (Sono Swiss) for 15 min, followed by removing excess
IPA with a nitrogen gun and drying in the 70 °C oven for 1-2 h. The bot-
tom PDMS layer was initially bonded to a glass coverslip through oxygen
plasma treatment (Tergeo, Pie Scientific LLC), then baked in a 70 °C oven
for 1 h. Onto the glass bonded bottom PDMS layer, the top PDMS layer
was bonded by oxygen plasma treatment (Tergeo, Pie Scientific LLC) and
the assembled chip was placed in a 70 °C oven overnight to strengthen
bonding.

Establishment of the 3D uGut Culture within the tfGMoC: Caco-2 cells
between passages 63 and 70 were maintained in EMEM (Lonza), sup-
plemented with 20% FBS (Lonza) and 1% penicillin/streptomycin mix
(Lonza), and were used in the experiment. Before seeding the cells, the
tfGMoC was sterilized under UV light for 30 min. Subsequently, colla-
gen (rat tail Type | collagen (Ibidi GmbH) was added to the ECM chan-
nel. After 30 min thermal collagen gelation at 37 °C, the culture channel
was coated with 50 ug mL™" of rat tail Type I collagen (Ibidi GmbH) for
1.5 h. After washing the channel with serum-free media, Caco-2 cells (8
x 108 cells mL~") were seeded onto the coated culture channel and in-
cubated overnight to promote attachment. While the culture chamber of
the chip was under constant media perfusion at 45 uL h~" (shear stress ~
0.034 dyne cm~2) continuously for 6-7 days (Chemyx pumps, USA), the
air chamber was connected to the syringe containing air and continuous
infusion and withdrawal cycles were applied using a syringe pump to sim-
ulate cyclic compressions and expansions (Chemyx pumps, USA) (Figure
S3, Supporting Information).

Calibration of Cell Channel Deflection: To understand the relationship
between the volume of air pumped or withdrawn to the percentage of
cell channel deflection, fluorescein isothiocyanate (FITC, Sigma Aldrich)
was loaded into abiotic (without Caco-2 cells) tfGMoC. A 5 mL syringe
(Terumo) mounted on a syringe pump was used as the actuator to pump
air into and withdraw from the air chamber. The air was progressively
pumped at steps of 100 uL and fluorescence images were acquired us-
ing an inverted microscope (Nikon Eclipses Ti; Nikon). Line distribution
of FITC intensity was measured across the width of the cell channel to un-
derstand the extent of deflection using Fiji (Figure S2, Supporting Infor-
mation). The calibration was tested on at least 3 chips and continuously
for at least 3 d to observe any deviations in performance. This method of
cell channel deflection was found to be reproducible.
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Bacteria Culture:  E. coli Nissle 1917 (EcN) was a kind gift from an As-
sociate Professor. Gan Yunn Hwen from the Department of Biochemistry
at the National University of Singapore. Lactobacillus rhamnosus strain GG
(LGG) (ATCC 53 103) was purchased from ATCC and cultured by the ATCC
culture guide.

Establishment of uGut Coculture with Individual Bacterial Species and
Community:  From Day 5 of the pGut culture, which was grown under
shear and cyclic expansion, the culture media were replaced with the
antibiotic-free media (EMEM with 20% FBS) for bacterial introduction.
Each bacterial species was cultured in the media recommended by ATCC.
The density-optimized bacterial cells (EcN: 1-2x107 cfu mL™! and LGG:
1-2x10% cfu mL™") were then resuspended in the antibiotic-free culture
media and introduced into the disconnected culture chamber. After 3-5 h
incubation without flow and then washing, the microchannels were recon-
nected to the pump, and media perfusion and cyclic expansion were ap-
plied. For bacterial community coculture with pGut, the density-adjusted
LGG was first introduced into the disconnected microchannel and allowed
to incubate for 4-5 h without flow. The microchannels were then washed
with antibiotic-free media and the density-adjusted EcN was subsequently
introduced, followed by a 2-3 h incubation period. After the sequential
introduction of each bacterial species, the washed microchannel was re-
connected and subjected to the perfused system with cyclic expansion for
24 h.

Immunofluorescence Staining of the uGut:  To conduct immunofluores-
cence staining on the microfluidic uGut culture, it was first fixed with 4%
PFA (Pierce) for 10 min and then permeabilized with 0.2% Triton-X100
(Sigma-Aldrich) for 15 min. After blocking the pGut with 1% BSA (Sigma-
Aldrich) for 2 h, it was incubated with a primary antibody overnight at
4 °C. This was followed by washing and further incubation with a sec-
ondary antibody at room temperature (r.t.) for 1 h in the dark. Primary
antibodies for gut markers were purchased from various suppliers: Anti-
Z0-1 (Invitrogen, 61-7300), and Anti-Villin1[R814] (Cell Signaling Tech-
nology, 2369). The secondary antibody, Goat Anti-Rabbit IgG H&L (Alexa
Fluor 488) was purchased from Abcam (Abcam, ab150077). For staining
the uGut’s nucleus and actin filaments, Hoescht 33 342 (Thermo Fisher
Scientific, 62249) and Phalloidin-iFluor 647 (Abcam, ab176759) were used.

Fluorescent Gram Staining of Bacterial Species Colonizing the uGut:  The
bacteria colonizing the uGut were stained using a modified method from
the recommended protocol of the live bacterial gram staining kit (Biotium,
32 000). Briefly, the disconnected pGut-bacteria coculture within the mi-
crochannel was washed with the BSA-NaCl buffer (0.25% BSA, 0.15 m
NaCl in PBS). It was then incubated with the CF594 wheat germ agglu-
tinin (WGA) dye for 10 min. Afterward, the co-culture was washed twice
with the BSA-NaCl buffer and subsequently stained with Hoescht 33 342
(Thermo Fisher Scientific, 62 249) for an additional 5 min, followed by be-
ing fixed with 4% PFA.

Morphological Analysis of uGut: Bright-field images of the uGut were
captured using an inverted phase-contrast microscope (Nikon Eclipses Ti;
Nikon) equipped with an Evolve camera. The pGut, both with and with-
out bacterial species, was visualized using a spinning disk confocal mi-
croscopy comprising an inverted microscope (Ti-E, Nikon), a spinning
disk scan head (CSU-W1; Yokogawa), an sCMOS camera (Prime95B; Tele-
dyne Photometrics) and a laser system (iLaunch; GATACA Systems). Im-
ages of the uGut samples were captured using CFI plan Apo objective, with
laser excitation at 404/561/642 nm, and were scanned in Z-series at step
size T pum. The acquired images were then processed using MetaMorph
(Molecular Devices), IMARIS (Bitplane Scientific software), and Image |
software.

Mucin Detection and Quantification of uGut: Mucin produced by
the uGut was visualized and assessed using the Alcian blue staining
method.[*2] In brief, the fixed uGut culture (4% PFA w/v) was incubated
with 1x diluted Alcian blue 8GX solution in 3% acetic acid (pH 2.5) (Sigma-
Aldrich, 66 011) for 16 h under continuous flow at 30 uL h=1, followed by
PBS washing. The stained pGut culture was imaged using an inverted mi-
croscope (Olympus 1X73) mounted with an EMCCD camera (Andor iXon
X3). The amount of mucin secreted by the uGut under various mechan-
ical conditions was quantified by measuring the light absorbance of the
stained layer, using a blank chip without cells for normalization.
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Computational Fluid Dynamics Simulation and Beads Tracking: The ge-
ometric model of the tfGMoC comprises a fluid domain with a deformable
upper wall. The wall delineates the interface between the gut microchan-
nel and the actuating air chamber. Simulations for the fluid domain were
executed using the Fluent application in the ANSYS Workbench software
(version 2023 R2, ANSYS Inc., Canonsburg, PA, USA). The fluid mesh was
generated in ANSYS Workbench Mesh, and the mesh independent test
led to a final mesh comprising 291 067 elements. The fluid material, rep-
resenting the culture media, was modeled to have properties similar to
water, with a density of 1000 kg m~ and Newtonian viscosity of 0.001 Pa
s. Given the low Reynold number (<1) of media flow, a laminar model was
selected, excluding the body force term. The governing equations of mass
and momentum are as follows

Vu=0 m

p (% + (u.V) u) =-Vp+uViu (2)

where u and p represent the velocity vector and pressure, respectively. The
equation was solved using a Coupled solver with a second-order discretiza-
tion scheme. To simulate the cell channel deflection, a rectangular mesh
of 60 000 elements was created on top of the cell channel. The cell channel
roof was modeled as a linear elastic material, with density, Young’s mod-
ulus, and Poisson’s ratio of 1.05 g cm~3, 1.5 MPa, and 0.49, respectively.
The governing equation for the solid domain is the Cauchy equation

Du
Ps Dt

=V.o,+b, 3)

Where uy is the velocity vector, o is the stress tensor and b, is body force.
ANSYS system coupling application was used for the fluid-structure inter-
action (FSI) simulation. A time-dependent implicit scheme was employed
since the wall deflection rendered the flow profile inherently unsteady. A
constant inlet flow rate of 45 uL h~" was chosen to replicate the flow rate
conditions of the experimental setup. The cyclic deformation of the upper
wall had a period T = 10 s, with both up-deflection and down-deflection
lasting 4 s each, and a stabilization phase between them lasting 1's. The
simulation ran for three cycles with a time step of 0.1 s, and data were
collected from the final deformation cycle.

For the beads tracking experiments, 1 um fluorescent beads (Fluo-
spheres, Invitrogen) were pumped through the chip under different con-
ditions: shear flow, expansion mode, and compression mode. High-speed
images were captured using a Photron FastCam and the images were pro-
cessed using Image).

Quantification of Bacteria Colonizing the uGut using a Deep Learning Al-
gorithm:  Images for bacteria quantification were captured using fluores-
cence confocal microscopy. To create the dataset for supervised learning,
the contour of individual bacterial cells or biofilms was outlined using La-
bel Studio, an open-source tool. All images were pre-processed to achieve
zero mean and unit standard deviation. For Hoescht-positive EcN, each
training image had dimensions of a 32 x 32 x 1size. This compact size was
ideal for capturing 5-6 EcN nuclei without including Caco-2 nuclei from
the uGut, thereby minimizing the chance of misclassification. Given the
spherical appearance of EcN under the microscope, the Stardist2D[*3] al-
gorithm with default parameters was utilized for segmentation and quan-
tification. The LGG chains and biofilm exhibited irregular geometries, in-
cluding both straightened and folded chain-like structures, thus a different
U-net architecture was employed for LGG segmentation. The training set
consisted of 256x256x%3 tiles because the structures could span to larger
area than Caco-2 cells in the uGut. The need to capture three channels
arose from the observation that WGA stained both mucin layers adjacent
to villi and microvilli as well as the peptidoglycan of gram-positive LGG. In-
cluding the Hoescht signal from the Caco-2 nucleus could help minimize
false positive results. After each convolution layer and before the dropout
layer in the U-net network, batch normalization was implemented to accel-
erate convergence and improve generalization. The loss function for our
neural network combines binary focal loss and Dice loss. The binary focal
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loss addressed pixel-by-pixel classification to address the high number of
background pixels, while the Dice loss correlated with the intersection of
predicted and ground truth data. The formulae for the loss functions are

L= Lgr + Lpjce (4)
N
Lee =— Y. g(1-p) log (p) + (1-g)p/" log (1-p)) B
2 ZN Pigi
Lojee =1 - ——=1 8 6)
Z,‘ pit+ Z,‘ g te

In the formulae, the loss was calculated for N data points per batch dur-
ing the training process; p; is the estimate of the probability for the positive
(LGGQ) class, and g; represents the ground truth label. The values for fo-
cusing parameter y in the focal loss formula and the numerical stabilizer
e were 2 and 1077, respectively. The performance of the models was val-
idated using IOU and Dice metrics (Figure S9, Supporting Information).
All simulations and neural network models ran on an Intel Core i7-13700
CPU, equipped with NVIDIA GeForce RTX A5000 GPU and 64 GB of RAM.

Diversity Calculations: The Simpson’s diversity index and the Shannon
diversity index were calculated by previously published methods.[37:38]

Statistical Analysis:  All data were generated from a minimum of three
repeated chips (n = 3). Unless otherwise noted, numerical data were pre-
sented as mean + standard deviation (SD). The statistical significance be-
tween the two groups was determined using Student’s t-test with P < 0.05
indicating a significant difference.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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