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digestion,['3]  absorption,*’  dis-
Human gut is crucial for digestion, drug absorption, and overall health; ease regulation'®®) and immune
however traditional in vitro and animal models struggle to accurately replicate function.’”) Most of the nutrients,

food supplements and orally adminis-
tered drugs are indeed absorbed through
the intestinal tract, which thus serves
as the primary body defence barrier

its complex mechanisms. This study introduces an innovative gut-on-chip
based on the MIVO miillifluidic device, designed to faithfully replicate the
human intestinal environment. CaCo-2 and HT-29 cells were co-cultured under

different ratio under dynamic flow conditions, resembling the bloodstream.
Intestinal tissue differentiation was assessed through Trans-epithelial

against the external environment.!?]
Moreover, beside the well-established

electrical resistance (TEER) measurements, Zonula Occludens-1, and Alcian
blue staining. After model establishment, a second dynamic flow was applied
on the apical side recapitulating the intestinal lumen niche. The dynamic
culture conditions significantly reduced cell maturation time, obtaining

a differentiated intestinal layer within 7-10 days, compared to 21 days

of static culture. In addition, CaCo-2:HT-29 co-cultures enables to finely tune
the mucus thicknesses and barrier function, essential for studying specific
conditions. Furthermore, the introduction of a double apical-basal flow system
recapitulated intestinal permeability characteristics more closely resembling
those observed in vivo. The Double-Flow millifluidic Gut-on-Chip described
and successfully validated enables to cross-correlate the barrier function

of the epithelial layer with the CaCo-2:HT-29 cells ratios, finally providing

a predictive model useful for drug development and disease modelling.

1. Introduction

Modelling the human intestine in the lab has become a sig-
nificant challenge in recent years, due to its crucial roles in

pharmacokinetic and drug absorption
studies,*] as research on the human gut
microbiome advances, in recent years
intestine has been identified as a target
for many human disease modelling
and for efficacy studies on pre-/pro-
/post-biotics.[1*15]  Intestinal microbes
have indeed been linked to numerous
conditions, including indigestion, obe-
sity, and immune-related diseases,[!¢17]
but also to neuro-cognitivel’®! and skin
disorders.[192]

In this scenario, the accurate in vitro
modelling of the human gut represents
a necessary milestone in drug develop-
ment and disease treatment.[?!/ Among
the currently available in vitro models,
the human adenocarcinoma CaCo-2 cell
line has been extensively used to test drug absorption and per-
meability, and for biopharmaceutics classification, being still rec-
ognized as a gold standard from a regulatory perspective.l??]
However, this approach faces several limitations due to its
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Figure 1. Analysis of CaCo-2 maturation levels in static and dynamic conditions through ZO-1immunostaining. A) MIVO Single Flow chambers hosting
the intestinal cell layers. The zoom reports a schematic representation of CaCo-2 cell line in MIVO Single Flow, cross-section. A closed physiological
fluid flow resembling the capillary blood flow circulation is applied in the basal compartment, through a peristaltic pump. B) Representative figures of

ZO-1 immunostaining at 7, 14, and 21 days in static or dynamlc culture. Scale bar: 20 um. C) Quantitative analysis of area occupied by ZO-1. Data are

reported as mean + S.D. (*) p<0.05, (***) p < 0.001,
reported as mean + S.D. (*) p<0.05, (**) p<0.01, (***) p<0.001, (**
at least 5 different areas.

—

simplicity and inability to properly recapitulate human intesti-
nal complexity.’] Although CaCo-2 cells exhibit the brush bor-
der characteristic of the intestinal epithelium, they indeed lack
crucial components of the in vivo environment, such as mu-
cus production, which is essential for both pharmacokinetic and
host-pathogen interaction studies.[?*?°] An additional key param-
eter to model intestinal environment in vitro is the mucus thick-
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*) p<0. OOO'I two -way ANOVA. D) Quantitative analysis of nuclei area and number. Data are
%) p< two-wa = 3, quantitative analyses were conducted on
0.0001, y ANOVA. N =3, I ducted

ness, as it changes during disease.?®! To address this, mucus-
secreting cells such as HT29-MTX are employed either as an
alternative to or in co-culture with CaCo-2 cells.?”] The propor-
tion of goblet cells varies along the intestinal tract, ranging from
10% in the small intestine to 24% in the distal colon, and differ-
ent studies suggested a variety of ratios for CaCo-2 and HT29-
MTX cells.?82] Thus, more deep investigations are needed to
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improve the in vitro intestinal models and to establish standard-
ized procedures.

In recent years, novel culture systems, including cutting-edge
organ-on-chip (OOC) technologies have been adopted to advance
these cell culture models, by providing a 3D microenvironment
and a dynamic medium flow, closely mimicking physiological
conditions of the human gastrointestinal tract.*3!] These inno-
vations, which also include the application of shear stress, affect-
ing cell behavior, are pivotal in improving the accuracy and rele-
vance of in vitro studies, thereby bridging the gap between exper-
imental models and in vivo clinical trials. In physiological condi-
tions, cells are indeed constantly subjected to shear forces, which
significantly influence cellular morphology, differentiation, and
gene expression.?2-**] Moreover, incorporating a constant lami-
nar fluid flow, these advanced in vitro models facilitate the testing
compound diffusion and permeation across the tissue, advancing
pharmacokinetic studies.

Among the most used gut-on-chip models, polydimethylsilox-
ane (PDMS)-based chips gained huge popularity, due to their
cost-effectiveness and excellent optical imaging features. How-
ever, despite the numerous advantages,*37] it is important
to remember that PDMS shows high protein binding proper-
ties, potentially leading to unreliable results in drug permeation
studies.3®] Furthermore, multitude of these chips rely on gravity
to induce media movement in the gut lumen and in the circula-
tory circuits, making the control of flow rate more challenging,3!]
and finally failing in finely replicating in vivo intestinal flow con-
ditions.

In this current study the innovative PDMS-free MIVO mil-
lifluidic device, previously adopted for pharmacokinetic (PK)
and pharmacodynamic (PD) studies of different compounds for
oncology,*? skin application!*’! and gut permeation,/*! was used
to co-culture CaCo2:HT-29 cells. Final aim was the optimization
of the dynamic flow culture conditions to develop a human in-
testinal in vitro model that provides physiological insights for
translational research and pharmacological applications. To in-
duce flow, a peristaltic pumping system with a finely tuneable
flow rate was used to recapitulate both the blood-capillary and lu-
minal flows at physiological velocities, in a unique double flow
configuration. Intestinal cells maturation levels, mucus produc-
tion, barrier function and permeability levels were characterized
in comparison to a static control.

2. Results

2.1. Dynamic Culture Improves CaCo-2 Differentiation

Intestinal epithelial cells are constantly exposed to different me-
chanical forces, including fluid shear stress (FSS), in the gut lu-
men, on one side, and in the circulatory bloodstream feeding
the tissue, on the other side. These forces are known to signifi-
cantly alter cellular structure and function, enhancing tissue oxy-
gen exchange, mucus production, microvilli development, tight
junction expression, and cytoskeletal reorganization.32#2! Re-
cent studies have demonstrated stark morphological, functional,
and phenotypical differences between intestinal cells cultured in
static versus dynamic environments.[*** Despite this evidence,
there is currently no detailed or systematic study on the effects of
FSS under different flow rates on intestinal cell differentiation.
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To this aim, a preliminary experiment was conducted on CaCo-
2 monolayers to define the optimal flow rate, and associated ve-
locities and FSS, allowing to achieve a reliable, complete and fast
intestinal epithelium differentiation. The previously developed
MIVO Single Flow millifluidic device was adopted for differentia-
tion of CaCo-2 under dynamic conditions (Figure 1A). Flow rates
of 0.4, 1, and 2 mL min~! in the range of physiological velocities
considering the millifluidic nature of the device were recapitu-
lated in a closed circuit. A static control was also carried out in
parallel.

Cell differentiation was verified by immunostaining against
Z0-1 (Zonula Occludens 1, a protein expressed in tight junctions,
TJ), after 7, 14, and 21 days. Interestingly, results highlighted
important differences between static and dynamic culture con-
dition. After 7 days, static-differentiated cells did not show any
spatial organization of ZO-1 and T] formation, while they started
to organize an epithelium after 14 days, where ZO-1 was found
expressed both intracellularly and in cell-cell junctions. A struc-
turally organized and developed T] network was observed only
after 21 days of static differentiation (Figure 1B).

On the contrary, the presence of FSS in dynamic culture in-
duced a significant increase in ZO-1 expression compared to
static control, indicating enhanced tight junction formation and
related cellular barrier integrity among cells. An initial and ho-
mogeneous spatial organization of T] was visible already at ear-
lier time point (7 days), especially under flow rates of 0.4 and 1
mL min~!. In addition, at 14 and 21 days, a higher ZO-1 expres-
sion compared to static condition, with robust T] assembly was
observed in all the dynamic conditions. Intriguingly, dynamic
culture under the flow rate of 1 mL min~! exhibited a stronger
Z0-1 expression after 14 and 21 days, compared to both 0.4 and
2 mL min~!, inducing the formation of a more compacted gut
epithelium.

Furthermore, the area occupied by ZO-1 was also quantified
by using Image]J (Figure 1C). Quantitative results confirmed the
previous findings, showing that dynamic culture condition un-
der 1 mL min~! flow rate induced a stronger expression of ZO-1
compared to static condition (p < 0.001 at 14 and 21 days) and to
both 0.4 (p < 0.05 at 14 days) and 2 mL min~! (p < 0.001 at 14
days and p < 0.05 at 21 days) flow rates. Impressively, dynamic
culture at flow rate of 1 mL min~! achieved maturation levels in
CaCo-2 cells comparable to those observed in 21-day static dif-
ferentiation, within 7 days. Furthermore, ZO-1 expression con-
tinued to increase at 14 days and then maintained a high and
constant plateau through to 21 days.

Quantitative analysis was also carried out on DAPI-
nuclear staining picture, to compare number of nuclei be-
tween different culture conditions (Figure 1D). Dynamic
culture at flow rate of 1 mL min™! induced an increase
in number of nuclei after 14 days, suggesting an induc-
tion of cell proliferation, that was not observed in the other
culture setups.

Taken together, these data suggest that the flow rate of
1 mL min~! was the optimal dynamic condition for inducing
CaCo-2 differentiation, as it promoted an initial more effective
cell proliferation, followed by a robust expression of ZO-1 and
efficient organization of TJ. Furthermore, our findings also high-
lighted that dynamic culture conditions significantly reduce the
time required to establish a fully differentiated gut barrier, with
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a tight intestinal layer achieved after 1 week and complete differ-
entiation occurring within a maximum of 14 days.

2.2. Different CaCo-2:HT-29 Ratios can Recapitulate both
Physiological and Pathological Conditions

The luminal surface of gastrointestinal tract acts as a highly
dynamic barrier consisting of a constantly renewing epithelial
layer, covered by mucus.I*! Although mucus was traditionally
viewed as a protector against mechanical damage and microbial
invasion, recent research highlighted its symbiotic relationship
with the commensal microbiome.[*~*8] Furthermore, alterations
in mucus structure and composition are also associated with se-
rious diseases like inflammatory bowel disease.[*] This under-
scores the importance of a physiological mucus layer in in vitro
models aimed at reliable disease modelling and host-microbiome
interactions studying. Various in vitro cellular models have been
developed, where epithelial CaCo-2 cells and goblet HT-29 cells
are mixed in different ratios.?”°%5!] However, studies that thor-
oughly characterize the resulting mucus layer are limited, and
a method standardization is mandatory to establish reliable and
physiologically relevant in vitro screening tools.

Based on these considerations, a second step of optimization
was performed with the aim of defining the best ratio for the
co-culture of these two cell lines, to obtain an intestinal epithe-
lium which more closely resembles the physiological situation.
To this extent, three different ratios of CaCo-2:HT-29, in the phys-
iological range (9:1, 6:1, and 3:1) were cultured and differentiated
into the MIVO Single Flow chambers, for 14 days, by using the 1
mL min~! flow rate selected in the first preliminary experiment.
Differentiation of mono-cultures of CaCo-2 and HT-29 was also
performed in parallel, in dynamic conditions, to deeper under-
stand the contribution of each cell type for the model establish-
ment (Figure 2A).

TEER measurement was conducted every 3—4 days as an indi-
rect measure of intestinal barrier maturation (Figure 2B). Data
showed that in 3:1 ratio TEER values rose from day 0 (51.58
+ 33.33 Qcm?) to day 7 (94.15 + 9.78 Qcm?), reaching then a
plateau and maintaining constant TEER values (Figure 2A), until
the end of the culture (105.7 + 19.94 Qcm? at day 14). This was in
accordance with data reported in literature showing that a 70/30
CaCo-2:HT-29 co-culture exhibit a maximum of TEER increase
after 6 days of culture, maintaining then a plateau level, with-
out any statistical difference.*!l In addition, 6:1 ratio exhibited
a similar trend, with a TEER plateau after day 7 (127.4 + 11.38
Qcm?), until the last day of maturation (127.1 + 20.14 Qcm?),
although it showed significantly higher TEER values at day 14,
compared to 3:1 ratio (p < 0.0001). On the contrary, 9:1 ratio co-
culture showed a less prominent plateau, with TEER values con-
stantly rising from day 0 (69.94 + 31.56 Qcm?) to day 7 (124.7
+ 29.36 Qcm?), and then slowing down but still maintaining a
positive trend until the end of the culture (168.4 + 39.12 Qcm? at
day 14). Notably, differences in epithelial resistance might be re-
conducted not only to a different epithelium maturation, but also
to the cell types used to setup the model. TEER measurement is
indeed very sensitive to the tightness of cell junctions and it has
been widely described that HT-29 cell line generate a less tight
epithelium compared to CaCo-2.12] An internal control was in-
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deed carried out, by differentiating mono-cultures of both CaCo-
2 and HT-29. Interestingly, CaCo-2 exhibited significantly higher
TEER values compared to the co-cultures and to HT-29 alone (p <
0.0001 to all), with a steady increase of TEER over time until day 7
(from 125.9 + 2.49 Qcm? at day 0 to 242.35 + 37.2 Qcm? at day 7).
After day 7, similarly to 9:1 ratio, CaCo-2 showed a slowdown of
TEER measurement, still maintaining a positive trend until the
end of the culture (293.08 + 16.05 Qcm? at day 14). On the op-
posite, HT-29 did not present any change in TEER measurement
during the culture, maintaining a constant epithelial resistance
from day 0 to day 14 (Figure 2B).

Based on these considerations, the cell type used can strongly
influence TEER measurements, which therefore cannot be re-
lied upon as a solid and unequivocal indicator of gut epithelium
maturation. Incorporating mucus-producing goblet cells into the
model might indeed lead to a decreased transepithelial resis-
tance, suggesting at first glance the establishment of an unsta-
ble and unreliable epithelium. However, this co-culture allows
to develop a more physiological and relevant mucus-competent
model.

As further analysis, immunostaining on tight junction protein
Z0-1 was also performed, as an endpoint measurement of dif-
ferentiation (Figure 2C). Despite the significant differences pre-
viously observed in electrical resistance, a high Z0-1 expression
and comparable T] organization was observed in all the culture
conditions. This suggested the formation of a compacted gut ep-
ithelium in all conditions. The area occupied by ZO-1 was also
quantified by using Image] and data are reported in Figure 2E,
as percentage on total area. Quantitative results confirmed the
previous findings, showing no statistical difference between the
different cultures. Interestingly, these data suggest that while
the expression of ZO-1 indicates the presence of tight junctions,
it does not necessarily reflect their functionality or integrity. In
fact, the functionality of the junctions, as measured by TEER,
is likely to be greater with a higher number of CaCo-2 cells, as
these cells are more effective at forming a tight and continuous
barrier.

Furthermore, mucus production was also characterized by
Alcian Blue staining. Results highlighted a mucus production
which was in accordance with the different amounts of HT-29
cells in the three ratios considered (Figure 2D). Indeed, while a
thick and dense mucus layer was found in HT-29 mono-cultures,
consistently lower mucus was observed in the co-cultures. Ac-
cording to the percentage of seeded HT-29, higher mucus pro-
duction was observed in 3:1 ratio compared to 9:1 ratio, where a
very poor and thin mucus layer was detected. Interestingly, 6:1 ra-
tio showed a mucus layer more similar to the co-culture with the
highest concentration of HT-29, although it previously showed
higher TEER values. Given these data, the 6:1 ratio was selected as
the optimal balance for mucus production and barrier function,
producing a thick, healthy mucus layer, while maintaining phys-
iological TEER values and robust T] organization. Indeed, under
normal conditions, mucus coats the intestinal epithelium, form-
ing a protective barrier that facilitates stool transit and shields the
mucosa from pathogens and harmful substances.

Surprisingly, also CaCo-2 mono-cultures presented a partial
and slight mucus production. Although differentiated CaCo-
2 primarily have an absorptive phenotype, their ability to par-
tially produce mucins has been indeed already described.[>*54
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Figure 2. Optimization of CaCo-2:HT-29 best ratio after differentiation in dynamic conditions. A) Schematic representation of the experimental design.
Different ratios of CaCo-2 and HT-29 were differentiated for 14 days in dynamic conditions, in MIVO Single Flow. B) TEER measurement of CaCo-2:HT-
29 co-cultured cells, at different ratios and different time points. Data are reported as mean + S.D. Double entry table shows the p values of multiple
comparison, two-way ANOVA. C) Representative figures of ZO-1immunostaining after 14 days of differentiation in MIVO Single Flow. Scale bar: 20 um.
D) Representative figures of Alcian Blue staining after 14 days of differentiation in MIVO Single Flow. Scale bar: 20 um. Quantitative analysis of area
occupied by ZO-1 E) and by mucus F). Data are reported as mean + S.D. Values with shared letters are not significantly different (P > 0.05) according
with one-way ANOVA. N = 9, quantitative analyses were conducted on at least 5 different areas.
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However, the amount of mucus produced by CaCo-2 mono-
cultures was significantly lower compared to co-cultures and to
HT-29 (more than 6X).

The area occupied by mucus was also quantified by using Im-
age] and data are reported in Figure 2F, as percentage on total
area. Quantitative results confirmed the previous findings, show-
ing a different presence of mucus in the different models.

Taken together, these data suggest that the presented model
might be used as a physiologically relevant gut model, suit-
able as in vitro platform for predictive pharmacokinetic and
host-pathogen interaction studies. Additionally, our results also
demonstrated that a fine tuning of different cell types might
help in reproducing different physiological and pathological
conditions.

2.3. Dynamic Flow in Apical Side Triggered the Initial Formation
of Villi-Like Structures

As previously mentioned, gastrointestinal lumen is an extremely
fluid-dynamic environment, where the need to protect the body
from external treats has to coexist with the necessity to permit
nutrient absorption.>!

After demonstrating the beneficial effect of a dynamic FSS
in the basal side of cell culture, resembling the capillary blood-
stream, a second fluidic flow was included in the apical compart-
ment, to recapitulate the gut luminal environment. For this pur-
pose, the selected CaCo-2:HT-29 6:1 ratio was cultured in MIVO
Double Flow chambers (Dynamic DF), allowing to replicate both
capillary and luminal circulations (low rate of 0.2 mL min~! and
0.07 mL min~! respectively) through basal and apical dynamic
closed circuits, respectively. A proper static control and the Sin-
gle Flow dynamic condition (Dynamic SF) were also included
(Figure 3A).

TEER measurement was conducted every 3—4 days as an indi-
rect measure of intestinal barrier maturation (Figure 3B). Inter-
estingly, TEER plateau was reached after 5-7 days in all the condi-
tions, confirming previous findings. Moreover, Dynamic DF dif-
ferentiation enable to reach significantly higher TEER values at
the end of the culture, compared to both Dynamic SF (p < 0.05)
and Static condition (p < 0.0001), suggesting the development of
a more mature gut epithelium.

Proper formation of intestinal barrier after 10 days of differ-
entiation in static, MIVO Single Flow and MIVO Double Flow
was also monitored using Fluorescein IsoThioCyanate (FITC)-
dextran 20 KDa (FD20, Sigma Aldrich, St. Louis, MO) tissue per-
meability assay (Figure 3C). Notably, FD20 permeability showed
results mirroring a similar trend compared to TEER measure-
ments. Intestinal cell layers differentiated in Dynamic DF dis-
played indeed significantly lower permeability to FD20 in com-
parison to both the Dynamic SF and the Static conditions (p <
0.001 and p < 0.0001, respectively). Moreover, showing a per-
meability rate of 1.17 + 0.13% apical FD20*cm™! h~!, Dynamic
DF-intestinal epithelium was impressively consistent with in vivo
permeability data. In recent studies, healthy animals exhibited a
serum concentration of FD at 0.8% of the orally administered FD
dose (red dotted line in Figure 3C).[>°]

Since FSS has a known ability to trigger microvilli
development,*’] differentiated intestinal layers were further
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investigated by SEM analysis (Figure 3D), which showed a clear
rugosity on cell surface, representing the typical intestinal brush
border formed by microvilli (yellow arrows in Figure 3D), in all
the conditions. Interestingly, both Dynamic SF and Dynamic
DF conditions presented more prominent 3D structures (yellow
circles in Figure 3D) compared to static control, suggesting
an initial triggering of villi-like formations. To confirm this
hypothesis, intestinal cell layers were histologically analysed.
Haematoxylin/Eosin (HE, Figure 3E) and Alcian Blue/PAS stain-
ing (Figure 3F) were performed to characterize cell morphology
and mucus layer, respectively. Static control revealed a poorly
organized layer of cells, where epithelial and goblet cells are
mixed together without any tissue structure. Alcian Blue stain-
ing indicated the presence of positive cells, actively secreting
mucus, scattered throughout the entire cell layer (blue arrows in
Figure 3F). Furthermore, no mucus layer on the surface could
be noticed at the analysed stage. On the other hand, Dynamic
SF showed a greater organization of the cell layer, where the cell
nuclei appear aligned in rows, indicating an initial polarization
of the epithelium. Additionally, Alcian Blue staining revealed
an evident mucus layer on the apical surface of the cell layer
(blue arrows in Figure 3F), which was not observed in the static
control. Interestingly, in line with previous results, Dynamic
DF exhibits a more pronounced organization and alignment
of cell nuclei and a curvature of the intestinal layer, suggesting
the initial formation of villi structures, as hypothesized by SEM
analysis. Furthermore, Dynamic DF intestinal layer exhibited a
more clear and prominent formation of microvilli on the apical
side of the cells (red arrows in Figure 4D), forming the typical
brush border. Contrary to Dynamic SF, Dynamic DF did not
display a thick mucus layer, although regions of Alcian blue
positivity were detectable. This phenomenon may be attributed
to the influence of apical dynamic flow, which likely facilitates
the removal of excess mucus and properly affect the intestinal
cells behavior as in vivo. While mucus is crucial for gut home-
ostasis, it poses indeed challenges for drug delivery since drugs
must permeate it to reach the epithelium and be absorbed.l*®]
The mucus is a complex hydrogel with multiple barrier levels
and a constant turnover. This network is dynamic, creating a
limited time window for drug permeation.®! Static models
often fail to mimic the physiological environment, as they do not
adequately capture the dynamic characteristics of the barrier in
vivo. Therefore, it is essential to develop models that incorporate
these dynamic processes to better predict how drugs will behave
within the mucus layer under actual physiological conditions.

Tight junction formation is a critical aspect of the maturation
of the intestinal cell layer since proper maturation of the cell
layer includes the development and establishment of tight junc-
tions, that were characterized by immunostaining against the
tight junction protein ZO-1 (Figure 4A).

Interestingly, only the intestinal cells differentiated under dy-
namic conditions, both Dynamic SF and Dynamic DF, were
able to develop a high ZO-1 expression and an organized tight
junction structure. On the other side, although static control ex-
pressed ZO-1 at the cellular level, it was not able to develop the
typical hexagonal shape characteristic of mature intestinal barrier
with tight cellular junctions.

In addition, villin expression was also investigated (Figure 4B).
Villin is the primary actin-bundling protein that accumulates at
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Figure 3. Comparison of CaCo-2:HT-29 differentiation in static, Dynamic SF and Dynamic DF conditions. A) Schematic representation of CaCo-2:HT-29
6:1 co-culture in Static condition, in MIVO Single Flow (Dynamic SF), and in MIVO Double Flow (Dynamic DF). B) TEER measurement of CaCo-2:HT-29
co-cultured cells, at different ratio and different time points. Data are reported as mean + S.D. (¥) p < 0.05, (****) p < 0.0001, two-way ANOVA. N
= 6 C) FITC-dextran permeability in CaCo-2:HT-29 intestinal epithelia, expressed in percentage of apical FD20*cm~2h~". Red dotted line displays the
reference data of in vivo studies. Data are reported as mean + S.D. (***) p < 0.001, (****) p < 0.0001, one-way ANOVA. N = 4 D) SEM micrographs of
CaCo-2:HT-29 differentiated in static, Dynamic SF and Dynamic DF condition. Scale bar: 100 nm. Yellow arrows and yellow circles point out microvilli
and 3D structures, respectively. Representative figures of HE E) and Alcian Blue F) staining after 10 days of differentiation in static conditions, Dynamic
SF and Dynamic DF. Scale bar: 20 um. Red arrows point out microvilli, blue arrows indicate mucus. N = 4.

160

the apical surface of enterocytes,®® playing a crucial role in ini-  of villin in fibroblasts and other non-epithelial cells leads to the

tiating, organizing, and forming the rigid structure of the mi-
crovilli core.l®"62] Undifferentiated intestinal epithelial cells ex-
hibit low levels of villin and do not form brush borders.[®] As
villin expression increases, it correlates with cell differentiation
and villi and microvilli assembly.[%] Furthermore, overexpression
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formation of surface microvilli and reorganization of the micro-
filament network.[®! Therefore, villin levels are key in regulating
actin reorganization and microvillus density.

Interestingly, Static condition did not show any villin ex-
pression, confirming that the intestinal layer was still in an
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Dynamic DF

Figure 4. Immunostaining against ZO-1 of CaCo-2:HT-29 differentiated in static, Dynamic SF and Dynamic DF conditions. Representative figures of
Z0O-1A) and Villin B) immunostaining after 10 days of differentiation. Top panels show DAPI staining, highlighting cell nuclei, middle panels show ZO-1

or Villin and bottom panels report the merge of channels. Scale bar: 20 um.

undifferentiated stage after 10 days in culture. In contrast,
the dynamic SF condition showed villin expression in the
most apical cell layer, where the nuclei appeared aligned,
confirming the more differentiated stage of these cells and
the initial cytoskeletal organization of the intestinal layer.
Lastly, the dynamic DF condition exhibited villin expres-
sion only in the apical surface, although it was not contin-
uous and partially fragmented, particularly localized in ar-
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eas of swelling, suggesting the initial formation of a villous
structure.

Taken together, these results demonstrated that the combina-
tion of tuned CaCo-2:HT-29 co-cultures with Double Flow, re-
sembling both gut luminal and capillary flows allows for the
generation of a reliable and more physiological intestinal layer,
more similar to the in vivo small intestine compared to in
vitro currently available static models, being also suitable for
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Figure 5. Computational Fluid Dynamic Simulation of MIVO Single Flow and Double Flow. Planar geometry of MIVO Single Flow A) and MIVO Double
Flow B). Arrows show the flow direction. Velocity profiles under the intestinal cell layer (mm s~') in MIVO Single Flow C) and MIVO Double Flow D).
Shear stress under the intestinal cell layer (dyn cm~2) in MIVO Single Flow E) and MIVO Double Flow F).

pharmacokinetic studies and predictive absorption studies of
orally administered drugs.

2.4. Computational Fluid Dynamic Simulation

A computational analysis of the fluid dynamics within the MIVO
Single Flow and MIVO Double Flow platform was also per-
formed, and the fluid shear stress (FSS) and velocity profiles
on the cells surface were evaluated (Figure 5). Median, mean

Adv. Mater. Technol. 2025, 2401661 2401661 (9 of 16)

and mode values, extrapolated through MATLAB, are shown in
Table 1.

In MIVO Single Flow configuration, higher shear stress val-
ues were found close to the inlet source and in the cen-
tral part under the membrane where cells were seeded, while
lower shear stress areas were observed laterally and far from
the inlet source. In MIVO Double Flow configuration, higher
FSS were found along the direction of the flow. Overall, in
both configurations, FSS values remain within the gastroin-
testinal layer physiological range (0.002—0.08 dyn cm™2).*]
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Table 1. Shear stress (SS) and velocity statistical indexes on the cellularized membrane surface in MIVO Single Flow and MIVO Double Flow.

Shear Stress [dyn cm™?]

Velocity [mm s~']

MIVO Single Flow

MIVO Double Flow

MIVO Single Flow MIVO Double Flow

Mean 0.0205
Median 0.0178
Mode 0.0013

Physiological values 0.002—-0.08 [43]

0.0025 0.0206 0.0026
0.0019 0.018 0.002
2.59 x 10 0.0013 0.0011

Similar distribution was observed in terms of velocities for the
two configurations.

2.5. Barrier Function Model and TEER Measurements

Trans-endothelial /epithelial electrical resistance (TEER) is a non-
invasive and quantitative technique to monitor cell barrier prop-
erties. TEER measurements assess the electrical resistance of
biological barrier models, including endothelial and epithelial
monolayers, both in in vitro and in vivo conditions. The main
application of this type of measurements is to predict the bio-
logical membrane integrity during cultivation and in response to
different chemical conditions, such as drug testing.[®¢]

TEER values were assessed on intestinal cell layers by mea-
suring voltage induced by an applied current, and a correspond-
ing electrical model of the cell barrier was established, where the
current can flow using two paths across the cellular barrier, tran-
scellular and paracellular route. When the current passes across
the barrier through the transcellular path, it encounters two dif-
ferent impedances: the cell membrane resistance (R, mbrane) 202d
the membrane capacitance (C,prane), Placed in parallel. On the
contrary, going across the cell monolayer through the paracellular
path between the cells, the current will engage a resistance due to
cell tight junctions (Ry;). For completeness, the electrical model
also considers the resistance of the cell culture medium (R, o4ium)
and the capacitor of the TEER electrodes (C,;,.4.) (Figure 6A).

Since TEER measurements are tipically conducted at low fre-
quencies (i.e., 12.5 Hz), the electrical parallel between R
and C

membrane

membrane
in the transcellular route can be simplified, consid-

ering only R,,,.pan. Moreover, being Ry, prane >> Ryy, the result-
ing electrical parallel between R,.yprane and Ry can be further
simplified as Ry alone. Indeed, as also reported in literature, the
paracellular path is the main factor influencing TEER measure-
ments of cellular layer.[¢’]

In addition, the device used to measure TEER operates with
an alternating current at a sufficiently high frequency to nullify
the contribution of the capacitor C,,,,4,, Which can be therefore
disregarded. Similarly, R, ;.. can be ignored in the electrical
model, since its value is measured during the experimental pro-
cedure (i.e., blank measurement) and then subtracted from the
total measured value.

Based on these considerations, Ry is the unique remaining
parameter of the cell barrier model.

When different cells are co-cultured (e.g., CaCo-2 and HT-29),
multiple Ry resistances, corresponding to each cell type, are con-
nected in parallel. Furthermore, since HT-29 actively secrete mu-
cus, its presence over the cellular layer need to be included in the
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electrical model, as a further resistance R, placed in series
(Figure 6B,C). In the specific case of co-cultures of CaCo-2:HT-
29 cells, the hereby proposed electrical model takes into account
also the different ratio between CaCo-2 and HT-29 and the result-
ing mucus deposition.

The electrical model proposed in this study aimed at expand-
ing the commonly used model to better explain and predict the
influence of varying amounts of CaCo-2 and HT-29 cells on TEER
values. In this co-culture, the cell monolayer is characterized by
the two cell types, described by the two resistances R,, and
Ryy199, connected in parallel. In particular, each cellular resistance
(Reaco and Ryyryo) represents the electrical parallel of all the cells
of the corresponding type. These resistances depend on the cell
number of each cell type, and consequently on their occupied
area (i.e., Acycop and Ayryo) (Equations 1 and 2), which is corre-
lated to the insert size and the percentage of one cell population
to the other one (i.e., % HT29). The mucus resistance is mod-
elled by both resistivity parameters p,,,. and the area covered
by mucus itself (A, Equation 3).

mucus) (

RCaCozz TEERC;&CO2 /ACaCoZ (1)
RHT29= TEERHT29 /AHT29 (2)
Rmucus: Amucus +Pmucus (3 )

In this scenario, the first Cells Co-Culture TEER (C*-TEER)
model, characterized by the three different and constant param-
eters p,ucuss TEERG,c, and TEERy 1, were here developed.

By fitting experimental data under different CaCo-2:HT-29 ra-
tios, it was possible (i) to successfully validate the C*-TEER model
(resulting Mean Squared Error MSE = 60.47(Qcm?)? and R? =
0.9934), and (ii) to calculate the three model parameters. The fit-
ted model is reported in Figure 6D.

Interestingly, resistance due to the mucus layer showed to have
a very little impact on the total resistance, especially at lower con-
centrations of HT-29. For this reason, the C*-TEER model can be
considered successfully reliable even with fewer degrees of free-
dom (DOF), ignoring the mucus resistance. Based on this, data
fitting was carried out by using only the ratio of CaCo-2 and HT-
29 (i.e., independent variable) and the corresponding measured
TEER values (i.e., dependent variable), after 14 days of incuba-
tion. The new model, shown in Figure 6E, is still very accurate
(resulting Mean Squared Error = 65.03 (Qcm?)? and R? = 0.9929),
especially at low percentage of HT-29, although having less pa-
rameters.

These results show that the proposed C3-TEER model is ex-
tremely predictive of the electrical characteristics of a cell barrier
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Figure 6. Equivalent electrical circuit describing a cell monolayer. A) Rpeqium IS the resistance of the culture medium, C,jecirodes IS the capacitive effect of
the measuring electrodes, Ry, is the resistance of the tight junctions between the cells, Rpembrane 31d Crnemprane are the resistance and capacitance of the
cell membranes. B) A,,,cus: Acaco and Aprag are the areas occupied by mucus, CaCo-2 and HT-29 respectively, expressed in cm?; p,,,cus is the resistivity
of mucus, expressed in Q cm~2, while TEERc,c, and TEER, 1,q represent the resistance of the cell barrier normalized to the area, same as a regular
TEER value, and are expressed in Qcm?. C) Simplified electrical model of a monolayer composed of CaCo-2 and HT-29 cells and a mucus layer is shown.
D) Model of CaCo-2:HT-29 cell barrier fitted with empirical data. E) Model of CaCo-2:HT-29 cell barrier without mucus resistance.

developed with a CaCo-2:HT-29 co-culture. More interestingly, 3, Discussion

the C*-TEER model enables to correctly predict the expected mea-
sures of TEER values of an intestinal cell model based on a known
ratio of Caco-2 to HT-29 cells, and thus give useful insights about
the timing and readiness of cells maturation.

The human gut has recently attracted significant scientific in-
terest due to its critical roles in nutrient digestion and drug ab-
sorption, as well as its influence on the functioning of other
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organs and the development of various diseases. Despite its in-
tegral role in maintaining homeostasis, there remains a signifi-
cant knowledge gap on gut mechanisms and host-microbe inter-
actions, largely due to the limitations of traditional models.[%8!

Historically, animal models and 2D in vitro static culture have
been the primary tools for studying human physiology and re-
sponses to pathogens, diseases, and drugs.[®7°1 However, these
models often fall short of accurately representing human-specific
conditions.

To address this gap, gut-on-chip technology has emerged
as a novel tool. These models utilize microfluidic technol-
ogy and cell biology to simulate the structure, function, and
microenvironment of the human gut, including villi structures,
intestinal peristalsis, oxygen gradients, and even components of
the immune system.[”1-73]

Despite advancements in technology, most of these gut-on-
chip systems are based on over-miniaturized platforms, lacking
the ability to simultaneously coculture different intestinal cells
and finely control a double flow configuration mimicking the api-
cal gut lumen and circulatory flow circuit experienced by the tis-
sue. This work introduces, for the first time, the optimization of a
new gut-on-chip built on a millifluidic platform, allowing for the
culture of clinically relevant-sized intestinal tissues and a dou-
ble and independent flow condition. Furthermore, the presented
study demonstrates that flow rate optimization is a crucial param-
eter for faithfully reproducing the velocity and shear stress that
intestinal cells experience in vivo both in the gut lumen and in
the bloodstream feeding the tissue.

Our results demonstrated that dynamic culture conditions al-
lowed for the differentiation of an intestinal layer in a third
of the time compared to traditional static in vitro systems, en-
suring better outcomes that more closely simulate in vivo sit-
uation, in a shorter timeframe. These findings are consistent
with previous reports showing that the application of a physio-
logical FSS can induce significant phenotypical and functional
changes in CaCo-213274 and HT-29°! monolayers, as well as
in jejunal human enteroids,”®! enhancing cell maturation and
promoting an in vivo-like cell reorganization. As widely docu-
mented in the literature, FSS can indeed influence tissue struc-
ture and function by enhancing the transport of oxygen and nu-
trients, which improve intestinal cells differentiation, also trig-
gering microvilli and villi formation.[**5’] This accelerated cell
differentiation under dynamic conditions supports the use of
the proposed model as a valuable tool for drug development,
as it allows for more physiologically relevant testing in a re-
duced timeframe, which translates to significant time and cost
savings.

Another key parameter when modelling intestinal tissue is the
mucus layer. Intestinal mucus acts as a barrier between the exter-
nal environment and the epithelium, selectively permits nutrient
and drug intake, regulates the symbiosis with the intestinal mi-
crobiota, and protects the epithelium from pathogen attacks.!””]
To investigate these intricate relationships, it is essential to cre-
ate models that can faithfully replicate the in vivo environment,
including mucus thickness, as it changes based on pathological
states. However, the amount of mucus present in the intestine in
vivo varies depending on the species, diet, and potential patho-
logical conditions. For instance, in patients with Crohn’s disease,
the mucus layer in the descending colon thickens, whereas it
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thins in individuals with ulcerative colitis compared to healthy
patients.?®] Accurately replicating these changes in in vitro mod-
els is paramount for understanding disease mechanisms and de-
veloping effective treatments.

This study illustrates how manipulating the ratio between dif-
ferent cell types allows for the reproduction of physiological con-
ditions emulating diverse healthy or pathological states. By vary-
ing the concentration of mucus-secreting goblet cells, the pro-
posed model might simulate conditions characterized by either
thicker or thinner mucus layers, depending on the specific in-
flammatory context and application scenario. The results pre-
sented in this study provide valuable insights into the formation
of a functional intestinal epithelium under dynamic culture con-
ditions, highlighting the influence of cell ratio and the complex
interplay between CaCo-2 and HT-29 cells in creating a more
physiologically relevant model. Specifically, our findings show
that co-cultures with varying ratios of CaCo-2 and HT-29 cells
can strongly impact the TEER measurements, which decreased
parallelly with the increase of HT-29 percentage. These results
are consistent with previous literature, which has explored the
effects of cell type and ratio on intestinal barrier function.>!*2]
However, our study extends these observations by incorporating
dynamic culture conditions that more accurately simulate in vivo
conditions.

Moreover, the C*-TEER electrical models here described and
successfully validated enables to cross-correlate the TEER values
of the epithelial layer with the CaCo-2:HT-29 cells ratio, finally
providing for the first time a predictive model of the proper and
functional barrier function values to be obtained for a certain ra-
tio of cells. In addition, starting from an intact intestinal tissue
whose TEER is measured, the C3-TEER model enables to infer
about the cellular composition and related mucus production.

Our results also highlighted the importance of the establish-
ment of a second apical flow, to recapitulate the lumen envi-
ronment: indeed, this dynamic double flow has played a crucial
role in triggering the formation of 3D gut structures. Further-
more, double flow configuration also allowed for the creation of
an intestinal layer with permeability characteristics very similar
to the in vivo small intestine and physiological conditions,®! be-
ing therefore suitable for predictive pharmacokinetic and absorp-
tion studies of orally administered drugs. While the current study
represents a significant advancement in mimicking the intesti-
nal barrier in vitro, there are still some areas that could be fur-
ther explored. Although permeability data serve as an in vitro-in
vivo cross-validation and useful first approximation of the model
translational potential, direct measurements of other key physi-
ological parameters, such as colonic enzyme activities, released
metabolites, and substrate degradation, would provide a more
comprehensive understanding of the system’s physiological rele-
vance and its alignment with human intestinal functions. These
measurements are crucial for assessing the true physiological rel-
evance of the model, particularly in comparison to the human
colon.l’8!

The proposed model also paves the way for the investiga-
tion of host-microbiota and host-pathogen interactions, where
a static model would be inadequate, due to the risk of bacte-
ria overgrowth on the host tissue, with subsequent impairment
of cell viability.””) On the contrary, the introduction of a dy-
namic flow guarantees the persistence of attached microbiota and
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its metabolites, while enhancing the clearance of organic acids
and removing the unbound bacterial cells, thus preventing their
overgrowth.[”8% A dynamic flow in the apical compartment is
therefore essential to ensure proper interaction between bacteria
and the intestinal mucosa and their adhesion to the mucus layer.

Additionally, the proposed experimental model might be eas-
ily applied also in pharmaceutical research for predictive studies
of bioaccessibility and bioavailability of poorly soluble drugs. A
traditional static model with CaCo-2 cells seeded on permeable
porous membrane would indeed be inefficient, since the drug is
not removed from the solution as it would occur in vivo. This
artifact drives higher supersaturation levels which leads to drug
precipitation on the cell monolayer, compromising reliability of
results and potentially causing cell damage.®!]

Further studies will be addressed to induce proper cellular po-
larization. Whilst our model induces the initiation of 3D forma-
tion, representing an advancement over the current gold stan-
dard, it does not produce a fully formed intestinal layer. Addi-
tionally, the model could be improved by introducing a bacterial
component to simulate the intestinal microbiota.

4, Conclusions

In conclusion, this study highlights the potential of a millifluidic
gut-on-chip model that mimics the dynamic conditions of the hu-
man gut. The optimization of flow rates and co-culture ratios en-
ables a more accurate representation of intestinal differentiation,
barrier function, and mucus production. The incorporation of the
C*-TEER model further provides predictive insights into barrier
integrity based on cell composition.

While the model shows promise for drug absorption stud-
ies, disease modeling, and host-microbe interactions, future im-
provements, such as the inclusion of enzyme assays and mi-
crobiota components, will further enhance its physiological rele-
vance.

This platform finally paves the way for more efficient and phys-
iologically accurate in vitro models for intestinal research.

5. Experimental Section

Cell Culture: CaCo-2 cells (ATCC-HTB-37, ATCC, Manassas, Virginia,
USA) were cultured in RPMI medium (EuroClone, Milan, Italy) supple-
mented with 20% FBS (EuroClone), 1% Penicillin/Streptomycin mixture
(EuroClone) and 2 mM L-Glutammine (EuroClone).

HT-29 cells (ATCC HTB-38) were cultured in RPMI medium supple-
mented with 10% FBS, 1% Penicillin/Streptomycin mixture and 2 mM
L-Glutammine. Both cell lines were subcultured at 80% confluence and
seeded for expansion at the density of 1x 10° cells cm™2.

For intestinal cell layer differentiation, both CaCo-2 and HT-29 cells
were trypsinized, mixed in different ratios (Caco-2:HT-29 1:0, 9:1, 6:1, 3:1,
and 0:1) and seeded onto permeable porous inserts (Greyner Bio-One,
Kremsmiinster, Austria). Cells were then cultured in RPMI medium, sup-
plemented with 10% FBS, 1% Penicillin/Streptomycin mixture and 2 mM
L-Glutammine (complete medium), in static condition, in a 24-well plate
for 48 h, to allow proper cell attachment. After 48 h, cells were either moved
in MIVO device (React4life, Genoa, Italy) for differentiation in dynamic
conditions or kept in static as control.

Cells were cultured in a humified incubator at 37 °C for a maximum of
21 days and medium was changed twice per week.

Dynamic Culture: MIVO Organ on Chip:  The MIVO device was used as
diffusive culture chamber able to host human tissues under physiological
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conditions, providing a fluidic circulation below the tissues mimicking the
human circulatory system. The receiver compartment was connected to a
peristaltic pump inducing a monodirectional flow at capillary velocities.

A first preliminary experiment was conducted on CaCo-2 monolayers to
define the optimal flow rate to induce intestinal epithelium differentiation.
CaCo-2 were seeded on 24-well inserts as described above and, after 48 h
of static culture, they were moved into the MIVO Single Flow chambers,
one insert for each sterile chamber, for differentiation under dynamic con-
ditions. The R100-1J peristaltic pump (React4life) was used to recapitulate
the flow rates of 0.4, 1, and 2 mL min~1, corresponding to physiological
flow range, in a closed circuit. A static control was also carried out. Dif-
ferentiation was conducted for 21 days, after which the cells were fixed for
further analyses.

A second experiment was aimed at determining the CaCo-2:HT-29 op-
timal ratio. Five different ratios of Caco-2:HT-29 (1:0, 9:1, 6:1, 3:1 and 0:1)
were seeded on 24-well inserts as described above and, after 48 h of static
culture, they were moved into the MIVO Single Flow chambers, one insert
for each sterile chamber, for differentiation under dynamic conditions. The
flow rate of 1 mL min~' was recapitulated by using peristaltic pump, in a
closed circuit. Differentiation was conducted for 14 days, after which the
cells were fixed for further analyses.

Finally, the optimal Caco-2:HT-29 6:1 ratio was seeded on 24-well in-
serts as described above and, after 48 h of static culture, cells were moved
into either MIVO Single Flow or MIVO Double Flow chambers, one in-
sert for each sterile chamber, for differentiation under dynamic conditions.
The MIVO Double Flow system allows to replicate both capillary and lumi-
nal circulations through basal and apical dynamic closed circuits, respec-
tively. The peristaltic pump was adopted to recapitulate a flow rate of 0.21
mL min~" in the basal circuit, and a flow rate of 0.07 mL min~", in the api-
cal circuit. A proper static control was also included. Differentiation was
conducted for 10 days, after which the cells were used for further analyses.

Measurement of Barrier Integrity and Electrical Modeling of the Cell Bar-
rier:  Impedence of the intestinal cell layers was measured by using a Mil-
licell ERS-2 (Merck, Darmstadt, Germany), as indirect measurement of
intestinal layers development. It is based on the Ohm’s law method. In
this simple method, a current I is used to stimulate the cell barrier, while
simultaneously measuring the voltage V across it and computing the cor-
responding resistance R according to Ohm'’s law (Equation 4).

R = 4

v
I

Resistance measurements were performed every 2-3 days, right after
medium change, by immersing the electrode with the shorter tip in the
insert and the longer tip in the MIVO chamber. The resistance of a blank
control was also measured, by adding medium to an insert without cells
(Rblank)- The final resistance is then calculated according to the Equa-
tion 5.166]

Rfinal = R = Rpjank (5)

The resulting resistance value Rg,, is then normalized by multiplying
with the cells seeding area, to obtain electrical TEER values independent
from the area itself.[5”] TEER values are reported as Q*cm?, where TEER of
cell layer is the final resistance multiplied by the cellular area (i.e., surface
area of the insert S|) (Equation 6).

TEER (Q * cm?) = Ry (Q) * S; (cm?) (6)

FITC-Dextran Trans-Epithelial Permeability Assay: Proper formation of
intestinal barrier after 10 days of differentiation in static, MIVO Single Flow
and MIVO Double Flow was monitored using Fluorescein IsoThioCyanate
(FITC)-dextran 20 KDa (FD20, Sigma Aldrich, St. Louis, MO) tissue per-
meability assay. After the differentiation period, cells were washed twice
with PBS, and DMEM w/o phenol red (EuroClone) containing 1 mg mL™!
FD20 was then added to the apical compartment (250 uL). DMEM w/o
phenol red (500 pL) was added in the basal compartment and cells were
incubated at 37 °C, 5% CO? and 98% relative humidity for 1.5 h.
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After incubation time, medium from basal compartment was collected
to quantify the amount of FD20 permeated through the barrier. The quan-
tity of FITC-dextran accumulated into the receiver chamber was quanti-
fied based on the emitted fluorescence of permeated FD20 in the basal
compartment. Fluorescence was read on an Infinite M nano (Tecan,
Ménnedorf, Switzerland) using 490/520 nm excitation/emission rate. A
calibration curve was done to correlate the fluorescence intensity and the
amount (ug mL™") of FD20 present in the solution and to calculate the
quantity of permeated FD20.

Scanning Electron Microscopy: ~Scanning Electron Microscopy (SEM)
analysis was conducted on intestinal cell layers after 10 days of differenti-
ation in static, MIVO Single Flow and MIVO Double Flow. Samples were
gently de-hydrated by using progressively increasing concentrations of
ethanol. Following, the permeable porous membrane was removed from
the insert, and samples were placed on an adhesive active carbon patch
fixed to an aluminium disc. To avoid charging, the sample was coated with
a thin layer of gold, which does not alter the morphology of the tissue. An
electron beam energy of 20 keV, which enhances the morphological con-
trast obtained with secondary electrons, and an aperture of 30 um, which
generates a narrow beam current for optimum resolution at high magni-
fication, were used for imaging with a positive biased Everhart-Thornley
detector.

Histology and Immunostaining: ~ After cells maturation, samples were
fixed in 3.7% formaldehyde (Merck, Darmstadt, Germany) for 10 min at
room temperature. Following fixation, the samples were washed 3 times
and stored in PBS.

To visualize the mucus produced by HT-29 cells, Alcian blue (AB) stain-
ing was performed on 2D-cultured intestinal cell layers. Acidic mucins
were stained with 0.1% Alcian Blue for 20 min. Images were acquired by
using a Nikon Eclipse Ts2-FL. The area occupied by Mucins, their average
area and total number per ROI (= Region of Interest) were quantified by
using Fiji Image).

For immunostaining, 2D-cultured intestinal cell layers were permeabi-
lized with 0.1% Triton in PBS for 10 min, washed in PBS and incubated with
2% BSA in PBS for 1 h at RT to inhibit the unspecific binding. Cells were
incubated with primary antibody overnight at 4 °C (anti ZO1, ab96587,
1:200, Abcam, rabbit polyclonal Ab in 0.2% BSA in PBS).

After primary incubation, cells were washed three times in PBS and in-
cubated with secondary antibody at RT for 1h (goat-anti-rabbit AlexaFluor
488-conjugated antibody, A-11070, Thermofisher Scientific in 0.2% BSA in
PBS). Cells were then washed three times in PBS and stained for nuclear
content with DAPI, for 15 min at RT. Following three washes in PBS, im-
ages were acquired by using a Nikon Eclipse Ts2-FL.

For paraffin embedding and histological procedures, cell-hosting mem-
branes were first cut out from their plastic holder with a scalpel, re-
moved with tweezers and transferred in a properly labelled histologi-
cal cassette. Samples were then dehydrated in ethanol, and paraffin-
embedded. Cross sections of 5 um were cut (by using microtome RM2165,
Leica Microsystems, Wetzlar, Germany), dewaxed and stained according
to the appropriate histological analysis: haematoxylin and eosin stain-
ing to observe cell organization and alcian blue/PAS staining to detect
mucopolysaccharides.

For immunostaining, paraffin-cleared sections were boiled in an epi-
tope retrieval solution (citrate buffer pH 6.0), and then let cool down to RT
for 20 min. Boiled sections were permeabilized with 0.1% Triton in PBS for
20 min, washed in PBS and incubated with 2% BSA in PBS for 1 h at RT.
Slides were incubated primary antibodies (ZO1 or Villin, 1:200, ab97512
Abcam) overnight at 4 °C and then with AlexaFluor 488-conjugated sec-
ondary antibody at RT for 2 h. After DAPI staining, performed for 15 min
at RT, slides were layered with Dako Fluorescent Mounting medium, cov-
ered with coverslips, and photographed with a Nikon Eclipse Ts2-FL, for
image acquisition. Images were then processed with Fiji-Image J. All fluo-
rescence images were acquired with the same settings and magnification.

CFD Simulation: A computational analysis of the fluid dynamics
within the MIVO devices was carried out to predict the fluid velocity and
shear stress perceived by a monolayer of intestinal cells cultured on a com-
mercial 24-well insert. For the model geometry, the design of the MIVO
device, was simplified to consider only the essential parts and the insert,
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and sketched as follows. Both the Single-Flow and the Double-Flow con-
figurations were considered.

The study was performed employing the Free and Porous Media Flow
module of Comsol Multiphysics 6.0, considering 1) a laminar flow regime,
2) anincompressible Newtonian fluid, 3) the 24-well insert membrane as a
porous medium. Navier-Stokes Equation (Equation 7) for the conservation
of momentum and the continuity law for conservation of mass Equation
(Equation 8) were used:

p (% +u-Vu) =-Vp+uViu (7)
p(V-uy=0 (8)

where u is the velocity and p the pressure across the circuit. The culture
medium density p and dynamic viscosity u values were for water at room
temperature. As initial conditions, the velocity field and the pressure were
considered null. For the Single-flow configuration, it was imposed a flow
rate of 1 mL min~" to induce fluid motion, according to the experimental
set up, while a zero-pressure was set as output, avoiding the backflow.
Additionally, a no-slip boundary condition was applied. Furthermore, the
Darcy’s law (Equation 9) was considered for the 24-well insert membrane:

K
u=-Ly 9
u VP 9)

where k (m?) is the permeability of the membrane, which depends on the
porosity €, and on the diameter of the pores d, according to Sheiddeger.[82]
(Equation 10)

d?
K= 2 (10)

The porosity of 13% was determined by considering the pores diam-
eter (0.4 um) and pore density (108 cm=2). Differently, in the Double-
flow configuration, input flow rates of 0.21 mL min~' and 0.07 mL min~!
were considered for the basal and apical flows, respectively. The bound-
ary conditions were identical to the single-flow setup. An iterative geo-
metric multigrid (GMRES) algorithm was employed to solve the equa-
tions for the steady-state condition. MATLAB was used to process
the data.

Statistical Analysis:  Data were analyzed with GraphPad Prism 9.3 soft-
ware. Two-way ANOVA was used for TEER measurement comparison over
time and for ZO-1 analysis in CaCo-2 under different flow rates. One-way
ANOVA was used for FITC-dextran, ZO-1 and mucus quantification in dif-
ferent co-culture conditions. Level of significance was set at p < 0.05 (*p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Number of replicates
for each experiment are reported in figure legends. Data are shown as
mean + SD.
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