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Quantitative Assessment of Gut and Vascular Barriers in
TTOP, a Cartridge-Based Bicompartmental Culture Platform

Lorenzo Pietro Coppadoro, Maria Lombardi, Sabrina Nicolo,

Alessandra Maria Anna Rando, Gianfranco Beniamino Fiore, Chiara Foglieni,

and Monica Soncini*

Bicompartmental in vitro cultures are performed using culture inserts in
multi-well plates. The main challenge of these systems is sample retrieval,
which potentially impacts the experimental outcomes. To overcome this
challenge, we developed a novel cartridge-based device called
true-tissue-on-platform (TTOP). Our device offers the same handling than
multi-well inserts with a key difference: the cartridge can be easily retrieved
and reused without compromising sample morphology. The functionality of
TTOP is demonstrated by building gut and vascular barrier in-vitro models.
Barrier tightness is assessed by measuring trans epithelial /endothelial
electrical resistance (TEER) and permeability by Lucifer Yellow assay (LY).
Geometry-related effects on TEER are evaluated using a finite element model,
comparing TTOP to conventional inserts, which showed an improvement in
data robustness and accuracy. Moreover, the device enabled the detection of
inflammation-related changes by comparing untreated versus
Tumor-Necrosis-Factor-a-treated cell barriers, revealing significant differences
both with TEER and LY assays. Preliminary data on coupled gut/vascular
barriers in the two compartments supported the feasibility of mimicking the
gut-vascular barrier in vitro. This new cartridge-based concept may provide a
simple and modular device, accessible to any biological laboratory, enabling
controlled handling of the biological samples during and after the experiment.

regulating the passage of ions,
molecules, and pathogens.'!' Among
others, the gut-vascular barrier (GVB)
determines the intestinal transepithelial
absorption of nutrients and drugs, by
modulating luminal mucosa permeabil-
ity, thus the passage into circulation.l?]
Alteration in GVB barrier function is
closely associated with changes in inter-
cellular tightness (i.e., leakage increase),
reflected by changes in the expression of
tight junctions (e.g., Zonula Occludens-
1, ZO-1P%)) and can lead to the passage of
pathogens or to pro-inflammatory activa-
tion, leading to pathological conditions
(e.g., inflammatory bowel disease, irrita-
ble bowel syndrome, and liver disease).[*]
In vitro models of the intestinal and vas-
cular barriers have traditionally relied on
standard multi-well inserts, such as tran-
swell (TW) systems, to study molecular
transport across epithelial and endothe-
lial layers.>' For example, Ayehunie
and coworkers(!® developed a primary

1. Introduction

In the human body, many tissues act as compartmental pro-
tective barriers contributing to homeostasis through actively
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three-dimensional (3D)  organotypic

model of the human small intestine
in TW that recapitulates its structural features and physiological
barrier properties, and expresses key drug transporters and me-
tabolizing enzymes present in the intestinal epithelium. With a
similar purpose, Stappenback and colleagues!'!! developed a TW
based intestinal model starting from patient-specific human en-
teroids, first disgregated and then seeded on a microporous poly-
meric membrane. Similarly, Albritton and colleagues!*? slightly
modified a conventional TW insert to expose only crypt re-
gions to bicompartmental stimuli, promoting crypt localization
in primary organoid-derived monolayers. Mohammadi and co-
workers!!3] further advanced the field by increasing experimental
throughput, developing a 96-well TW system to culture human
gut organoids and extract quantitative responses to investigate
gut inflammatory responses. However, the intestinal barrier rep-
resents a complex multicellular interface that involves a broad
range of additional cell types contributing to tissue homeosta-
sis and to host responses against microbial or pharmacological
challenges at the epithelial surface. For this reason, current re-
search efforts are increasingly directed toward integrating stro-
mal fibroblasts, %) immune cells,['8] or endothelial cells! "]
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Figure 1. Device overview and workflow. a) TTOP cartridge. The cartridge allows hosting different bidimensional (2D) or 3D structures such as microp-
orous membranes, 3D scaffolds, or commercially available organotypic cultures. b) TTOP pocket-cartridge system. After assembly, the cartridge can be
inserted into the culture module forming the so-called pocket-cartridge system. This configuration enables compartmental separation without perma-
nently affixing the cartridge to the module. A double-sided adhesive tape (sealing PSA) is positioned forming a frame around the cartridge, maintaining
the hydrophobic layers of the pocket-cartridge system close enough to guarantee compartment separation. Orange lines depict weakening carvings
created on the PMMA surface, which allow a simple retrieval procedure. c) Culture module usage procedure. The culture module is positioned in a stan-
dard 12-well plate and the two compartments filled with culture medium. Cells are poured on the porous membrane by gravity, thanks to the open-well
configuration. During the culture, it is possible to monitor the barrier formation with standard laboratory techniques (e.g., TEER measurements). At the
end of the experiment, the cartridge can be retrieved, through a controlled snap-crack breaking of the culture module along the weakening carvings for

microscopy imaging or end-point analysis.

populations that better replicate the physiological cross-talks oc-
curring in vivo. While these systems provide valuable insights,
they are often hampered in practice by manual handling chal-
lenges, being in most cases based on TW systems. In fact, co-
culturing cells on the two sides of a TW insert requires good
manual skills, since the process typically involves flipping the in-
serts, placing a small drop of medium containing cells on the
basal side of the membrane, and keeping them under a biological
hood until the cells attach, as the inserts do not fit the multi-well
plate in the flipped position.!*6-1821-23] Furthermore, retrieving bi-
ological samples from TW inserts without damaging tissue mor-
phology remains a critical bottleneck, requiring scalpel blades or
punchers, hence making careful handling crucial to prevent any
damage to the sample. Moreover, commercially available TW in-
serts typically incorporate microporous polymeric membranes,
which can limit direct physical contact between co-cultured cells
and provide a rigid substrate that poorly represents the native in-
testinal extracellular matrix (ECM). To address these limitations,
Hinman and colleagues!'®! engineered custom TW systems con-
taining macrogrids of woven polyester strands supporting a 3D
collagen I hydrogel, thereby enabling cell migration and pro-
viding a softer substrate for cell growth. Similarly, Darling and
colleagues!'*! utilized commercially available highly porous 3D
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scaffolds (Alvetex) to establish a subepithelial stromal compart-
ment enriched with fibroblasts, allowing the study of direct con-
tact co-culture effects. However, these approaches remain largely
confined to a few bioengineering laboratories where TW cus-
tomization or device development is feasible, as they typically
require access to design tools, rapid prototyping technologies,
and specialized expertise. Therefore, there is a need for standard-
ized and versatile systems that can overcome the limitations of
TW inserts while being readily adoptable by laboratories with-
out specialized engineering expertise. With this goal in mind, we
developed a standardized, modular, and versatile device, named
true-tissue-on-platform (TTOP), for the realization of bicompart-
mental in vitro cultures/co-cultures of tissue barriers. TTOP con-
sists of a thin cartridge that allows for the use of various culture
substrates, ranging from conventional microporous polymeric
membranes to 3D scaffolds/complex surfaces or organotypic
tissues. The cartridge is inserted in a so-called “culture mod-
ule”, conceptualized as a multiwell-insert-like culture device, de-
signed to facilitate standard TW procedures, enabling robust co-
culture protocols, while allowing simple and controlled retrieval
of the biological sample without compromising morphological
integrity. In the present study, we demonstrated the functional-
ity of the TTOP culture module optimizing a model of intestinal
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epithelial barrier with polarized Caco-2 cells,!*#?°] and of vascu-
lar endothelial barrier with EAhy-926 cells,[?®! cultured over a
commercially available microporous membrane inserted in the
TTOP cartridge. We evaluated the barrier function of these mod-
els in physiological conditions and under inflammatory stimu-
lation (with Tumor Necrosis Factor-a, TNF-al?’]). Finally, we cou-
pled the gut and the vascular barrier models in TTOP, toward the
in vitro mimicking of the GVB.

2. Results

2.1. Design for Rapid and Scalable Prototyping

The core of TTOP is a cartridge allowing to host either microp-
orous polymeric membranes or 3D structures, as planar scaffolds
(e.g., electrospun materials), where cells or organotypic tissues
can be settled, or 3D organotypic models (Figure 1a). The car-
tridge is inserted in a culture module (Figure 1b), that presents
multiple advantages: i) direct access to the biological sample; ii)
easy recovery of the biological sample inside the cartridge, with-
out morphological damages, for further accurate analyses; iii)
the possibility to reposition in other compatible modules the car-
tridge including the biological sample and apply sequential treat-
ments (e.g., bicompartmental perfusion).

The multilayer structure of the device is created through CO,-
laser micro-machining of 500-um thick polymethylmethacrylate
(PMMA) sheets, along with 100-um thick acrylic double-sided
pressure-sensitive adhesives (PSA) and 75-um-thick hydropho-
bic tapes. This technique allows for a simple, low-cost, and rapid
fabrication of devices (100 devices/procedure-5 hours, Figure S1,
Supporting Information), providing good reproducibility.!?8-3l
The possibility to tune the culture area geometry and dimen-
sions (Figure S2, Supporting Information) allowed us to obtain a
standard 96-well plate’s unit culture area (6.5-mm-diameter) ob-
tained by cutting in the device center a circular window passing
through all the layers. A microporous, track-etched polycarbon-
ate (PC) membrane, hosted in the cartridge, served as a standard
support to culture cell monolayers in a bicompartmental configu-
ration. In this configuration, the overall dimensions of the TTOP
were 19 X 19 mm, guaranteeing full compatibility with commer-
cially available 12-well plates. A 380-um thick sealing PSA is po-
sitioned forming a frame all around the cartridge. When the hy-
drophobic layers of the cartridge come in close contact with the
hydrophobic layers of the culture module (consisting of an infe-
rior and a superior pocket, Figure 1b), a hydrophobic sealing is
generated, preventing fluid leakage between compartments (the
pocket-cartridge system). This arrangement efficiently seals the
cartridge in a sandwich-like fashion within the device.

Significantly, this technological solution, coupled with a
straightforward snap-crack procedure facilitated by purposefully
designed weakening carvings (Figure 1b) allows the extraction of
the cartridge without causing any damage to the biological sam-
ple (Figure 1c; Figure S3, Supporting Information). The biologi-
cal sample housed in the extracted cartridge can be stained and
submitted to microscopy analyses using standard protocols. This
avoids the need of a scalpel blade or punching for sample recov-
ering, thus decreasing the risk of sample loss typical of the TW
insert.
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2.2. Pocket-Cartridge System Sealing Principle

Ensuring the maintenance of compartment separation is cru-
cial in the study of barrier functions, as the regulation of inter-
compartment molecular transfer should rely only on the func-
tionality of the interposed cultured tissue. To assess the seal-
ing durability of the pocket-cartridge system (Figure 1b), we de-
vised two tests. First, we employed the Young-Laplace equation
to model the pocket-cartridge interaction (Equation S1, Support-
ing Information), determining the minimum pressure required
to break the hydrophobic valve (burst pressure, AP,,,, Figure
2a). This calculation considered a system with constant tempera-
ture and an equilibrium configuration between external pressure
and surface tension (y; ), and a distance (§) between the pocket-
cartridge hydrophobic layers ranging from 1 to 5 ym, compara-
ble with the flatness tolerance. The functionality of the pocket-
cartridge system was evaluated estimating the burst pressure
in water and in complete culture medium (Dulbecco’s Modified
Eagle’s Medium (DMEM) low-glucose, supplemented with 10%
Foetal Bovine Serum (FBS) acting as a surfactant potentially al-
tering the burst pressure). For this purpose, 30 TTOP culture
modules were modified to include a barbed fluidic connector
connecting the device to a syringe pump. Pressure values cor-
responding to fluid flow through the pocket and cartridge inter-
face were evaluated inserting impermeable membranes within
the culture modules to prevent fluid flow through the mem-
brane itself (Figure 2b). Results from both water (n = 14) and
FBS-enriched medium (n = 16) demonstrated that high-pressure
values (188.10 + 66.80 and 158.20 + 68.82 mmHg) were re-
quired to break the hydrophobic valve. It is important to note
that these high-pressure scenarios are unlikely to be encoun-
tered in a typical experimental workflow, where pressure val-
ues can range from 0 to 2 mmHg (considering a safety mar-
gin, the threshold for considering the device suitable for experi-
ments was setat 10 mmHg, 5 times higher than the max pressure
(Figure 2c,d). Subsequently, a second test was performed to as-
sess the long-term functional stability of the pocket-cartridge sys-
tem under working conditions. Specifically, TTOP culture mod-
ules with impermeable membranes were assembled, placed in-
side 12-well plates filled with complete culture medium, and
hosted in a standard incubator for cell culture (37 °C and 5%
CO,). We evaluated the burst pressures (n > 5 for each time
point) at 1, 2, 3, and 4 weeks (Figure 2e). Interestingly, the mean
burst pressure decreased over time, probably due to a partial in-
filtration of FBS-enriched culture medium, but remaining highly
above the threshold set as a working condition (week 1: AP, ., =
70.62 + 28.99; week 2: 67.07 + 37.7; week 3: 84.72 + 68.54; week
4:72.21 + 39.88 mmHg, Figure 2f). We concluded that the sys-
tem may withstand operational conditions, effectively prevent-
ing leakages, leaving the regulation of communication between
compartments depending solely on the interposed biological
sample.

2.3. Trans Epithelial/Endothelial Electrical
Resistance Measurements in TTOP

In the study of tissue barriers, an essential consideration is
the quantitative assessment of the barrier tightness. Trans
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Figure 2. Pocket-Cartridge hydrophobic valve characterization. a) Pocket-cartridge schematic. Once in close contact, the hydrophobic layers of the car-
tridge and the inferior and superior pockets generate a strong hydrophobic valve, characterized by a contact angle at the liquid—solid interface 9, .
Applying the Young-Laplace equation (Experimental Section, Supporting Information), it is possible to estimate the pressure needed to break the valve
and let the liquid flow through the hydrophobic layers (APy,,; = burst pressure). b) Burst pressure measurement setup. Culture modules with imper-
meable membranes were connected to a syringe pump; a pressure sensor, positioned in derivation, acquired the pressure values in the device after the
pump activation. c) Burst pressure assessment. Representative burst pressure curve where, upon reaching the burst pressure peak, the hydrophobic
valve collapses, allowing fluid to flow from the apical to the basal compartment. d) Burst pressure values gathered using either water or FBS-enriched
medium (water: n = 14, FBS-enriched medium: n = 16, unpaired t-test, p = 0.24). The red dotted line represents a designated threshold below which
compartmental sealing is considered unreliable. e) Long-term functional stability of the pocket-cartridge system. Burst pressure evaluation procedure
assessing burst pressure values every week for 4 weeks under continuous working conditions. f) Burst pressure values showing burst pressure de-
creasing after 1 week, then remaining stable in the next weeks, always above the designated threshold (Tukey’s multiple comparisons test was used;
p-value < 0.05 is considered significant and shown as *; p < 0.01 is indicated by **).
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Figure 3. TEER in TTOP culture module and TW insert. a) Equivalent electric circuit for an epithelial cellular layer. In TEER measurements, membrane
capacitances act as open circuits (R, C,,,), allowing to measure the paracellular resistance R, representing the selective ion route through cell tight junc-
tions and the solution resistance (R;). b) Schematic representation of chopstick-like electrodes (red side = Current Carrying (CC); green side = Voltage
Sensing (VS)) for use with TTOP culture module and standard TW insert. To measure TEER one chopstick electrode is inserted in the apical compart-
ment and another one in the basolateral compartment. The red-dotted line sketches the current path in the two systems, for qualitative comparison.
¢) 2D normalized planar sensitivity distributions along the cell barrier surface (rainbow color map) in the x—y plane for TTOP culture module (i) and TW
insert (ii) and d) sensitivity distribution along the cell barrier through the axis (white-dotted arrow shown in the 2D sensitivity map in TTOP device at
TEER = 1) for TTOP culture module (i) and TW insert (ii). Results are presented for different TEER values (1-10-100-1000 Qcm?2), length unit in mm.

Epithelial/Endothelial Electrical Resistance (TEER), a cumula-
tive measurement of two ion-conductive pathways — the para-
cellular resistance and the transcellular resistance (Figure 3a) —
has gained widespread recognition as a minimally invasive, real-
time, label-free technique for in vitro applications. However, the
TEER measurements can be influenced by various factors, in-
cluding electrode positioning, tilting angle, and electric current
path within the system. Notably, when measuring the TEER of
a cell culture, the precise location of the electrodes combined
to the geometry of the support may lead to local differences in
the measured resistance. According to Grimnes and Martinsen,
a sensitivity factor (S) can be defined to represent the influence
of each zone on the total measured value.3!! Ideally, the S should
approach 1 across the whole sample, ensuring a TEER value that

Adv. Mater. Technol. 2025, 00065 €00065 (5 of 14)

accurately reflects the barrier behavior. To address these issues,
we developed a finite element method (FEM) model using the
AC/DC module from the commercial software COMSOL Multi-
physics v.6.0 to map the distribution of S over the cultured area,
comparing the TTOP culture insert and TW insert (serving as
standard control) in the numerical study.?23}] A constant current
was applied through the current-carrying electrodes (CC elec-
trodes, Figure 3b). To calculate S, an additional simulation was
conducted by interchanging voltage sensing electrodes (VS elec-
trodes) and CC electrodes, that is, applying current through the
previous VS electrodes and recording voltage through the previ-
ous CC electrodes. A parametric sweep of TEER values (1, 10,
100, and 1000 Q cm?) spanning the range reported in the liter-
ature for epithelial or endothelial barriers,3*37! was simulated.
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As expected, in both TTOP and TW insert, the regions near the
electrodes exert a larger impact on TEER than those situated far-
ther away, and sensitivity uniformity improves with increasing
TEER. This accounts for minor TEER variations attributed to the
non-reproducible placement of the manually positioned chop-
stick electrodes. Interestingly, the sensitivity distribution in the
TTOP culture module demonstrated greater homogeneity over
the area compared to the TW inserts (Figure 3ci,ii). Considering
the center of the device (x = 3.25 mm; y = 3.25 mm), we com-
pared S of TTOP and TW insert at TEER values of 100 and 1000 Q
cm?, which are typical normalized values. We observed S-values
closer to 1 in the TTOP culture module (TEER 100: 0.96; TEER
1000: 1) in comparison to the TW insert (TEER 100: 1.43; TEER
1000: 1.58) (Figure 3di,ii). This phenomenon can be attributed
to the current path from one electrode to the other. The TTOP
geometry involves a longer current path, increasing the equiva-
lent solution resistance on one side and concurrently reducing
the heterogeneity of the distribution of S on the other. Neverthe-
less, given that the total measured resistance in TTOP is higher
than that of TW inserts, this could impact on the measurement,
particularly when TEER values fall within the range of 1-10 Q
cm?. To address this concern in our experimental procedures,
we incorporated at least two cell-free culture modules as blank
controls and to further improve measurement repeatability, we
employed a 3D-printed holed lid that ensured proper center-
ing of the TEER electrodes (Figure S4, Supporting Information).
Mean of the blank values was then subtracted from the mea-
sured value and the resulting value normalized by the cultured
area.

The implementation of this process was intended to effectively
mitigate the overall variability in the measurements, that often
arises from the manual placement of electrodes and laboratory
rapid prototyping fabrication processes.

2.4. Establishment of Caco-2 Cell Culture as an Intestinal
Epithelial Model in TTOP

To establish the system functionality, a Caco-2 epithelial cell
in vitro model of the intestinal epithelial barrier?*?’! was opti-
mized in TTOP. Cells settled over laminin-coated PC membranes
within TTOP and on laminin-coated TW inserts (serving as gold
standard control) were cultured to obtain monolayers (Figure 4a).
Uncoated TTOP devices were included as controls to confirm the
effect of laminin coating (Figure S6, Supporting Information).
The laminin-based coating promotes cell adhesion and mitigates
variability due to differences in PC membranes hosted in the
two systems.[}] We investigated the suitability of both systems
to measure TEER during the culture period (measurements per-
formed every 3 days) and to perform microscopy. Interestingly,
TEER values over time were comparable between TTOP and TW
systems for Caco-2 cells cultured on laminin-coated membranes.
In both systems, TEER values >400 Q cm? were reached within
14 days (Figure 4b).1®] In fact, since TEER values are associated
with a well-developed tight junction network,*?*l which is a hall-
mark of Caco-2 polarization and epithelial barrier establishment,
these results suggest that both systems support comparable ep-
ithelial barrier formation. Confocal microscopy analysis of nu-
clei and ZO-1 staining in Caco-2 monolayers cultured for 14 days
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on laminin-coated PC membranes showed a comparable and dif-
fuse pattern in both TTOP and TW systems, confirming the for-
mation of tight and polarized epithelial layers in both systems
(Figure 4¢).*] As expected, uncoated TTOP devices exhibited
slower TEER development compared to laminin-coated devices
(Figure S6a, Supporting Information) as well as a less organized
Z0-1 network (Figure S6b,c, Supporting Information). To test
the responsivity of the barrier toward inflammatory stimuli, we
treated Caco-2 cells with TNF-a (Figure 4d), a pro-inflammatory
cytokine well known for inducing leaks in the intestinal epithe-
lial barrier, increasing permeability.[3>#04!] After 48 h of stimu-
lation with TNF-« (added into the apical compartment) of Caco-
2 cell samples in TTOP, a significant decrease in the electrical
resistance versus untreated samples was measured (p = 0.0001,
Figure 4e). To verify the change in barrier permeability induced
by TNF-a, the LY assay was performed.[*! In agreement with
TEER data,[*! the analysis of the amount of LY crossing the bar-
rier and accumulating into the basolateral compartment demon-
strated higher levels of LY in the TNF-a treated versus untreated
samples (p < 0.0001, Figure 4f). The effect of TNF-« treatment on
cell tight junctions was analyzed by confocal microscopy, reveal-
ing alocal decrease in ZO-1 fluorescence signal in TNF-q treated
samples (Figure 4g; Figure S6e, Supporting Information). These
data suggest that the increase of monolayer permeability found
in TNF-a treated Caco-2 cells could be due to a reduction of tight
junction complexes. In addition, the pro-inflammatory effect of
the treatment with TNF-a was assessed by evaluating NOD-like
receptor protein 3 (NLRP3) inflammasome pathway markers’
mRNA expression (Interleukin 18 (IL-18), NLRP3, and Nuclear
Factor Kappa-light-chain-enhancer of activated B cells (NF-xB))
and the cytoplasm-to-nucleus translocation of the activated iso-
form of NF-kB (NF-xB p65 subunit). Although TNF-a stimula-
tion did not increase the in Caco-2 monolayers cultured in TTOP
(Figure S6f, Supporting Information), we observed a nuclear
translocation of phosphorylated NF-xB in TNF-« treated samples
(Figure S6g, Supporting Information), that could indicate post-
transcriptional activation of the pathway, leading to the initiation
of an inflammatory response.[***3] These findings demonstrate
the suitability of the TTOP device for functional characterization
of tissue barriers. Notably, the modular design allows straight-
forward retrieval of the cultured samples, thereby facilitating
downstream analyses such as gene expression profiling and in
situ antibody staining, while minimizing disruption of sample
integrity.

2.5. Establishment of EAhy-926 Vascular Endothelial Cell Model
in TTOP

An approach similar to that for Caco-2 was applied to EAhy-
926 hybridoma cell line (derived from human umbilical vein en-
dothelium and A549/8 lung cancer cells), a recognized model
of the endothelial barrier (Figure 5a,d).[?*) EAhy-926 cells were
cultured laminin-coated PC membrane within TTOP, and in
laminin-coated TW insert for comparison (Figure 5a). Uncoated
TTOP devices were included as controls to confirm the effect
of laminin coating (Figure S7, Supporting Information). De-
spite EAhy-926 cells are not known for forming strict tight
junctions,**] we were able to monitor their growth rate
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Figure 4. a) Experimental protocol for TTOP versus TW Caco-2 cultures. b) TEER measurements of Caco-2 cells during the cell monolayer formation in
laminin-coated TTOP and laminin-coated TW insert. ¢) Representative confocal microscopy 2D extended focus images from 30X objective magnification
are shown for TTOP and TW. Cells were stained for tight junction ZO-1 protein (ZO-1, green) and nuclei (DAPI, blue). d) Experimental protocol for TTOP
versus TW Caco-2 permeability study after TNF-a treatment. ) Normalized fold-changes in TEER measurement and f) in permeability by LY assay in
untreated (CTRL) versus TNF-a treated Caco-2 cells. Values are presented as boxes (min to max), dots indicate sample mean values. Unpaired t test
is applied since data are normality distributions; p-value < 0.05 is considered significant; p < 0.05 is indicated by *, and p < 0.01 by **; p < 0.001 is
indicated by ***. The red dotted line represents the normalized average of CTRLs. Raw values are shown in Figure Séh (Supporting Information). g)
Representative confocal microscopy 2D extended focus images of Caco-2 cells with/without TNF-a treatment are shown. Cells were stained for ZO-1
(red) and nuclei with DAPI (blue). The 60X objective magnification are shown.

overtime (Figure 5b; Figure S7a, Supporting Information). TEER
reached similar values at the end of the experiment, suggest-
ing that comparable barriers were formed. Confocal microscopy
showed well-developed, confluent monolayers by expression of
the endothelial lineage marker Platelet Endothelial Cell Adhe-
sion Molecule-1 (CD31/PECAM1)*’] (Figure 5c; Figure S7b,c,
Supporting Information), thus confirming the establishment of
endothelial barriers. TEER measured after stimulation demon-

Adv. Mater. Technol. 2025, 00065 €00065 (7 of 14)

strated a significant reduction in the TNF-a-treated samples ver-
sus untreated (p = 0.0159, Figure 5e). Accordingly, the measure of
permeability by Lucifer Yellow (LY) showed a significant accumu-
lation of LY into the basolateral compartment in TNF-a treated
samples versus untreated (p < 0.0001, Figure 5f). Confocal mi-
croscopy analysis of samples stained for filament- actin (F-actin)
(by Phalloidin-tetramethylrhodamine (TRITC)) displayed a reor-
ganization of the F-actin cytoskeleton (i.e., presence of peripheral
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Figure 5. a) Experimental protocol for TTOP versus TW EAhy-926 cultures. b) TEER measurements of EAhy-926 endothelial cells during the cell monolayer
formation in laminin-coated TTOP and laminin-coated TW insert. c) Representative confocal microscopy 2D extended focus images from 30x objective
magnification are shown. Cells were stained for CD31/PECAM1 (CD31, green) and nuclei (DAPI, blue). d) Experimental protocol for TTOP versus TW
EAhy-926 permeability study after TNF-a treatment. ) Normalized fold changes in TEER measurements and f) in permeability by LY in untreated (CTRL)
versus TNF-a treated EAhy-926 cells. Values are presented as boxes and dots indicate sample mean values. Unpaired t-test is applied since data are
normality distributions; p-value < 0.05 is considered significant and shown as *; p < 0.01 is indicated by **; p < 0.001 is indicated by ***. The red dotted
line represents the normalized average of CTRLs. Raw values are shown in Figure S7h (Supporting Information). g) Representative confocal microscopy

2D extended focus images from 60x objective magnification of EAhy-926 cells with/without TNF-a treatment are shown. Changes in cytoskeleton

structure were shown by labeling for Phallodin-TRITC (F-actin, red); nuclei were counterstained with DAPI (blue).

reinforced fibers and stress fibers in Figure 5g,) in TNF-« treated
samples.l*8] In addition, TNF-a treatment led to a significant de-
crease in cell density (Figure S7d, Supporting Information), ac-
companied by a reduction and redistribution of Vascula Endothe-
lial -cadherin (VE-cad)*! (Figure S7f, Supporting Information).
and paralleled by a remarkable alteration in CD31/PECAM1 pat-
tern (Figure S7g, Supporting Information). These observations

Adv. Mater. Technol. 2025, €00065 €00065 (8 of 14)

indicate phenotypical changes and cytoskeleton alterations com-
patible with a loss of endothelial barrier integrity. Gene expres-
sion analysis by Real Time quantitative Polymerase chain reac-
tion (RT-qPCR) revealed that TNF-a induced a significant in-
crease in IL-14, NRLP-3, and NF-kB genes (Figure S7e, Support-
ing Information); these data may indicate the activation of the
inflammasome.l"!

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

BSUSD17 SUOWIWOD) dAIRERID 3|(edl|dde auy Ag pauseoh a1e S VO 88N JO S3IN1 10} ARIG1T BUIUO AB]IM UO (SUORIPUOD-PUE-SWB)L0D" A |IM ARIq 1BUIIUO//SANY) SUOHIPUOD PUe SWS L 8U) 885 *[G202/60/6T] U0 ARIqiTauliuo AB1IM * ONVTIIN 1d ODINOILITOd - UIU0S BDILO A A 90005202 IWPR/Z00T OT/I0p/0d" A 1M ARIq 1 U1 IUO"PSOLIRAD//SARY WO} PAPROIUMOQ ‘0 ‘X60LG9EC


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

TRANSWELL

A
¢ @

TTOP

www.advmattechnol.de

'R

® & ’Y

./'/?
o

® ® ®
5h Day7,10,13 Day 16
EAhy926 Caco-2 TEER TEER + Fix
seeding on seeding Confocal
the basal onthe microscopy
side apical side
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rendering confirmed the exclusive localization of Caco-2 and EAhy-926 cells on the opposite sides of the microporous membrane. Scale bars indicate

magnification.

2.6. Co-Culture of Caco-2 and EAhy-926 Monolayers on TTOP:
toward GVB Modeling

In the gut mucosa, the epithelial and endothelial barriers are
adjacent and regulate the mucosal uptake of molecules and
pathogens from the intestinal lumen and bloodstream, respec-
tively. Taken together they constitute the GVB.5! To build an in
vitro model of the GVB, we combined the Caco-2 and EAhy-926
models, coculturing into TTOP the epithelial cells over the api-
cal side of the coated membrane, and the endothelial cells over
the basolateral side (Figure 6a,b). To assess the approach feasibil-
ity, we monitored the culture by TEER till reaching the value >
400 Q cm? (Figure 6d). Successive confocal microscope analysis
of samples stained for HEA and CD31/PECAM1 confirmed the
localization of HEA-stained Caco-2 cells on the upper side, and
that of CD31/PECAM1 confined to EAhy-926 on the bottom side
of membrane (Figure 6¢,e). These preliminary data support the
feasibility of TTOP for building biological barriers in both com-
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partments, suggesting its usefulness to study GVB function and
the endothelial-epithelial cross-talk.

3. Discussion

In the last decade, researchers and lately regulatory bodies!®?!
have spent many efforts to develop advanced lab culture plat-
forms with the aim of recapitulating complex pathophysiological
scenarios.[>®] Several research groups!!3-16:18:20.23.54-56] and compa-
nies (e.g., Altis Biosystems,['2>7] MatTek Inc.['l) now offer pri-
mary human intestinal models in TW formats, enabling rapid
and straightforward distribution for applications in biomedical
and clinical research, while addressing key limitations associated
with conventional Caco-2-based models.

Although most of these models have proven highly useful for
studying intestinal barrier function, they still suffer from the in-
trinsic limitations of TW formats. These include: i) the restric-
tion to microporous polymeric membranes as culture substrate,
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which constrain direct physical contact between co-cultured cells
and provide a rigid substrate poorly representative of the native
intestinal ECM; ii) the complexity and poor reproducibility of
co-culture procedures; and iii) the unreliable retrieval of biolog-
ical samples, which often results in loss or damage of the speci-
men for end-point analyses. To meet the need for “easy-to-use”
advanced devices compliant with standardized procedures, we
developed TTOP, a novel bicompartmental cartridge-based plat-
form. The modular design of TTOP allows to select and host a
culture substrate of interest (e.g., porous membranes, 3D scaf-
folds, hydrogels) in a thin cartridge that can be placed in purpose-
fully designed modules. The basic configuration of TTOP, host-
ing cell-culture-treated microporous membranes, allows single-
or co-culture of various cell types in a bicompartmental setting,
mimicking barrier tissues’ microenvironmental conditions. At
the end of the experiments, the cartridge can be retrieved with-
out compromising the biological sample integrity,*®! allowing for
the collection of reliable data. In fact, sample loss due to mis-
handling is a common limitation with conventional inserts of-
ten requiring scalpel cutting. Within the TTOP culture module,
the retrieval can be performed on cartridges containing living
cells, enabling to apply sequential treatments by moving the car-
tridge through different modules as needed. This “plug-and-play”
modularityl®®l] can enable researchers to combine already set
cell-culture protocols!”®! with minimal adjustments, while lever-
aging the platform’s modularity to achieve advanced and biolog-
ically relevant in vitro tissue models of physiological barriers.

As a starting point, we conceived, prototyped, and manufac-
tured a bicompartmental culture module that enables the di-
rect translation of conventional TW insert protocols for gener-
ating tissue barrier models.[*¢263] The geometry of TTOP, allow-
ing culture modules positioning within standard 12 well plates,
enables its simple integration with standard laboratory tools!®!
and assays (e.g., permeability, > oxygen gradient,!®’] chemi-
cal gradient,|®®) and TEER measurements),>>%! unlike other mi-
crodevices that typically require customized solutions.l’%-73]

When assessing barrier tissue functions, TEER is considered
a standard assay utilized as a minimally invasive and quantitative
method!®! for monitoring the establishment of tissue barriers
overtime. Under this consideration, we first evaluate the suitabil-
ity of our device for applying TEER measurements, by developing
a FEM model*'-33 and comparing the performance of TTOP cul-
ture modules against TW inserts. The FEM model demonstrated
that TTOP geometry allows a more homogenous contribution of
the biological sample to the total resistance (as expressed by the
sensitivity coefficient S) with respect to TW inserts (Figure 3c),
hence guaranteeing a more representative evaluation of the tis-
sue barrier tightness.

We cultured intestinal (Caco-2) and vascular (EAhy-926) mono-
layers on laminin coated microporous membranes,®! to inves-
tigate the permeability of each monolayer. The laminin coating
promoted the formation of a functional intestinal barrier, with
TEER values rapidly increasing (Figure 4b) and comparable at
day14 to those measured in other intestinal in vitro models at day
17-21.174751 Then, we applied a TNF-a treatment, mimicking
an intestinal inflammatory stimulus, and we observed that Caco-
2 permeability increased, as demonstrated by significant lowered
TEER values and increased passage of LY in the basal compart-
ment (Figure 4e,f; Figure S6e,h, Supporting Information). These
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findings are consistent with previous studies using Caco-2 cells
monolayers>>**41l and suggest the suitability of the device for
studying pathologic conditions.

On the other hand, EAhy-926 cells are known to establish a
more permeable barrier, showing TEER values of about ten times
less as compared to Caco-2.[**-#¢l However, in TNF-a treated sam-
ples of EAhy-926, we observed a significant decrease in TEER,
accompanied by a reduction in cell density, indicating that leak-
age increase is paralleled by moderate rise in cell detachment
(Figure 5e; Figure S7d,h, Supporting Information). Further eval-
uations of the intestinal and endothelial barriers confirmed per-
meability changes associated with barrier formation (via LY as-
say, Figures 4f5f; Figures S6h,S7h, Supporting Information)
and morphological alterations (observed through confocal mi-
croscopy, Figures 4c,5¢; Figures S6g,S7f,g, Supporting Informa-
tion). In these settings, the possibility to retrieve the sample with-
out compromising its integrity offers a robust and precise tool
for testing the expression of tight junctions and other markers,
assessing their spatial distribution and potential alteration in cell
monolayers.

Finally, we conducted a preliminary set of experiments demon-
strating the suitability of TTOP for developing an in vitro model
of the GVB, by combining intestinal and vascular monolayers on
the opposite sides of the TTOP-coated membrane (Figure 6¢,e).
TTOP ability to co-culture cells on both sides of the culture sub-
strate allows for easy flipping within the multi-well plate, en-
abling cells to be seeded and immediately placed in the incu-
bator. Additionally, when flipped, the thickness of the PMMA
layers provides walls to contain the medium with cells, prevent-
ing cell dispersion and ensuring a stable seeding configuration
(Figure 6a; Figure S8, Supporting Information). In contrast, co-
culturing cells in TW requires flipping the inserts outside from
the multi-well plate and keeping the system under a biological
cabinet until the cells attach, as the inserts do not fit the multi-
well plate in the flipped position.2?2] Some solutions have been
proposed to address this issue, such as using a density-driven
method to let cells float on the liquid meniscus and attach eas-
ily to the culture membranel’® or using larger multi-well plate
formats or Petri dishes to host the flipped insert. However, the
introduction of a high-density liquid can alter the standard cul-
ture protocol and affect the experimental outcomes!’”) and the
use of other plates is often less stable, increasing the risk that the
cell-containing droplet falls down from the membrane, resulting
in uneven or failed seeding.

Despite the promising results, the GVB in TTOP should
be further refined. In fact, both Caco-2 and EAhy-926 are im-
mortalized cell lines and although immortalization guarantees
rapid and standardized cultures, it also introduces a tumoral el-
ement that may affect cell responsivity, thus limiting their trans-
lational potential. Recent studies have demonstrated the poten-
tial of human-derived primary organoid models and, although
these models are more expensive and complex to develop, they
offer a more representative solution for mimicking intestinal
physiology.[”#1] Notably, organoid monolayers have already been
successfully cultured in TW inserts,[1*#?] ag shown by Stappen-
beck and coworkers, 11331 providing background protocols eas-
ily applicable into TTOP modules.

Another important factor to consider is the culture substrate,
as recent studies have shown that its composition, stiffness, and
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Figure 7. Schematics of TTOP cartridge retrieval and reuse. The controlled retrieval of the cartridge enables to carry out conventional and advanced
end-point analysis, as well as the “plug-and-play” conversion from conventional static to more representative microenvironmental conditions (e.g.,
bicompartmental perfusion, combination of different cartridges in multi-organ dynamic cultures or close contact co-cultures, with TEER electrodes

integrated).

3D structure critically impact cell behavior.!>881 While this
work utilized standard microporous polymeric membranes to
achieve a direct comparison with conventional TW inserts, the
versatility of the TTOP cartridge-based culture modules could
be explored to accommodate 3D electrospun scaffolds,®! pre-
shaped hydrogels,!'>!884 organotypic cultures,!’) and patient-
derived tissue slices,[®”] thus achieving an enhanced representa-
tion of the human extracellular microenvironment (Figure S9,
Supporting Information).

TTOP has been designed as a modular platform. Here we
focused on presenting the culture module of our platform, de-
signed for the straightforward translation of conventional TW
protocols under conventional static conditions. However, we rec-
ognize that incorporating apical and basal perfusion is crucial for
sustaining cell differentiation and replicating key physiological
cues, which are unattainable in static conditions.[>®%8%%] In fact,
over the past decade, microphysiological systems (MPS) and or-
gan on chips have emerged as novel platforms to study intestinal-
vascular function on in vitro models of health and disease.*!
These complex gut models enable the culture of cells, organoids,
or ex vivo tissue explants under dynamic stimuli, highlighting the
importance of incorporating key chemical, physical, and mechan-
ical stimuli in vitro to generate more physiologically relevant and
predictive models.[%#791-%] For example, apical and basal perfu-
sion strongly promotes villi-like structure formation and tissue
maturation, by altering the delivery or removal of soluble signal-
ing factors as well as applying a direct fluid shear stress to the
epithelial cells, as shown by Ingber and colleagues.[®®92] More-
over, these systems are commonly equipped with TEER sensors,

Adv. Mater. Technol. 2025, 00065 00065 (11 of 14)

enabling continuous and automated monitoring of barrier in-
tegrity throughout the culture period.l®®! However, such systems
are often difficult to translate from bioengineering to biologi-
cal laboratories, hampering their broader adoption in biomedi-
cal and clinical research.[”?! For this reasons, the possibility to
retrieve living samples within the TTOP cartridge will be lever-
aged to demonstrate the “plug-and-play” conversion from con-
ventional static to bicompartmental perfusion condition thus en-
abling complex studies on human patho-physiology (Figure 7).
Therefore, we aim to create new modules that can provide a pre-
cise and controlled dynamic microenvironment, with integrated
TEER electrodes, while maintaining simple, conventional pro-
cesses that can be rapidly implemented in regulated settings, in-
cluding pharmaceutical companies, Contract Research Organi-
zations, and industry.#*7:%8] Taken together, these elements sup-
port our claim that TTOP has the potential to significantly impact
biological and biomedical research by providing an easy to use,
versatile and modular in vitro platform to the wide biomedical
community.

4. Conclusion

We have developed TTOP, validating a modular, versatile, and
user-friendly device consisting of a retrievable cartridge and a
bicompartmental culture module, allowing for a seamless tran-
sition of procedures carried out with conventional culture in-
serts into more advanced study models. We have demonstrated
that TTOP is well-suited for permeability assays and TEER mea-
surements. Importantly, the cartridge easy removal allowed for
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downstream characterization, including gene expression and in
situ antibody staining with minimal disruption of the biological
sample.

Our study exploited the basic potential of TTOP to setup and
characterize in vitro models of the GVB in respect of refine, re-
duce, and replace (3R) policies.

Supporting Information

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