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Abstract

The human intestine harbours a complex microbial community that closely interacts with intestinal
epithelial cells, the first line of host defence. Although several in vitro models have been developed to
study host—microbiota interactions, direct co-culture of gut microbiota and mammalian cells remains
technically challenging. Here, we evaluated an in vitro approach for testing human faecal fermentation
supernatant on intestinal barrier function using differentiated Caco-2/HT29-MTX monolayers maintained
in static cell culture inserts or a dynamic gut-chip model. Fermentation supernatant diluted in HBSS was
applied for 4 h, and barrier function was assessed by transepithelial electrical resistance (TEER) in static
cultures and by Lucifer Yellow apparent permeability (Papp) in both models. Under the conditions tested,
exposure to the fermentation supernatant did not compromise barrier integrity. Lucifer Yellow Papp was
significantly lower in cell culture inserts (1.04x10-7+8.98x10-° cm-s~") than in the dynamic gut-chip
(7.96x10-7£1.82x10-7 cm-s™"), highlighting differences in epithelial permeability between static and
dynamic culture conditions. To enable prolonged exposure studies, different carrier conditions were
evaluated. HBSS was unsuitable for 24 h incubation, resulting in reduced cell metabolic activity and
TEER, whereas HBSS-HEPES maintained cell viability and barrier function. A TNF-a-induced barrier
dysfunction was subsequently established, resulting in a 45% decrease in TEER and a 48% increase in
Lucifer Yellow P,,, compared with the healthy control. Treatment with fermentation supernatant diluted

in HBSS-HEPES was associated with a reduction in the increased permeability, with P, values

app
becoming comparable to those of the healthy control condition. restored barrier integrity, demonstrating
its capacity to repair impaired intestinal epithelial. Overall, this study establishes a practical in vitro
framework for evaluating faecal fermentation-derived products using intestinal epithelial models
representing both healthy and barrier-impaired conditions. The findings highlight the importance of
selecting appropriate culture platforms, carrier conditions, and exposure periods when assessing the
effects of complex microbiota-derived products on intestinal barrier function and provide a basis for the

subsequent testing of fermentation samples in cell-based intestinal models.

1. Introduction

The intestinal barrier is a complex physiological system that regulates interactions between the host and
its environment and is essential for maintaining intestinal homeostasis. Its physical barrier function
relies primarily on the structural and functional integrity of the intestinal epithelium, which is supported
by intercellular tight junction (TJ) complexes and a protective mucus layer overlying the epithelial surface
[1]. Under inflammatory conditions, disruption of epithelial TJ compromises the barrier function,
increasing intestinal permeability. However, the relationship between barrier dysfunction and
inflammation is complex, and it remains unclear whether increased intestinal permeability is a cause or a
consequence of the inflammatory response [2, 3]. The human gut microbiota is a complex and dynamic
ecosystem whose composition and diversity are shaped by multiple factors, including dietary habits,
lifestyle, genetic background, and environmental conditions [4]. Among its many functions, the gut
microbiota contributes to the fermentation of dietary fibres, generating a range of metabolites, including
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short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate [5]. These metabolites are
involved in multiple physiological processes, including intestinal epithelial metabolism, immune
modulation, and maintenance of intestinal homeostasis [6, 7]. SCFAs have also been associated with the
maintenance of intestinal barrier function through mechanisms involving mucus production and
regulation of TJ proteins[8—10]. However, the effects of SCFAs and other microbiota-derived metabolites
on the intestinal epithelium are dependent on their concentration, composition, and local environmental
conditions. Consequently, exposure to elevated concentrations or altered metabolite profiles may
adversely affect epithelial cells and barrier function [11, 12]. Given the complexity of the gut microbial
metabolome, approaches that enable the evaluation of the combined effects of microbiota-derived
products on intestinal epithelial function are therefore of particular interest.

The development of reliable in vitro intestinal models has become increasingly important for
investigating intestinal physiology, barrier dysfunction, and inflammation, particularly in the context of
the development and application of non-animal methods [13, 14]. Reproducing relevant features of the
human intestinal epithelium and microbiota-derived components in vitro provides an opportunity to
investigate mechanisms associated with barrier dysfunction and to evaluate potential interventions
under controlled experimental conditions. Consequently, alternative in vitro models are being developed
to reproduce key structural and functional characteristics of the human intestine and to improve the
physiological relevance of experimental studies [3]. Among cell-based intestinal models, Caco-2 cells are
the gold standard for in vitro models due to their capacity to undergo spontaneous differentiation into
enterocyte-like cells, which represent the predominant epithelial cell type in the small intestine [15, 16].
Caco-2 cells are frequently co-cultured with HT29-MTX cells to introduce a mucus-producing phenotype
resembling intestinal goblet cells [17]. The presence of mucus-secreting cells provides a more
representative epithelial interface and enables investigation of the influence of the mucus layer on
epithelial transport and barrier function [16]. Intestinal epithelial barrier function can be evaluated using
complementary approaches, including transepithelial electrical resistance (TEER), determination of the
apparent permeability (Papp) using marker molecules, and assessment of TJ protein or gene expression
by immunostaining and quantitative polymerase chain reaction (qPCR), respectively. Cell-based models
using established cell lines offer important advantages in terms robustness, accessibility, simplicity and
reproducibility [18].

Conventional two-dimensional (2D) intestinal models are commonly established on cell culture inserts
containing semi-permeable membranes, thereby allowing the formation of distinct apical and basolateral
compartments. However, do not fully reproduce the complex three-dimensional (3D) architecture and
dynamic physical environment of the intestinal epithelium. In particular, epithelial cells cultured under
static conditions may exhibit morphological and functional characteristics that differ from those
observed in vivo [17, 18]. More advanced models, including organoids and gut-chip systems, have
therefore emerged as promising platforms for improving the physiological relevance of in vitro intestinal
studies [19, 20]. These models can reproduce aspects of intestinal 3D architecture, cellular
differentiation, and, in the case of dynamic gut-chip systems, controlled fluid flow and other features of
the intestinal microenvironment.
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Despite these advances, direct co-culture of gut microbiota with mammalian intestinal cells remains
technically challenging. Bacterial overgrowth during prolonged culture and the conflicting oxygen
requirements of microorganisms and intestinal epithelial cells can compromise the maintenance of both
components under suitable experimental conditions [3]. An alternative strategy is to use faecal inocula
for in vitro fermentation and generation of fermentation supernatants to subsequently expose intestinal
epithelial cells to these complex mixtures of microbiota-derived products. This approach enables the
effects of fermentation-derived products on mammalian intestinal cells to be investigated while avoiding
some of the challenges associated with maintaining a direct host—microbiota co-culture [21].
Furthermore, the establishment of intestinal barrier dysfunction in vitro remains variable across
experimental systems, particularly with respect to the inflammatory stimuli employed, their
concentrations and exposure periods, culture conditions, and endpoints used to characterise barrier
responses|[3]. Tumour necrosis factor-a (TNF-a), a key pro-inflammatory cytokine, is frequently used to
induce epithelial barrier dysfunction in vitro and provides a controlled approach for investigating changes
in epithelial permeability and barrier-associated responses. The combination of healthy and
experimentally compromised epithelial models can therefore provide complementary information on
whether microbiota-derived products are compatible with an intact epithelial barrier and whether they
can influence barrier function under conditions of pre-existing dysfunction.

In the present study, we explored the suitability of using human faecal fermentation supernatant to
investigate its effects on the intestinal epithelial barrier under both healthy and compromised conditions.
Differentiated Caco-2/HT29-MTX (9:1) cultures were established in conventional static cell culture
inserts and in a dynamic gut-chip model, providing complementary platforms for evaluating epithelial
responses. The effects of the fermentation supernatant on the healthy epithelial barrier were evaluated
using cell viability, transepithelial electrical resistance (TEER), lucifer yellow apparent permeability (P,
and TJ protein expression, as appropriate to each experimental model. Different exposure conditions and
carriers were also investigated to identify suitable conditions for maintaining epithelial viability and
barrier function during prolonged incubation. Finally, a TNF-a-induced barrier dysfunction model was
followed to assess whether the fermentation supernatant could modulate a compromised intestinal
epithelial barrier. Overall, this study evaluates an in vitro approach for testing faecal fermentation
supernatants on intestinal epithelial models representing both healthy and barrier-impaired conditions,
while examining how the culture platform and experimental conditions influence the assessment of
epithelial barrier responses.

2. Materials and methods

2.1. Fermentation from primary human gut microbiota and
characterisation

2.1.1. In vitro fermentation
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Faecal slurry preparation was conducted as previously described [22]. Ethical approval for the study was
granted by the Clinical Research Ethics Committee of the Cork Teaching Hospitals, UCC (ECM 4 (mm)
09/03/2021). Written informed consent was obtained from healthy donors who had not received
antibiotic treatment within the preceding six months, after which faecal samples were collected. All
methods were carried out in accordance with relevant guidelines and regulations. A total of 200 g of
faecal material was maintained at 4°C for 1-2 h, before processing. Faecal sample was processed in an
anaerobic chamber containing 5 % C,, 10 % H, and 85 % N, mixing it with 200 mL of saline buffer
supplemented with 0.05 % (/v) cysteine hydrochloride in a Circulator 400 stomacher bag (Seward, UK)
and homogenised. The homogenate was then centrifuged at 4000 x g for 25 min, and the resulting pellet
was resuspended in PBS, adding sterile glycerol to a final concentration of 25 % (/v), after which 1 mL
aliquots were stored at - 80°C. For in vitro fermentation, a faecal slurry aliquot was defrosted and diluted
1:10 in faecal fermentation medium [23]. The faecal fermentation was conducted in duplicate for 24 h at
37°C with shaking at 300 rpm, under anaerobic conditions, with no pH control (Applikon Biotechnology).
1 mL aliquots were collected after the fermentation and stored at - 80°C for subsequent analyses.

2.1.2. Characterisation

2.1.2.1 DNA extraction and quantification

The 1 mL aliquots from fermentation had their gDNA extracted using QIAmp PowerFecal ProDNA kit
(Qiagen, Crawley, UK), following manufacturer’s instructions. Briefly, samples were centrifuged (4000 x g,
10 min) and resuspended in lysis buffer and the extractions were performed according to the
manufacturer’s instructions. DNA was quantified using the Qubit 2.0 Fluorometer (Life Technologies,
USA) and the purity checked using the NanoDrop 1000 (ThermoFisher Scientific, Ireland).

2.1.2.2 Sequencing and bioinformatics analyses

DNA was prepared according to the Nextera XT DNA library preparation guide from Illlumina and
sequenced on an lllumina NextSeq Platform (Teagasc, Moorepark Sequencing Facility) using 2 x 150 bp
paired-end kit. Raw sequencing data was processed using Shaman to obtain frequency and taxonomy
tables [24]. Further processing was conducted using the Qiime2 tools in the Galaxy platform (Galaxy
Version 2025.10.0 + g2galaxy.2025.10.0) and visualised in Qiime2 (v 2025.10.0) following standard
workflows [25].

2.1.2.3 Organic acid quantification

Defrosted 1 mL aliquots from fermentation underwent filter sterilisation using 0.2 pum-pore-size syringe
filters (Whatman International Ltd, UK), and 300 pL of the resulting solution was injected into Chromacol
vials (Fisher Scientific, UK). The concentrations of formic, acetic, lactic, citric, propionic, and butyric acid
were quantified through High-Performance Liquid Chromatography (HPLC) employing a Perkin-Elmer
Flexar HPLC system. Refractive index and photo diode array detectors were used for 210, 280, and 325
nm wavelengths (PerkinElmer Inc, USA). Analyses were conducted using a RezexTM ROA-Organic Acid
H+ (8%) LC column coupled with a refractive index detector set at a sensitivity of 512. The column
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temperature was maintained at 60°C, and the eluent 0.005 N H2S04 ran at 0.6 mL-min-1. A standard
curve ranging from 10 pg-mL-1 to 100 pg-mL-1 for formic, acetic, lactic, citric, propionic, and butyric
acids (all from Sigma-Aldrich) was employed for concentration determination.

2.2. Microfluidic device: Gut-chip

2.2.1. Design and fabrication

The gut-chips fabricated from polydimethylsiloxane (PDMS) consisted of two parallel microchannels
separated by a porous PDMS membrane. The channel’s surface area is 19.5 mm?, with a total length of
19.5 mm and a width of 1 mm; the culture region spanned 10 mm in length. The semi-permeable PDMS
membrane was fabricated using silicon wafer master moulds featuring micropillar arrays with a
pyramidal shape (8 pm top diameter top, 12 pm bottom diameter, 40 pm pitch, and 50 pm height). PDMS
replicas of the top and bottom layers of the device were produced by casting PDMS on a polymethyl
methacrylate mould. The device components were properly bonded using O, plasma treatment, as
shown in Supplementary Material, Figure STA.

2.2.2. PDMS membrane functionalization and coating with
extracellular matrix (ECM)

After device fabrication, the gut-chips were sterilised by incubation in 70% (v/v) ethanol for 30 min and
then rinsed with PBS. To activate the PDMS surface, 0.5 pgemL™ of sulfo-SANPAH (Thermo Fisher
Scientific, Waltham, MA, USA) in sterile distilled water (diH,0) was introduced into the top channel and
exposed to UV light (365 nm, 6.8 W, 5 cm distance) for 30 min. The solution was then removed, and the
channel was washed with sterile diH,0. After sulfo-SANPAH activation, an ECM coating solution

consisting of 30 ug-mL™" collagen type-l (Gibco, Thermo Fisher, MA, USA) and 100 pg-mL" Matrigel
(Corning, MA, EUA) diluted in serum-free high glucose Dulbecco’s modified Eagle’s medium (DMEM)
(PAN-Biotech, GmbH, Aidenbach, Germany) was added to the top channel. The device was incubated
overnight at 4°C. An additional 1 h incubation was performed, the next day, at 37°C. Following incubation,
both channels were washed with warmed serum-free DMEM to remove non-cross-linked proteins.

2.3. Cell cultures

Caco-2 cells (clone HTB-37, American Type Culture Collection, passages 29-50) were maintained in
Minimum Essential Media (MEM), supplemented with 20% (v/v) fetal bovine serum (FBS) and 1% (v/v)
penicillin/streptomycin, all purchased from PAN-Biotech GmbH, Aidenbach, Germany. HT29-MTX cells
(clone ECACC 12040401; European Collection of Authenticated Cell Cultures, passages 60-72) were
maintained in DMEM (Sigma-Aldrich, St. Louis, MO, USA). As supplements, 10% (v/v) of FBS, 1% (v/v)
penicillin/streptomycin and 1% (v/v) non-essential amino acids, were used, all obtained from PAN-
Biotech GmbH, Aidenbach, Germany. Both cell lines were cultured in 75-cm? tissue culture flasks in a
humidified incubator at 37°C, with 5% CO,. Culture medium was replaced every 2—-3 days, and cells were
routinely sub-cultured upon reaching approximately 80% confluence. To detach cells from the flasks,
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culture medium was removed, and cells were washed twice with phosphate buffered saline - PBS (1x)
(Gibco, ThermoFisher, MA, USA) followed by incubation with 0.25% (w/v) trypsin 2.21 mM EDTA solution
(Corning, California, USA) in the CO, incubator for 5 min. The cell suspension was centrifuged at 150 x g
for 5 min at room temperature (RT). Co-cultures of Caco-2 and HT29-MTX were seeded at a 9:1 ratio. The
medium was changed every 2 to 3 days until completing 21 days of culture for differentiation.

2.3.1. Static cell cultures: inserts or 96-well plate

12-well plate inserts (cell-QART®; Northeim, Germany), in which the semi-permeable membrane is made
of polyethylenterephthalate with a nominal thickness of 10 um, provide a cell growth area of 1.12 cm?
and feature 3 pm pores at a pore density of 1.7 x 10° poresecm™. To avoid cell migration from the apical
to the basolateral side, 250 pL of Matrigel (200 pgemL™) diluted in DMEM free-serum was added to the
cell culture inserts, incubated at room temperature for 2 h and then placed inside the 5% CO, incubator
for 1 h to complete the polymerisation process. After trypsinization, the resulting pellet was resuspended
in an appropriate volume of culture media to obtain a final cell density (1x10° cellsecm™), considering

the surface area of a cell culture insert (1.12 cm?) and using 500 pL of cell suspension per cell culture
insert.

To assess the effect of fermentation supernatants on cell viability, cells were grown on 96-well plates for
21 days. After trypsinization, the resulting pellet was resuspended in an appropriate volume of culture
media to obtain a final cell density (1x10° cells.cm™), considering the surface area of a well of 96-well
plate (0.32 cm?) and using 100 pL of cell suspension per well.

2.3.2. Dynamic cell cultures: Gut-chip

Caco-2 and HT29-MTX cells were seeded at 1 -10° cells.cm™ using 19.5 pL of cell suspension (1 x 10°
cells:mL™) on the top of the ECM-coated membrane of the gut-chip. Cells were allowed to adhere
overnight inside the CO, incubator and then the device was connected to a commercial 2-channel
syringe pump using 12 mL syringes with an internal diameter of 15.9 mm, which perfused culture
medium continuously through the upper and lower channels at a constant flow rate of 120 pL-h™" for 7
days. In previous work, we have demonstrated that dynamic culture conditions significantly enhance
epithelial cell differentiation, which is consistently achieved after 7 days in culture (Xavier et al. 2023).

2.4. Immunocytochemistry

The morphology of cells cultured on cell culture inserts or on-chip was assessed, through
immunocytochemistry. Cells were washed with warm PBS (1x) and fixed with 4% paraformaldehyde
(PFA) (ThermoFisher, Massachusetts, USA) in PBS (1x) for 15 min at RT. To permeabilize the cell and
nuclear membranes, a solution of 0.2% Triton-X-100 (Sigma-Aldrich, St. Louis, MO, USA) was incubated
for 10 min at 4°C and then, to minimize non-specific binding of antibodies, 2% bovine serum albumin
(BSA) (Sigma-Aldrich, St. Louis, MO, USA) in PBS (1x) was incubated for at least 30 min at RT. Following
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this, a solution of 5 ug-mL™" Alexa Fluor® 488-conjugated occludin monoclonal antibody (AF488-Anti-
Occludin; Thermo Fisher Scientific) and 0.1 pgemL™ phalloidin-TRITC (Sigma-Aldrich, St. Louis, MO, USA)
were incubated overnight at 4°C. Cells were washed with PBS (1x) and a 1 ug-mL™" of 4',6'-diamidino-2-
phenylindole (DAPI) solution (Thermo Fisher Scientific, Waltham, MA, USA) was incubated for 10 min.
The cells were mounted in Fluoroshield mounting media. Images were acquired using a Zeiss LSM780
confocal laser scanning microscope (Oberkochen, Germany) equipped with 405 nm and 561 nm diode
lasers and a 488 nm argon laser and analysed using Zen 2010 software and ImageJ.

2.5. Transepithelial electrical resistance (TEER)

The intestinal epithelium barrier integrity was assessed using a Millicell ERS-2 Volt-ohmmeter with STX
chopstick (Merck Millipore, Burlington, MA, USA) electrodes introduced simultaneously into the apical
and basolateral compartments. For TEER evaluation, the well plates were taken out of the CO, incubator

for 15 min, before the TEER measurement, to stabilise the culture medium's temperature and minimise
variations. The TEER was calculated by subtracting the readings of the cell-free culture insert from the
TEER reading with the cell monolayer and multiplying by the surface area of the membrane. Cell
monolayers with a TEER over 500 Q.cm? were considered tight monolayers and used for the
experiments.

2.6. Apparent permeability (P,,,) of Lucifer Yellow

The intestinal barrier integrity was assessed by measuring the apparent permeability (P,,,) of Lucifer

app
Yellow (Sigma-Aldrich, Darmstadt, Germany), a model molecule transported through the paracellular
pathway. Lucifer yellow (50 uM in the vehicle) was introduced into the apical compartment (0.5 mL)
while the basolateral compartment (1.5 mL) was filled with the vehicle. Every hour, up to 4 h, 100 pL
samples were collected from the basolateral compartment to a 96-well plate, and fluorescence was
measured using a microtiter plate reader with excitation/emission wavelengths of 428/540 nm. At the
same time, a calibration curve was prepared through serial dilution of Lucifer yellow at initial
concentration (50 pM) in the vehicle, in the range 0-6.25 pM. The apparent permeability coefficient of

Lucifer Yellow was obtained through Eq. 1:

dQ v

Equation 1 P, = = - G0

where dQ/dt is the permeability rate (uM-s™ "), which corresponds to the slope of the cumulative increase
in the concentration of Lucifer Yellow in the basolateral chamber over time, V is the volume of the

basolateral chamber (cm?®), A is the surface area (cm?) and CO is the initial concentration of Lucifer
Yellow (UM) in the apical compartment.

2.7. Cell metabolic activity

Cell metabolic activity was evaluated through the resazurin (Sigma-Aldrich, Darmstadt, Germany)
reduction assay. Caco-2/HT29-MTX co-cultures were seeded on 96-well plates and grown for 21 days.
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Differentiated monolayers were exposed to fermentation supernatant at different dilutions (1:10 and
1:20) for 24 h and then replaced with 10 ug-mL™ resazurin in complete MEM, for 3 h at 37°C. Complete
culture medium (MEM) was used as a positive control and DMSO (40% v/v) (Sigma-Aldrich, Darmstadt,
Germany) as a negative control. The cell metabolic activity was measured through the fluorescence
signal obtained from the reduction reaction of resazurin to resorufin (A, = 560 nm, A, = 590 nm), using

a BioTeK® Synergy H1 (Winnoski, VT, USA) microplate reader. The results are expressed as a percentage
of cell metabolic activity in relation to the positive control.

2.8. Gene expression analysis
2.8.1. RNA isolation and quantification

Total RNA was isolated with the RiboPure” RNA Purification Kit following the manufacturer's instructions

(Invitrogen"). Briefly, TRI Reagent” was used to lyse cells and inactivate nucleases, and
bromochloropropane was added for phase separation. The clear, aqueous phase, in which RNA
partitioned, was collected and purified through a glass fibre filter. After purification, the eluted RNA was
quantified using the Qubit” RNA HS Assay Kit (Invitrogen”), and quality was evaluated by the A260/A280
ratio on NanoVue" Plus Spectrophotometer.

2.8.2. RT-gPCR

cDNA synthesis was carried out according to the manufacturer’s instructions, using TagMan™ Reverse
Transcription kit (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA), where 135 ng of RNA was
converted per condition. The RT reaction was performed on Veriti™ Thermal Cycler using the following
parameters: a first incubation of 10 min at 25°C, transcription step of 30 min at 37°C, an inactivation step
of 5 min at 95°C and a cool-down step until a 4°C temperature is reached. Real-Time PCR was performed
using TagMan™ Fast Advanced Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA) and TagMan™ gene expression assays (Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA, USA). For each condition, 4.5 ng of cDNA was used and run on StepOnePlus™ Real-Time PCR
System (Thermo Fisher Scientific) with the following thermal protocol: 2 min at 50°C, 20 seconds at 95°C
and 40 cycles of 1 second at 95°C and 20 seconds at 60°C for the denaturation and annealing steps,
respectively. Relative gene expression levels were determined using the 2-AACT method, normalised to
the housekeeping gene: glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The following primers
and probe were used: forward primer, 5-CCAGGTGGTCTCCTCTGACTTC-3'; reverse primer, 5'-
TCATACCAGGAAATGAGCTTGACA-3'; and TagMan™ TAMRA probe, 5
ACACCCACTCCTCCACCTTTGACGCT-3". Occludin expression was determined using the TagMan™ assay
Hs05465837_g1.

2.9. Exposure of barrier-impaired Caco-2/HT29-MTX
monolayers in cell culture inserts to fermentation
supernatant
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Barrier dysfunction is a hallmark of mucosal inflammation [26]. At day 21, barrier dysfunction was
induced by exposing the intestinal epithelial monolayers to tumour necrosis factor alpha (TNF-a)
(BioLegend, San Diego, California), a pro-inflammatory cytokine [27]. The culture medium was replaced
with complete MEM in the apical compartment, and complete MEM containing TNF-a at a final
concentration of 50 ng:mL~" in the basolateral compartment, and cells were incubated for 48 h.
Following this, the monolayers were exposed to distinct dilutions of fermented supernatants (1:10 and
1:20) to investigate their capacity to restore the intestinal barrier function. Budesonide (3 pM diluted in
chloroform), a known anti-inflammatory compound (Sigma-Aldrich, Darmstadt, Germany) commonly
used to treat inflammatory bowel disease (IBD) was used as a positive control [28]. Distinct vehicles
were tested for the dilution of fermentation supernatant to determine the most suitable carrier: HBSS
(PAN-Biotech, GmbH, Aidenbach, Germany), HBSS supplemented with 25 mM HEPES (Gibco, Thermo
Fisher, MA, USA), complete MEM or MEM without FBS.

2.10. Statistical analysis

The Shapiro-Wilk test was used to analyse if the data followed a normal distribution. P-values were
determined using a one-way analysis of variance (ANOVA) with Tukey's post- hoc test. Differences were
considered statistically significant when * (p < 0.05), ** (p < 0.005), *** (p < 0.001) and **** (p < 0.0001).
All data analysis and graphs were done using GraphPad Prism version 9.2.0 (GraphPad Software Inc.,
San Diego CA).

3. Results and discussion

3.1. Fermentation characterisation

3.1.1. Taxonomic profile and SCFA quantification

After 24 h of incubation under agitation and in anaerobic conditions, taxonomic profiling at the class
level revealed similar microbial community structures between the two independent fermentations
(sample 1 and sample 2), as shown in Fig. TA. The communities were dominated by Clostridia (phylum
Bacillota), accounting for approximately 43.0% of total reads in sample 1 and 39.2% in sample 2.
Gammaproteobacteria represented another major class, comprising 31.1% of reads in sample 1 and
13.1% in sample 2. Similarly, Bacteroidia (phylum Bacteroidota) were detected at moderate levels in both
samples, representing 5.3% of reads in sample 1 and 16.1% in sample 2. Members of the class Bacilli
(phylum Bacillota) contributed to the microbial communities, accounting for 2.8% and 4.6% of reads in
sample 1 and sample 2, respectively. Additional classes, including Negativicutes, Fusobacteriia, and
Verrucomicrobiia, were present at lower relative abundances in both samples, each generally
representing less than 6% of total reads. Several low-abundance taxa, including classes within
Actinomycetota and other minor bacterial phyla, were detected at very low frequencies (< 1%) in both
samples. A small proportion of reads remained unclassified at the class level. Overall, the class-level
taxonomic profiles indicate that the two samples share a largely conserved microbial community
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structure, with the same dominant bacterial classes present and broadly comparable relative abundance
patterns.

Although Bacillota and Bacteroidota dominate in vivo (> 90% of gut bacteria) [29], batch faecal
fermentations frequently deviate from this pattern, with Proteobacteria (including
Gammaproteobacteria) becoming highly abundant after 24 h [30]. The observed Gammaproteobacteria
levels in our fermentations are consistent with the lack of pH control, the accumulation of fermentation
acids and the known ex vivo overgrowth tendencies of Enterobacteriaceae in simple media. Therefore,
our results align with prior in vitro studies and likely reflect physicochemical constraints of the batch
system (pH, buffering, substrate spectrum) rather than an artefactual or unique anomaly [31, 32]. This
effect also impacted the concentration of the SCFA in the faecal supernatants. Bacillota, which include
families like Lachnospiraceae and Ruminococcaceae, are significant producers of SCFAs, such as
butyrate [33]. These SCFAs play a crucial role in maintaining gut health by serving as an energy source
for colonocytes and having anti-inflammatory properties. Bacteroidota, on the other hand, are associated
with the production of propionate [33, 34]. The balance and interaction between these phyla influence the
overall production of SCFAs, impacting gut health and metabolic functions. After 24 h, acetate,
propionate, and butyrate reached concentrations on the order of tens to a few hundred millimolar (after
correcting for sampling dilution), which is comparable to the magnitude of SCFA concentrations reported
in human colonic contents and faeces, where total SCFA typically range between ~ 70 and 140 mM in
proximal colon and 10-70 mM in distal colon; individual SCFAs typically range from 8—40 mM (proximal)
and 1-20 mM (distal), with acetate:propionate:butyrate = 3:1:1 [35]. The relative distribution of acetate >
propionate = butyrate, together with measurable lactate and high formate, is consistent with metabolic
profiles reported for faecal and in vitro colonic fermentations, acknowledging that closed batch cultures
tend to accumulate higher SCFA levels than the in vivo colon due to the absence of absorption [36, 37].
After 24 h of in vitro anaerobic faecal fermentation, the levels of SCFA in the two fermentations were
similar, with formic acid levels at 33000 ug-mL~! (717 mM) approximately. Acetic acid represented the
second most abundant SCFA in both samples, with concentrations in the range of 1500 pg-mL™" (25
mM) approximately and lactic acid 3800 pg-mL™~" (42 mM). The lowest concentrations were observed for
propionic and butyric acids, 300 ug-mL™" (3.7-4.0 mM, respectively) and citric acid 550 ug-mL™" (2.86
mM) (Fig. 1B). The total acid load and especially formate were clearly supra-physiological in the colonic
context, therefore, 1:10 and 1:20 dilutions were conducted to (i) bring total SCFAs closer to in vivo ranges
to avoid toxicity for the cells, (ii) avoid non-physiological toxicity/osmolarity on target cells, and (iii) cover
a more realistic exposure range with a dose-response for downstream assays. After the dilutions, we
had for 1:10 dilution concentrations of acetate ~ 2.5 mM, propionate/butyrate ~ 0.3-0.4 mM, and for
1:20 dilutions, concentrations of acetate ~ 1.3 mM, propionate/butyrate ~ 0.15-0.2 mM. These are at or
below luminal levels, but they are within the range commonly used in cell culture and ex vivo experiments
to mimic tissue exposure (Saleri et al., 2022).

3.2. Caco-2/HT29-MTX monolayers in cell culture inserts
and on-chip
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Caco-2/HT29-MTX (9:1 ratio) were grown in cell culture inserts for 21 days or in a microfluidic-based
platform under continuous flow for 7 days. Confocal images demonstrated that cell cultures in inserts
over 21 days resulted in cellular monolayers predominantly flattened, displaying a quasi-squamous
morphology (Fig. 2A). In contrast, gut-chip cultures developed a 3D architecture within only 7 days of
culture, more closely resembling the in vivo intestinal epithelium morphology (Fig. 2B). This accelerated
acquisition of physiological morphology was accompanied by continuous TJ protein expression, also
indicating functional differentiation under dynamic flow conditions. Together, these findings
demonstrate that the gut-chip platform not only reduces differentiation time but also promotes the
formation of structurally and functionally more relevant intestinal epithelial barriers compared with static
cell culture systems.

As cells proliferate and differentiate, they form a continuous and tight monolayer, reflected in a
progressive increase in the TEER [40]. Figure 3 shows a consistent increase in TEER values obtained
from the Caco-2/HT29-MTX (9:1) cultures in cell culture inserts over the 21 days of differentiation.

TEER values reported in the literature for Caco-2/HT29-MTX co-cultures at the same 9:1 ratio vary
considerably. Vincentini et al. reported TEER values of approximately 400 Q.cm?, whereas Hilgendorf et
al. and Pan et al. reported values of approximately 1800 and 250 Q.cm?, respectively [41-43]. Such
variability may reflect differences in experimental conditions and highlights the importance of controlling

methodological factors, such as culture medium composition, cell passage number and temperature
[16].

3.3. Exposure of Caco-2/HT29-MTX monolayers to
fermentation supernatant

Two dilutions of the fermentation supernatant in HBSS, 1:10 and 1:20, were evaluated.

In cell culture inserts, after 21 days of culture, cells were washed with pre-warmed HBSS at 37°C.
Fermentation products diluted in HBSS or solely HBSS (control) were added to the apical side (500 pL),
while HBSS was used in the basolateral side (1500 pL). On-chip, following 7 days of culture, syringes
were unplugged, and HBSS was flushed to wash remaining culture medium. The syringe containing
fermentation supernatant, diluted in HBSS or in HBSS alone (control), was connected to the upper
channel, and a syringe containing HBSS was connected to the bottom channel (Supplementary Material,
Figure S1B). The flow of the pump was reduced to 20 pL-h™" for 1 mL syringes with an internal diameter
of 4.78 mm.

TEER was measured on day 21 of differentiation, immediately after replacing the culture medium (MEM)
with fermentation supernatant diluted in HBSS. HBSS was used as the control condition. A slight
decrease in TEER was observed at time 0 (Fig. 4A) compared with the values measured in MEM on day
21 before the medium change (Fig. 3). This decrease may be related to differences in the electrolyte
composition and nutrient content of the two solutions [44]. MEM contains a broader range of nutrients
and growth factors required for cell culture maintenance, whereas HBSS is a simpler balanced salt
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solution. The change in the extracellular environment may therefore transiently affect the electrical
resistance measured across the epithelial monolayer [45]. Following 4 h of exposure to the fermentation
supernatant, TEER values showed an average increase compared with the values measured at 0 h

(Fig. 4A).

Regarding the Lucifer Yellow permeability assay, at the end of the experiment (8 h) performed in cell
culture inserts, neither the 1:10 nor the 1:20 fermentation supernatant dilutions resulted in a significant
difference in P, compared with the control group. These results indicate that, under the tested
conditions, exposure to the fermentation supernatant did not significantly alter the permeability of the

epithelial monolayer.

When comparing P
P

app Of Lucifer Yellow in the HBSS control condition between the two models (Fig. 4B),

app Was consistently and significantly lower in cell culture inserts (1.04 x 1077 +8.98x 10° cm.s™ ")

than in the dynamic gut-chip (7.96 x 10~/ + 1.82 10~/ cm.s™"). The permeability measured in the cell
culture inserts was also lower than the value reported in ex vivo studies using human samples in Ussing
chambers (4.4 x 107 cm.s")[46], suggesting that the static culture system may produce a less
physiologically representative permeability profile.

In contrast, exposure to the fermentation supernatant in the dynamic gut-chip resulted in a significant
reduction in Lucifer Yellow P,,, compared with the control condition for both the 1:10 and 1:20 dilutions.
This decrease in permeability suggests that the fermentation supernatant may enhance barrier function

under the dynamic culture conditions tested, with a similar effect observed at both concentrations.

3.3.1. Testing vehicles for fermentation supernatant for
longer exposure periods

To assess the effect of fermentation supernatant on cell viability following 24 h exposure in HBSS, Caco-
2/HT29-MTX (9:1) co-cultures were established in 96-well plates and differentiated for 21 days. On day
21, differentiated cells were incubated for 24 h with complete MEM (positive control for cell viability),
40% DMSO (negative control), HBSS, fermentation supernatant diluted 1:10 in HBSS, or budesonide (3
uM) diluted in HBSS. Cell metabolic activity was subsequently assessed using the resazurin reduction
assay (Fig. 5).

Cells exposed to budesonide (3 uM) diluted in HBSS or to HBSS showed a significant reduction in
metabolic activity compared with the positive control (complete MEM), with decreases of more than 20%
(p<0.001). A more pronounced reduction of approximately 40% was observed following exposure to
fermentation supernatant diluted 1:10 in HBSS (p < 0.0001). These results indicate that HBSS may not be
a suitable carrier for fermentation supernatants during prolonged exposure, as incubation with HBSS for
24 h significantly reduced the metabolic activity of differentiated cells.
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A 54% reduction in TEER was also observed following 24 h incubation with HBSS (Supplementary
Material, Figure S2), further indicating that prolonged exposure to HBSS negatively affects epithelial
barrier function. The reduction in both TEER and metabolic activity may be related to the limited nutrient
content of HBSS compared with complete MEM, which becomes particularly relevant during prolonged
incubation periods.

To identify alternative vehicles that could minimize these effects, complete MEM, MEM without FBS and
HBSS supplemented with HEPES (25 mM) were evaluated [47]. Caco-2/HT29-MTX (9:1) co-cultures were
grown on cell culture inserts for 21 days and subsequently incubated with each vehicle for 24 h. The
relative TEER values, expressed with respect to the values measured on day 21 of culture, before and
after the 24 h incubation period, are presented in Fig. 6.

As expected, the highest TEER values after 24 h of exposure were observed for complete MEM, followed
by MEM without FBS and HBSS supplemented with 25 mM HEPES (HBSS-HEPES), whereas the lowest
relative TEER values were observed for HBSS (Fig. 6). Compared with the TEER measured on day 21,
exposure to HBSS resulted in a 54% decrease, while HBSS-HEPES resulted in an approximately 25%
decrease. In contrast, exposure to MEM without FBS and complete MEM resulted in an increase in TEER
with statistically significant differences. Although MEM without FBS maintained the epithelial barrier
more effectively than the other tested vehicles, its complex composition may introduce additional
factors that could influence permeability measurements. Therefore, considering the intended application
as a carrier for fermentation supernatants in permeability studies, HBSS-HEPES was selected as an
alternative vehicle that provides a simpler composition while maintaining epithelial barrier function and
cell metabolic activity.

The effects of HBSS-HEPES, fermentation supernatant diluted 1:10 or 1:20 in HBSS-HEPES), and
budesonide (3 pM in HBSS-HEPES) on cell metabolic activity were subsequently assessed using the
resazurin reduction assay (Supplementary Material, Figure S3). After 24 h of incubation, neither
fermentation supernatant dilution nor budesonide significantly affected the metabolic activity of
differentiated Caco-2/HT29-MTX co-cultures compared with complete MEM. Metabolic activity remained
comparable to that observed in cells exposed to complete MEM under all tested conditions, with no
statistically significant differences detected.

3.4. Exposure of barrier-impaired Caco-2/HT29-MTX
monolayers in cell culture inserts to fermentation
supernatant

To evaluate the effect of the fermentation supernatant on a compromised intestinal epithelial barrier,
differentiated Caco-2/HT29-MTX monolayers were first exposed to TNF-a (50 ng-mL™") in the basolateral
compartment on day 21 of culture for 48 h to induce barrier dysfunction. Subsequently, cells were
exposed to fermentation supernatant diluted 1:10 or 1:20 in HBSS-HEPES, or to budesonide (3 uM in
HBSS-HEPES), for 24 h, as shown in Fig. 7A. The barrier integrity was assessed by measuring TEER
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before and after TNF-a exposure and following treatment with the fermentation supernatant or
budesonide. In addition, P, of Lucifer Yellow was determined following the 24 h treatment period. To
further assess the effects of the fermentation supernatant on TJ regulation, occludin gene expression
was quantified in TNF-challenged cells, before and after treatment with the fermentation supernatant or
budesonide. Figure 7B shows the relative TEER values, expressed with respect to the value measured on
day 21 of culture, before TNF-a exposure (day 21), after the 48 h TNF-a challenge (day 23), and following
the subsequent 24 h incubation with HBSS-HEPES, fermentation supernatant diluted 1:10 or 1:20 in

HBSS-HEPES, or budesonide (3 mM in HBSS-HEPES) (day 24).

TEER measurements showed that exposure to the inflammatory stimulus for 48 h in the basolateral
compartment resulted in an approximately 45% decrease in TEER compared with the pre-challenge
values (Fig. 7B ii-v). Le et al. reported that a decrease in TEER of at least 25% can be used as an indicator
of an inflamed intestinal epithelial model (Le et al., 2023), supporting the establishment of a barrier-
impaired condition in the present study. Following incubation with the fermentation supernatant, both
dilutions (1:10 and 1:20 in HBSS-HEPES) resulted in a recovery of TEER to values comparable to those
measured before TNF-a exposure (Fig. 7B iii and iv). A similar recovery of barrier function was observed
following treatment with budesonide (3 pM in HBSS-HEPES) (Fig. 7B, v). These results suggest that the
fermentation supernatant was able to improve barrier function under the TNF-a-induced compromised
condition, with comparable responses observed for both dilutions.

Following treatment with fermentation supernatant diluted 1:10 or 1:20 in HBSS-HEPES, Papp values
were not significantly different from those measured in the healthy control condition. A similar response
was observed following treatment with budesonide (3 uM in HBSS-HEPES). These results indicate that
that exposure to the fermentation supernatant under the conditions tested was associated with a
reduction in the increased permeability observed following TNF-a challenge, suggesting a potential
beneficial effect on barrier function under compromised conditions. However, the absence of a
significant difference from the healthy control does not by itself establish an anti-inflammatory
mechanism or demonstrate complete recovery of the epithelial barrier. Overall, the results support the
suitability of the fermentation supernatant approach for investigating the modulation of intestinal barrier
function under TNF-a-induced barrier dysfunction.

Figure 8B shows a reduction in occluding gene expression in the TNF-a-challenged condition compared
with the healthy control, although the difference was not statistically significant. Reduced occludin
expression has previously been reported in models of intestinal inflammation [50], consistent with the
observed trend in the present study. This finding further supports the involvement of TJ regulation in the
maintenance of intestinal epithelial barrier function. Interestingly, occludin expression was also reduced
following treatment with budesonide (3 uM in HBSS-HEPES), despite the reported anti-inflammatory and
barrier-modulating effects of this drug (Becker et al., 2023). This unexpected finding may reflect
differences between the regulation of occludin gene expression and functional barrier responses, as well
as the specific experimental conditions used in the present study. Further investigation would be
required to determine the mechanisms underlying this response.
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4. Conclusion

Overall, this study demonstrates the feasibility of using faecal fermentation supernatants to investigate
the effects of complex microbiota-derived products on intestinal epithelial barrier function. Under the
conditions tested, the fermentation supernatant did not compromise barrier function in healthy Caco-
2/HT29-MTX monolayers, supporting its use as an alternative approach to direct microbiota-epithelial
co-culture. Comparison between static cell culture inserts and the dynamic gut-chip revealed marked
differences in epithelial permeability, with higher Lucifer Yellow permeability observed under dynamic
culture conditions. The permeability measured in the dynamic gut-chip was closer to values reported in
ex vivo studies using human samples in Ussing chambers, whereas static cultures exhibited lower
permeability. These findings highlight the influence of the culture platform on the assessment of
epithelial barrier function and support the use of dynamic models when a more physiologically
representative permeability profile is required.

The study also demonstrated the importance of carefully selecting the carrier and exposure conditions.
HBSS was not suitable for prolonged exposure, as it negatively affected both cell metabolic activity and
barrier function, whereas HBSS-HEPES provided a more suitable carrier for 24 h incubations while
maintaining cell viability and barrier function. These findings emphasise that vehicle-related effects
should be considered when designing experiments involving prolonged exposure of intestinal epithelial
models.

Importantly, treatment with fermentation supernatant following TNF-a-induced barrier dysfunction was

associated with a reduction in the increased epithelial permeability, with P, values becoming

app
comparable to those of the healthy control condition. These findings provide a basis for evaluating
fermentation-derived products using cell-based intestinal models and establish experimental conditions
that can be applied to samples generated throughout the fermentation process. In particular, the
approach can be used to investigate real fermentation samples, such as upstream digesta or other
fermentation-derived fractions, and to assess their effects on intestinal epithelial barrier function under

both healthy and barrier-impaired conditions.

Taken together, this work provides a practical in vitro strategy for evaluating faecal fermentation samples
using intestinal epithelial models representing both healthy and barrier-impaired conditions. The findings
highlight the importance of considering the culture platform, carrier composition, and exposure duration
when assessing the effects of complex microbiota-derived products. The experimental framework
established here can therefore serve as a basis for the systematic testing of different fermentation
samples and for subsequent mechanistic investigations using physiologically relevant intestinal in vitro
models.
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Figure 1

(A) Class-level taxonomic composition of bacterial communities.

Stacked bar plots show the relative abundance (%) of bacterial classes in both samples (1 and 2)
generated using the taxa bar plot visualisation in QIIME 2. The two samples display highly similar class-
level community profiles. (B) Short-chain fatty acids (SCFAs) concentrations (ugxmL™): formic, acetic,
lactic, propionic, butyric, and citric acids obtained in both samples. Each point represents an individual
measurement.

Page 23/29



Figure 2

Confocal images and orthogonal cross-section views of occludin (green), and nuclei (blue) of Caco-
2/HT29-MTX monolayers grown on (A) cell culture inserts for 21 days, and (B) on-chip under 7 days of

continuous flow (120 pL-h™). The bar in the orthogonal views corresponds to 20 pm.
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Figure 3

TEER of Caco-2/HT29-MTX (9:1) co-cultures over 21 days of culture in cell culture inserts. Values are
presented as mean = SD; N=3 independent experiments, with n=4 technical replicates per experiment.
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Figure 4

(A) TEER values measured immediately after exposure to the fermentation supernatant (0 h), after 4 h of
exposure (4 h), and during the Lucifer Yellow permeability assay (5-8 h). (B) Apparent permeability (P,p,)
of Lucifer Yellow in Caco-2/HT29-MTX monolayers grown under static and dynamic conditions in HBSS
(control) or exposed to fermentation supernatant diluted in HBSS. Values are presented as mean + SD; n
> 4. Statistical significance is indicated by * (p < 0.05), ** (p < 0.005) and **** (p < 0.0001).

Page 26/29



120 [ 1

1

B0

Metabolic Activity
(%0 relative to control - MER)

HBSS Fz 110 Eude MEMN DMED
40%

Figure 5

Relative TEER of differentiated Caco-2/ HT29-MTX (9:1) monolayers when incubated with (A) complete
MEM, (B) MEM without FBS, (C)HBSS, or (D) HBSS-HEPES. TEER values are expressed relative to the
value measured on day 21 of culture. Values are presented as mean * SD; n > 4. Statistical significance
is indicated by *** (p < 0.001) and **** (p < 0.0001).
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Figure 6

Cell metabolic activity assessed using the resazurin reduction assay in Caco-2/HT29-MTX co-cultures
grown in 96-well plates for 21 days. On day 21, cells were exposed to MEM (positive control), HBSS,
fermentation supernatant diluted 1:10 in HBSS, or budesonide (3 mM) for 24 h. 40 % DMSO was used as
the negative control. Values are presented as mean + SD; N = 2 independent experiments, with n = 3
technical replicates per experiment. Statistical significance is indicated by *** (p < 0.001) and **** (p <
0.0001).
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Figure 7

(A) Experimental timeline showing cell seeding, induction of barrier dysfunction, and exposure to the
different treatments. Caco-2/HT29-MTX (9:1) co-cultures were grown on cell culture inserts for 21 days.
(B) Relative TEER, expressed with respect to the value measured on day 21 of culture, following exposure
to i) complete MEM or (ii-v) TNF-a (50 ngxmL™) in the culture medium for 48 h, followed by 24 h
incubation with (i-ii) HBSS-HEPES, fermentation supernatant diluted in HBSS-HEPES at (iii) 1:10 or (iv)
1:20, or (v) budesonide (3 mM in HBSS-HEPES). Values are presented as mean * SD; N=3 independent
experiments, with n=4 technical replicates per experiment. Statistical significance is indicated by *** (p <
0.001) and **** (p < 0.0001).
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(A) Apparent permeability (P,p,) of Lucifer Yellow, normalised to the healthy control condition (HBSS-

HEPES). Caco-2/HT29-MTX (9:1) co-cultures were exposed to TNF-a (50 ngxmL-") in the culture medium
for 48 h to induce barrier dysfunction, followed by 24 h incubation with HBSS-HEPES, fermentation
supernatant diluted 1:10 or 1:20 in HBSS-HEPES, or budesonide (3 mM in HBSS-HEPES). Values are
presented as mean = SD; N = 3 independent experiments, with n = 4 technical replicates per experiment.
(B) Relative occluding gene expression in differentiated Caco-2/HT29-MTX co-cultures exposed to
HBSS-HEPES (healthy control) or TNF-a (50 ngxmL-") in the culture medium for 48 h, followed by 24 h
incubation with HBSS-HEPES, fermentation supernatant diluted 1:10 or 1:20 in HBSS-HEPES, or
budesonide (3 mM in HBSS-HEPES). Values are presented as mean * SD; n > 2. Statistical significance
is indicated by * (p < 0.05) and **** (p < 0.0001).
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