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A B S T R A C T   

The possible pathogenic impact of pro-inflammatory molecules produced by the gut microbiota is one of the 
hypotheses considered at the basis of the biomolecular dialogue governing the microbiota-gut-brain axis. Among 
these molecules, lipopolysaccharides (LPS) produced by Gram-negative gut microbiota strains may have a po
tential key role due to their toxic effects in both the gut and the brain. 

In this work, we engineered a new dynamic fluidic system, the MINERVA device (MI-device), with the po
tential to advance the current knowledge of the biological mechanisms regulating the microbiota-gut molecular 
crosstalk. The MI-device supported the growth of bacteria that are part of the intestinal microbiota under dy
namic conditions within a 3D moving mucus model, with features comparable to the physiological conditions 
(storage modulus of 80 ± 19 Pa, network mesh size of 41 ± 3 nm), without affecting their viability (∼ 109 

bacteria/mL). The integration of a fluidically optimized and user-friendly design with a bioinspired microen
vironment enabled the sterile extraction and quantification of the LPS produced within the mucus by bacteria 
(from 423 ± 34 ng/mL to 1785 ± 91 ng/mL). Compatibility with commercially available Transwell-like inserts 
allows the user to precisely control the transport phenomena that occur between the two chambers by selecting 
the pore density of the insert membrane without changing the design of the system. The MI-device is able to 
provide the flow of sterile medium enriched with LPS directly produced by bacteria, opening up the possibility of 
studying the effects of bacteria-derived molecules on cells in depth, as well as the assessment and character
ization of their effects in a physiological or pathological scenario.   

1. Introduction 

The interaction between the gut microbiota and human cells affects 
the health status of different regions of the body, even if they are 
anatomically distant from the gastrointestinal tract [1]. Increasing re
sources have been devoted to model the gut environment and to study 
the communication between bacteria and human cells to address various 
biological questions. One of the most exciting examples of bacteria-host 
interaction is the microbiota-gut-brain axis, a new paradigm for research 
[2–4]. The shift of the microbial population toward a pathological 
profile, defined as dysbiosis, may trigger chronic inflammation that in
fluences the onset and progression of many diseases [5–16]. 

In the challenging track to understand and reproduce the microbiota- 
gut-brain axis, increasing resources have been devoted to study in vitro 
the relation between the gut microflora and the brain function under 

healthy and pathological conditions. 
This challenge is addressed through various approaches, each 

capable of examining a different nuance within such a complex frame
work [17–20]. For instance, the co-culture of bacteria and cells facili
tated the identification of the pathological effects of specific bacterial 
species (such as E. coli and B. Fragilis) or the probiotic effects of others 
(like L. rhamnosus GG) [21–23]. Complementarily, individual cultures of 
cells or bacteria have allowed a more in-depth exploration of the 
microbiota-gut dialogue at a molecular level, pinpointing molecules of 
bacterial origin that have become subjects of study due to their potential 
pathological effects [19,24]. Embracing the second approach, the 
ERC-CoG project ‘MINERVA’ aimed at developing an advanced tech
nological platform for investigating the correlation between gut micro
flora and brain functionality within both healthy and pathological 
contexts [19,24]. 
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The full description of the biological mechanisms behind this 
communication is still an open challenge. Although several hypotheses 
have been proposed in the last decades [17,25] most of the studies have 
been focused on the immunomodulatory and potential toxic effects of 
bacterial-derived molecules released at both peripheral and central 
levels [26–38]. Among these, lipopolysaccharides (LPS) are particularly 
relevant. LPS are components of the outer membrane of Gram-negative 
bacteria that can target various cellular receptors such as toll-like re
ceptor (TLR) 4 and myeloid differentiation protein 88 (MyD88), leading 
to a downstream molecular cascade that causes the activation of a va
riety of pro-inflammatory genes [39]. Pathological concentration and 
distribution of LPS were found in various individuals with different 
neurodegenerative diseases. For example, in patients with Alzheimer’s 
disease (AD), the plasma concentration of LPS is three times higher than 
in healthy individuals (between 20 and 60 pg/mL) and LPS deposition 
was detected in the AD amyloid plaques [40,41]. 

Because of their importance in pathophysiology, LPS are used in 
different ways, either in vivo or in vitro, to study the communication 
between bacteria and host cells [42]. In vivo, LPS are typically injected 
directly into the point of interest or administered orally and then the 
presence of neuropathological biomarkers, behavioral changes, or the 
development of AD-related symptoms are monitored [43–45]. Similarly, 
LPS can also be used in vitro to treat intestinal, immune, and brain 
cell-based models cultured in standard multi-well plates to elucidate 
various aspects of the molecular mechanisms behind the toxicity of LPS 
[46–48]. 

In vivo, bacterial LPS do not directly reach the intestinal cells, but 
they must first cross the environment that separates the bacterial com
munity from the gut cells [49–51]. This environment, that can be 
considered as the stage where the dialogue between bacteria and cells is 
performed, is the intestinal mucus. 

The intestinal mucus is a biological hydrogel composed mainly of 
high molecular weight glycoproteins (i.e., mucins) and has the function 
of providing the intestinal bacteria with an environment suitable for 
colonization while preventing infection of the epithelium [52,53]. This 
function is based on the viscoelastic properties that are specifically 
distributed throughout the thickness of the mucus layer. Toward the 
lumen, the mucus layer is loose and permeable to bacteria, allowing 
them to survive and be metabolically active in symbiosis with the human 
body. In contrast, the mucus layer proximal to the epithelium is compact 
and prevents bacterial penetration. Not only the different viscosity along 
the mucus layer has a role: the chemical moieties and the polymeric 
network affect diffusion with a combined and interdependent effect on 
viscosity. The different functions of the mucus layers are marked by a 
different mesh size, about 30–200 nm in the loose layer and 7–50 nm in 
the inner layer [54,55]. 

Various mucus models have been proposed in the literature, 
including physiological mucus models, mono-component mucus models 
and multi-component mucus models [56]. They are generally composed 
by mucin solutions, with or without gelling additives, and other mucus 
components such as albumin, lipids, and DNA. These models may be 
further added onto cell monolayers to improve their physiological 
similarity [57,58]. However, they have been mainly exploited in drug 
delivery studies [59–61], with only limited use in the investigation of 
the role of LPS in the bacteria-cell communication. 

Different parameters of the in vivo situation, like the transepithelial 
electric resistance (TEER), physiologically similar villous structure, 
clearance and flushing of substances, can be reproduced with increased 
similarity by microfluidic devices, such as gut-on-a-chips, that may be 
comprehensive of mucus models [20,62]. In these dynamic systems, 
endotoxin activity can be monitored directly by injecting LPS into the 
media circuit or indirectly by culturing LPS-producing bacteria such as, 
E. coli and B. fragilis, to study the control mechanisms of gut barrier 
function, immune modulation, bacterial-cell interactions and inflam
mation [23,63]. 

However, gut-on-a-chip devices are specifically designed to study the 

biological effect of endotoxins, or the presence of bacteria, directly on 
cells. Mucus, whenever is considered, is used as a static component of 
the system, made by commercially available or cell-secreted mucin 
layers on membranes. 

Although considered as an important component in the interaction 
between bacteria and cells, there are still gaps in the integration of 
microfluidic devices with in vitro mucus models that are bioinspired in 
terms of mechanical and microstructural properties [56,57]. In this 
view, a recent work proposed a mucus-on-a-chip device investigating 
the diffusion of mucoadhesive or muco-penetrant nanoparticles using a 
static mucus model prepared from solubilized mucins (1 % w/v) in PBS 
(i.e., no 3D structure). Although not focusing on aspects like physio
logical motion, bioinspired properties and suitability for bacterial cul
ture, this microfluidic system posed a significant advance in the field, as 
it addressed mucus as a stand-alone and cell-free toll to study intestinal 
transport phenomena [64]. 

We hypothesize that the synergy between a controlled dynamic 
stimulation and a bioinspired physiological-like mucus microenviron
ment will lead to advances in our understanding of the effect of bacterial 
molecules on human health. Hence, the final aim of this work is to en
gineer a dynamic fluidic tool, the MINERVA device (MI-device), 
bridging the gap between gut-on-a-chip devices and in vitro mucus 
models by assessing two main functions (Fig. 1). Firstly, the MI-device 
will support the culture of bacteria in an ad hoc compartment, specif
ically designed to host a 3D mucus model, named I-Bac3Gels, that is 
bioinspired in terms of properties relevant for the modelling of the gut 
barrier such as microstructure and viscoelastic properties. Secondly, the 
MI-device will allow the controlled production, diffusion and sterile 
extraction of LPS produced by the bacteria dynamically cultured in the 
mucus model at quantifiable concentrations. 

As source of LPS, we selected two E. coli strains (ATCC 12014 and 
CCUG 11412) that have been associated to human pathological sce
narios of both gut [65,66] and other organs including the brain [67,68] 
and whose LPS toxicity was already evaluated in vitro [69,70] and in vivo 
[71,72]. Moreover, they have been already cultured in microfluidic 
devices [73,74] as representative of LPS-producing bacteria [59,72,73]. 

2. Materials and methods 

2.1. Materials 

The intestinal mucus model was developed by crosslinking an algi
nate solution. Alginate powder (sigma Aldrich, Lot MKCJ8027), CaCO3 
(Caelo ph 9.0 Lot 18,057,507) and D-(+)-gluconic acid-delta-lactone 
(GDL) (Sigma-Aldrich G4760; Lot SLBM7762V) were used to produce 
the intestinal mucus model. Dulbecco’s Modified Eagle Medium 
(DMEM) (EuroClone ECM0101L; Lot EU M035455) and Luria Bertani 
Broth (LB) (Formedium LMM0 102; Lot FMDA114005176), Agar (For
medium, Lot12/MFM/113) and sodium citrate (Sigma Aldrich, Lot 
BCBW9965) were used for bacterial study. 

2.2. Optimization of the intestinal mucus model I-Bac3Gel 

2.2.1. Engineering the I-Bac3Gel as physiological-like microenvironment 

2.2.1.1. Production of the intestinal mucus model. The intestinal mucus 
models (I-Bac3Gels) were developed by crosslinking an alginate solu
tion. Alginate was dissolved in complete DMEM (20 % FBS, 1 % L- 
glutamine) for at least 12 h and then mixed with CaCO3 suspension, 
fresh complete DMEM medium and GDL solutions in a volume ratio of 
4:1:1:1. The initial concentration of alginate, calcium salt and GDL were 
selected to reach, respectively, the final concentration of 1 % (w/v), 0.1 
% (w/v) and 1 % (w/v). 

2.2.1.2. Stability assessment. The I-Bac3Gels were prepared as described 
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above. Immediately after production, 2 mL of the hydrogels were poured 
into PET transparent inserts compatible with 6-Transwell-like multwell- 
plates and stored in fridge (4 ◦C). After 24 h, the Transwell-like inserts 
with the completely crosslinked intestinal mucus model were weighted, 
2 mL of fresh medium was poured into the basal chamber thus touching 
the PET membrane and the inserts incubated at 37 ◦C. After 1, 7, 14 and 
21 days the stability was assessed by weighting the model and the 
weight normalized with reference to the initial one (w(%) at t0 equals to 
100 %). Stability was hence defined as described by the formula 
(equation (1)): 

w(%)=

(

1+
w(t) − w(t0)

w(t0)

)

•100 (1)  

2.2.1.3. Modelling the microbiota environment: rheological characteriza
tion of the intestinal mucus model. Immediately after production, 2 mL of 
hydrogels were poured into petri dishes (diameter 35 mm) and stored in 
fridge (4 ◦C) for 24 h. 1 h before analysis, the models were maintained at 
room temperature and then analysed. A rotational rheometer (Anton 
Paar, Modular Compact Rheometer MCR 502) with parallel plate ge
ometry (diameter 25 mm) was used to apply an oscillatory shear strain 
of 0.5 % with variable frequency from 0.1 to 20 Hz at the temperature of 
25 ◦C (gap between plates equal to 0.5 mm). 

2.2.1.4. Estimation of the intestinal mucus model microstructure. The 
frequency responses were interpreted by using the Generalized Maxwell 

model (GMM) as previously reported [75,76]. Briefly, the GMM models 
the viscoelastic material as the parallel of n (viscoelastic) elements, each 
one made by a spring in series with dashpot, with viscoelastic moduli (G′ 
and G″) described by equation (2) and equation (3). 

G′ =Ge +
∑n

i=1
Gi

(λiω)2

1 + (λiω)
2;Gi =

ηi

λi
(2)  

G″=
∑n

i=1
Gi

λiω
1 + (λiω)2;Gi =

ηi

λi
(3)  

with λi+1 = 0.1 • λi 
where λi and ηi are, respectively, the relaxation time and the viscosity 

of the i-esimal element, Ge the modulus of an elastic element in parallel 
to the other Maxwell elements and ω the angular velocity (i.e., ω= 2πf). 
By minimizing the error between GMM and the experimental data [77, 
78], it possible to define the optimal-fitting GMM and estimate the 
material shear modulus, G∞, and mesh size, ξ (distance between two 
crosslinking sites on the same polymeric chain) as: 

G∞ =Ge +
∑n

i
Gi (4)  

ξ=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

6RT
πNAG∞

3

√

(5)  

where R is the universal gas constant, T the absolute temperature and NA 
the Avogadro’s number. In this work, the fitting of the rheological data 

Fig. 1. Schematic representation of the MI-device rationale (bottom, centre): it has been designed to fill the gap between the classical gut-on-a-chip approach (left, 
representative picture of a gut-on-chip device) and the in vitro modelling of the intestinal mucus (right, representative image of a hydrogel). The dynamicity and high 
level of control over the mass-transport phenomena that are typical of fluidic devices are synergically coupled with the bio-similarity in terms of viscoelastic 
properties and microstructure of the optimized intestinal mucus model. 
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with the GMM models was performed using MATLAB. 

2.2.1.5. Diffusivity of pathological lipopolysaccharides. The I-Bac3Gels 
were produced similarly as described above, using DMEM without FBS 
with the addiction of commercial LPS-FITC (Signa-Aldrich, Lot 
000119070) as fluorescent probe for the diffusion analysis. Briefly, 
alginate solution, LPS-FITC-enriched DMEM, CaCO3 suspension and 
GDL solution were mixed in volume a ratio of 4:1:1:1 to reach the final 
concentration, respectively, of 1 % (w/v), 100 μg/mL, 0.1 % (w/v) and 1 
% (w/v). Then, 300 μL of the model enriched in LPS-FITC were poured 
into the wells of a 48-wells multiwell plate and stored in fridge for 24 h. 
At complete crosslinking, 300 μL of fresh medium were poured in direct 
contact with the intestinal mucus model and sampled (200 μL) at 
different time points, namely 15, 30 min after the addiction of the me
dium and then every hour for 5 h. The amount of LPS-FITC diffused from 
the hydrogel to the medium was quantified by measuring the fluores
cence of the sample (wavelength of 488 nm). 

2.2.2. Biological and functional validation of the intestinal mucus model 

2.2.2.1. Inoculum of E. Coli. Two E. coli strains (ATCC 12014 serotype 
O55:K59(B5):H- and CCUG 11412 serotype O111:K (58):H-) were 
collected by scraping frozen aliquots with microbiological loop and 
inoculated overnight in 10 mL Luria-Bertami (LB) broth at 37 ◦C 
(shaking of 300 rpm). The resulted E. coli suspensions were diluted in 
complete DMEM (20 % FBS, 1 % L-glutamine) accordingly to the needs 
for the infection of the intestinal mucus model or suspended cultures (i. 
e., planktonic controls). 

2.2.2.2. E. coli static culture condition. The two E. coli strains were 
embedded separately in the intestinal mucus model by modifying the 
production process of the hydrogels. Alginate solution, E. coli suspen
sion, CaCO3 suspension and GDL solution were mixed in a volume ratio 
of 4:1:1:1 to reach the final concentration of 1 % (w/v), 5‧104 bacteria/ 
mL and 1 % (w/v), respectively. Then, 2 mL of the mucus model with 
embedded E. coli were poured into the wells of a 6-well multiwell plate. 
Then, transparent (pore density of 2‧106 pores/cm2) or translucent (pore 
density of 1‧108 pores/cm2) PET inserts compatible with the 6-well 
multiwell plate were placed onto the hydrogels and filled with 2 mL 
of fresh medium to provide nutrients to the bacteria. Finally, the models 
with embedded E. coli were incubated for 24, 48 and 72 h at 37 ◦C. 

2.2.2.3. E. coli viability in the intestinal mucus model. The assessment of 
E. coli viability was performed by CFUs counting on LB-agar plates (2.5 
% (w/v) LB culture medium containing 1.5 % (w/v) agar, Difco) [79]. At 
different time points (24, 48 and 72 h) the mucus model was dissolved 
by mixing the hydrogel with 3 mL of 50 mM sodium citrate solution. The 
samples with bacteria were then homogenized and serially diluted in 
PBS up to 1:10− 8. Finally, 10 μL of the diluted bacteria suspensions were 
poured onto LB-agar plates and incubated at 37 ◦C overnight. The 
following day, CFUs were manually counted to estimate, thought the 
dilution factor, the bacterial concentration obtained in the different 
culture conditions. 

2.2.2.4. Quantification of the lipopolysaccharide production in the intesti
nal mucus model. After 24, 48 and 72 h, the medium in the inserts was 
collected to investigate the presence of LPS by Limulus Amebocyte 
Lysate (LAL) test. The samples were firstly diluted to reach the sensi
tivity range of the reaction (0.01–0.1 ng/mL). Then, the LAL test was 
performed following the manufacturer guidelines: duplicates of 50 μL of 
medium were mixed with 50 μL of the reconstituted LAL reagent and 
100 μL of the chromogenic substrate provided, while maintaining the 
temperature at 37 ◦C. The reaction was stopped after 6 min by adding 25 
% (v/v) acetic acid and the absorbance (407 nm) measured by means of 
a spectrophotometer. Finally, the concentration of LPS (ng/mL) was 

obtained by comparing data with standard curves. 

2.3. Engineering the MI-device 

2.3.1. Design and development 
The MI-device was designed to support the 3D dynamic culture of 

bacteria while allowing the secretome diffusion in sterile medium by 
exploiting a bicameral configuration. The device was developed to be 
assembled by a plug and play approach with commercially availabe 6- 
well multiwell Transwell-like inserts, thus maximizing a user-friendly 
configuration and comparability with standard culture set-up. Indeed, 
each device consists in an apical and a basal component that envelop the 
insert thus forming two hemi-chambers separated by a semipermeable 
PET membrane. The pore dimension and pore density of the membrane 
between the two hemi-chambers can be controlled by selecting the insert 
type in order to investigate the diffusion of target molecules in different 
conditions. In this work, two different membranes were used to study 
the mass transport of bacterial-derived LPS from the basal to the apical 
hemi-chamber in condition of higher pore density (1‧108 pores/cm2, 
translucent inserts) and lower pore density (2‧106 pores/cm2, trans
parent inserts) but with the same pore dimensions (diameter of 0.4 μm). 
Multi jet fusion 3D printing of Nylon PA12 was used to manufacture the 
different compartments of the device. The basal hemi-chamber was 
produced with an elliptical base (4 cm × 2 cm) to host the mucus model 
for 3D culture of bacteria. Its elliptical shape was designed in order to 
support the mucus flow and avoid stagnation points. The apical hemi- 
chamber was designed as a cylinder of diameter equal to 1 cm in 
order to fit the 6-well multiwell Transwell-like inserts for either parallel 
or antiparallel medium flow. The thickness was set to 2 mm for the both 
apical and basal hemi-chambers. Silicon tubes and luer-lock connectors 
allow the connection of the device to the perfusion systems and reser
voirs for sample collection. Both the apical and basal hemi-chambers are 
equipped with a glass-slide to allow the possible real-time live moni
toring of the culture. 

2.3.2. Hydraulic sealing and sterility assessment 
The hydraulic sealing was assessed by placing two plastic O-ring 

system bonds in both the hemi-chambers and a snap-fit closure. 
Different flow rates of distilled water (0.5, 1, 5, 10, 20, 50, 100, 200 and 
400 μL/min) were imposed in both the hemi-chambers to investigate the 
presence of fluid leakage, The flow rate was maintained for at least 12 h 
before investigating possible fluid leakage. For the sterility assessment, 
the MI-devices were decontaminated using vaporized hydrogen 
peroxide (VHP LS60 Biodecontamination Unit, STERIS), while silicon 
tubing and reservoirs were autoclaved. Inflow of LB medium was set at 
50 μL/min and maintained overnight. Then, 10 μL of the medium were 
collected from the reservoirs and from the two hemi-chambers, and 
poured onto LB-agar plate to investigate bacterial presence after 24 h. 

2.4. Integrating the MI-device and the I-Bac3Gels 

2.4.1. E. coli dynamic 3D culture in the MI-device 
I-Bac3Gels with embedded E. coli were produced as described above. 

Immediately after preparation, 35 mL of infected mucus model were 
poured into luer-lock syringes and connected to the basal chamber of the 
MI-device by means of 20 cm silicon tubes (I.D. 1.58 mm). Similarly, 
syringes with 35 mL of sterile complete DMEM were connected to the 
apical chambers of the MI-device by 20 cm long silicone tubes (I.D. 1.58 
mm). The basal and apical outlets were connected to sterile reservoirs 
for sample collections. The inlet syringes were placed into a multi- 
syringes syringe-pump (Harvard apparatus PHD ULTRA) and a con
stant flow rate of 5.0 μL/min was set to start the hydrogel and medium 
flows. After 24, 48 and 72 h of culture at 37 ◦C, the medium, from the 
apical chamber, and the infected hydrogels, from the basal chamber, 
were sampled for the quantification of LPS and bacterial availability 
investigation respectively. The dynamic cultures and the downstream 
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analysis were performed considering four different scenarios:  

a) E. coli ATCC cultured in device mounted with transparent (T) insert;  
b) E. coli ATCC cultured in device mounted with translucent (L) insert;  
c) E. coli CCUG cultured in device mounted with transparent (T) insert;  
d) E. coli CCUG cultured in device mounted with translucent (L) insert. 

The infected hydrogel taken from the basal hemi-chamber was mixed 
in a volume ratio of 1:1.5 with 50 mM sodium citrate, homogenized and 
serially diluted following the same procedure of the static cultures (see 
Paragraph 2.2.2). Then, 10 μL of the diluted sample were poured onto LB 
agar plate and incubated at 37 ◦C overnight before manual counting of 
the CUFs. 

2.4.2. Quantification of the lipopolysaccharide production in the MI-device 
Before the quantification of LPS, the sterility of the medium collected 

from the apical hemi-chamber was verified by plating 10 μL onto LB- 
agar plates and incubated overnight at 37 ◦C. The samples were 
diluted to reach the sensitivity level of the LAL test (0.01–0.1 ng/mL). 
The quantification of LPS was obtained by following the manufacturer 
instruction as reported above (see Paragraph 2.2.2.4.) 

2.5. Evaluation of the effect of the lipopolysaccharides produced in the 
MI-device on gut epithelial cells 

2.5.1. Static culture of in vitro model of human intestinal epithelial cells 
Caco-2 cells (ATCC® HTB-37) were cultured as 2D in vitro model of 

human intestinal epithelial cells. The culture medium used for the cell 
culture was high glucose DMEM supplemented with 20 % heat- 
inactivated FBS, 2 mM L-glutamine, 100 units/mL of penicillin and 
100 μg/mL of streptomycin. Caco-2 cells were seeded at a density of 
5⋅104 cells/cm2 onto pH-equilibrated PET membrane of translucent (L) 
Transwell-like inserts having surface area of 1.1312 cm2, pore diameter 
of 0.4 μm, and pore density of 1⋅108 pores/cm2. The L-inserts with cells 
were placed in an incubator at 37 ◦C with 5 % CO2 for 7 days, and the 
culture medium was replaced every 2 days. 

2.5.2. Evaluation of the epithelial integrity 
ATCC E. coli was cultured for 72 in 3D dynamic condition within the 

MI-device mounted with translucent (L) Transwell-like insert (see 
Paragraph 2.4.1). At the end of the culture, the DMEM culture medium 
in the reservoirs placed downstream of the apical hemi-chamber was 
collected and stored at − 80 ◦C. 

After 7 days of static culture (see Paragraph 2.5.1), the 2D monolayer 
of Caco-2 cells were treated with the medium collected from the apical 
chamber of the MI-device and the monolayer integrity evaluated by light 
microscopy (Leica DMi1 optical microscope) and by measuring the 
TEER as previously reported [48,80]. One electrode of the EVOM (World 
Precision Instruments, USA) measuring system was placed in the apical 
compartment of the Transwell-like insert (L), while the second one put in 
contact with the basal compartment. The TEER (Ω⋅cm2) of the Caco-2 
monolayer was estimated according to equation 6  

TEERcells = (Rmeasured – Rblank) ⋅ Membrane Area                                 (6) 

where the Membrane Area is equal to 1.1312 cm2 and Rblank is the 
resistance (Ω) of the translucent (L) Transwell-like insert without cells. 
The values of TEER at different time points of treatment with LPS- 
enriched culture medium (3, 4, 7, 10, 11, 14, 17, 18 and 21 days) 
were obtained by averaging three measures per conditions. The exper
iment was conducted twice. 

2.6. Statistical analysis 

Unless stated, experiments were performed at least three times, each 
with at least duplicate samples, and data were plotted as mean ±

standard deviation. Normality test (D’Agostino-Person test) was per
formed to investigate the Gaussian distribution of the data. Then, Stu
dent’s t-test/Mann-Whitney test or ANOVA/Kruskal-Wallis test were 
performed to compare couple or group of data, accordingly to the 
normality check results. 

3. Result 

The rationale of the present work was to employ an engineering 
approach to meet the need of new systems addressing the relevance for 
human physiopathology of bacteria-derived biomolecules. In particular, 
we developed a technological tool to provide LPS that are directly pro
duced by bacteria in a biosimilar microenvironment, in a quantifiable 
and controllable way. Firstly, we optimized a 3D in vitro intestinal mucus 
model, focusing on the key properties required to support bacterial 
culture and allow the transport and diffusion of LPS (see Paragraph 3.1). 
These properties included the stability, the viscoelasticity, and the size 
of the polymeric network mesh. We engineered a new dynamic device 
(see Paragraph 3.2), the MI-device, to provide a user-friendly system, 
featuring standard biology laboratory tools, such as the Transwell-like 
inserts, with the advantage of providing dynamic stimulations through 
both flowing liquid culture media and moving 3D hydrogels. 

Finally, we integrated the MI-device with a 3D in vitro mucus model 
(see Paragraph 3.3). This integrated system overcame some limitations 
posed by in vivo models when investigating the specific role of LPS in the 
microbiota-gut-brain axis, as well as the lack of standard in vitro tools 
that accurately replicate the bioinspired structure of the gut barrier. 

3.1. Optimization of the intestinal mucus model I-Bac3Gel 

The viscoelastic properties of the intestinal mucus were reproduced 
by alginate-based hydrogels (I-Bac3Gels), as previously reported [75]. 
The transfer of the reproduced mucus to the MI-device required peculiar 
challenges. Among these, the stability of the model for a proper time
frame, in the same culture medium used for the target culture, is a 
prerequisite to avoid changes in the structural feature of the system or to 
avoid the release of unwanted degradation products that may represent 
confounding agents in the characterization of either physical (like 
diffusion of molecules) or biochemical (like production of molecules) 
phenomena. In the case of I-Bac3Gel, the model resulted stable in the 
DMEM culture medium as the maximum weight loss was observed after 
21 days of immersion and was lower than 10 % (equal to the ∼ 6 %) of 
the initial weight (Fig. 2 A). 

The I-Bac3Gels recapitulated the features of the physiological mucus, 
as the frequency response of the I-Bac3Gel was comparable with 
hydrogel-like behaviour, and the storage modulus G′ was higher than the 
loss modulus G″ for all the frequency spectra considered (Fig. 2 B). At the 
physiological frequency of the migrating motor complex (0.1 Hz), the 
storage and loss moduli were equal to 80 ± 19 Pa and 7 ± 2 Pa, 
respectively. 

The microstructure of the mucus models, that plays a key role in the 
definition of the mass transport through a matrix either of biological or 
artificial origin, was evaluated by means of a rheological approach. The 
viscoelastic properties (G′ and G″) were successfully fitted by the GMM 
(Fig. 2C) by error minimization, resulting optimal when 4 Maxwell el
ements were considered for the fitting (Table 1). In this case, the G′ and 
G″ obtained from the model were found to be comparable to the 
experimental data and equal to 83 ± 19 and 6 ± 1 Pa, respectively. The 
shear modulus and mesh size, estimated by coupling the fitting param
eters of the 4-elements GMM with the elasticity rubber theory and the 
hypothesis of an ideal polymeric network, were equal to 107 ± 24 Pa 
and 41 ± 3 nm, respectively. 

The evaluation of the I-Bac3Gels to allow the release of molecules 
was performed by including a fluorescent dye in the mucus matrix and 
by studying its release. In particular, the production protocol was 
modified to incorporate LPS-FITC during the preparation of the hydro
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gel. This change did not impair the gel formation, as qualitatively 
investigated by the inverted tube test. The release of the LPS-FITC was 
time dependent (Fig. 3 A), and reached the concentration of 42 μg/mL at 
plateau after ∼ 300 min. The rate of release (expressed as %) was suc
cessfully described by the Weibull models (Fig. 3 B) as expressed by the 
formula: 

M(t)
M(∞)

=
(

1 − e(− a•t)b
)

‧ 100  

where M(t) is the mass of the molecules diffused at the time t, M(∞) the 
mass of diffused molecules at the equilibrium, and a and b the fitting 
parameters. By minimizing the chi-squared error, it was possible to 
identify the best fitting parameters of the model (i.e., a = 0.02, b = 0.87), 
indicating that the 50 % of the mass transport phenomena were 
exhausted after 69 min, the 75 % after 142 min and the 90 % after 245 
min. 

To validate the I-Bac3Gels from both the biological and functional 
point of view, two different strains of E. coli, as representative strains of 
the bacteria consortium composing the human microbiota, were 
selected to investigate the capability of the mucus model to sustain 
bacterial growth. The availability of ATCC or CCUG E. coli strains was 
independent from the culture condition, as the planktonic suspension 
(pK) or the presence of the 3D hydrogel (3D) lead to comparable CFUs 
for each time point and membrane considered. For example, the dif
ferences between the CFUs of the ATCC and CCUG E. coli cultured in 3D 
vs pK was 3 and 5 %, respectively, after 24 h of (T) culture (Fig. 4 A and 
C). 

The availability of ATCC E. coli was time-dependent (Fig. 4 B), with a 
reduction of the bacteria concentration either in the culture in suspen
sion or within the 3D mucus model: from ∼ 4.9 to ∼ 1.5 ± 0.9 ‧ 109 

bacteria/mL and from ∼ 5.1 to ∼ 0.9 ‧ 109 bacteria/mL, respectively. 
Differently, the other conditions were not influenced by the time, as the 
concentrations obtained in the static culture were comparable for each 
time point (e.g., from ∼ 1.5‧ 109 bacteria/mL at 24 h to ∼ 1.3 ‧ 109 

bacteria/mL after 72 h in case of CCUG 3D cultured with translucent 
membrane) (Fig. 4 D). 

The concentration of LPS was quantified (Fig. 5) to evaluate the 
possible effect of the 3D environment on the bacteria behaviour. The 
validity of the LAL in case of the 3D condition was confirmed by pre
liminary investigation, as no interferences between the sterile hydrogels 
and LAL negative control were found in the absorbance at 407 nm, as 

Fig. 2. A) Stability of the intestinal mucus model in a time period of 21 days. B) Viscoelastic properties of the model expressed in terms of storage (G′) and loss (G″) 
moduli in the frequency spectra of 0.1–20 Hz. C) Generalized Maxwell model results fitting (red colour) the experimental data (blue colour). (Data obtained by three 
independent experiments with n = 5). 

Table 1 
Shear modulus of the elastic element of the GMM that were obtained to estimate 
the shear modulus and the mesh size of the alginate-based intestinal mucus 
model.  

Ge [Pa] G∞ [Pa] ξ [nm] 

80 ± 19 107 ± 24 41 ± 3  

Fig. 3. A) Release profile of the LPS-FITC from the I-Bac3Gel to the medium in time. B) Release rate of the LPS-FITC and the Weibull model fitting the experimental 
data. (Data obtained by three independent experiments with n = 5). 
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defined by the manufacturer instruction. 
The type of culture, in suspension (pK) or in I-Bac3Gels (3D), greatly 

influenced the production of LPS. The LPS produced were higher in case 
of static 3D culture either for ATCC or CCUG E. coli cultured with 
transparent (T) or with translucent (L) membrane. These differences 
were maximum in case of ATCC E. coli (T) after 24 h of culture, with the 
3D condition inducing an increase of the concentration of LPS by a factor 
of 20 (Fig. 4 A). Oppositely, the minimum difference was measured for 
CCUG E. coli (T), where the pK-related concentration of LPS was equal to 
the 84 % of the 3D culture (Fig. 5C). 

The production of LPS was generally directly associated with time. 
Indeed, the concentration of LPS was found minimum, for all the con
ditions considered, after 24 h and maximum after 72 h. However, for the 
cultures performed with transparent membranes, the increase of the 
concentration of LPS became significant only after 72 h of culture for 
both ATCC and CCUG strains. 

For a fixed strain (ATCC or CCUG) and culture condition (pK or 3D), 
the concentration of LPS found in the medium was highly dependent 
from the type of membrane used (T or L) to separate the I-Bac3Gels from 
the sterile medium. The transparent (T) membranes were indeed asso
ciated with lower endotoxin concentration, while the translucid (T) 
membranes facilitated the diffusion of LPS. For example, in the 3D 
culture of ATCC (24 h), the concentration of LPS changed from 38 ± 13 
ng/mL to 725 ± 32 ng/mL in case of T and L membrane, respectively. 
This represented also the maximum difference found between the T and 

L cultures in absolute (i.e., increase of factor of ∼ 19). Differently, the T 
and L condition that expressed the lowest difference in the concentration 
of LPS was the ATCC E. coli cultured in suspension (pK) for 24 h, where 
the concentration of LPS was equal to 24 ± 6 ng/mL (T) and 39 ± 7 ng/ 
mL (L). 

The type of strain influenced the concentration of LPS in dependence 
of the culture condition. Indeed, the use of ATCC or CCUG strains for the 
culture showed differences generally after 72 h, but not at 48 h, and in 
case of translucid membrane. For example, the concentration of LPS (72 
h) diffused in the medium where translucent membrane was used was 
equal to 894 ± 81 ng/mL (ATCC) and 962 ± 9 ng/mL (CCUG) for the 3D 
cultures and equal to 39 ± 7 ng/mL (ATCC) and 150 ± 3 ng/mL (CCUG) 
for the pK cultures. 

3.2. Engineering the MI-device 

We have designed the MI-device aiming at producing a dynamic 
millifluidic system to study the toxicity of LPS, while including an 
optimized bioinspired mucus model that can actively move in the 
system. 

The design of the MI-device (Fig. 6) sustained a wide range of me
dium inflow as no leakage of distilled water was observed for all the flow 
rates considered from 0.5 to 400 μL/min. The vaporized hydrogen 
peroxide resulted to be an efficient method to avoid unwanted in
fections. The undiluted samples of the medium that flowed into the 

Fig. 4. Viability of ATCC and CCUG E. coli (A-B and C-D respectively) after being cultured in the I-Bac3Gel (3D) or suspension (pK) for different time periods (24, 48 
and 72 h) in Transwell-like insert with transparent (T) or translucent (L) PET membranes to separate the hydrogels from the medium. (Data obtained by five in
dependent experiments with n = 3). 
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device, collected in different points of the system, did not lead to visible 
bacteria growth onto the LB-agar plates. 

The main criteria used for designing the MI-devices were:  

1. Possibility to allow the flow of I-Bac3Gels infected with bacteria;  
2. Possibility to extract sterile medium for the quantification of LPS;  
3. User-friendly assembly. 

The presence of an elliptical base in the basal hemi-chamber facili
tated the I-Bac3Gel flow, that was easily conveyed from the inlet tube to 
the outlet without bubble formation or leakage of the mucus model 
(Fig. 6). The presence of a commercially availabe insert as a third and 
removable element of the MI-device had different aims. First, it acts as a 
separation element between the basal and the apical hemi-chamber, 
impairing bacterial motion from the I-Bac3Gels to the medium, while 
providing porosity for the diffusion of the molecules (e.g., LPS) to be 
quantified. Secondly, it makes the dynamic culture performed in the MI- 
device comparable to standard static bacterial culture made in 6-well 
Transwell-like multiwell plate, which can hence be used as a control 
configuration. 

3.3. Integrating the MI-device and the I-Bac3Gels 

The bacterial concentrations were comparable in the different 

dynamic culture conditions at a fixed time point (Fig. 7), as the type of 
membrane used (T or L) and the E. coli strains (ATCC or CCUG) resulted 
in comparable CFUs number after 24, 48 and 72 h. The maximum 
concentration of bacteria was reported for the 3D dynamic culture of 
ATCC with translucent insert (dyn3D (L)) after 24 h, while the 3D dy
namic culture of CCUG E. coli cultured with transparent interest for 72 h 
showed the lower bacterial concentration, that was decreased by 76 % 
(from 3.0 ± 1.5 ‧ 109 to 7.3 ± 2.6 ‧ 108 bacteria/mL). 

Differently from the experimental set-up conditions, time had a role 
in the bacterial concentration measured in the dynamic culture in spe
cific condition. Although the 3D dynamic culture of CCUG strain was not 
influenced by time, the ATCC showed a decrease of about 27 % from 24 
to 72 h in the bacterial concentration (from 1.2 ± 0.2 ‧ 109 bacteria/mL 
to 8.7 ± 2.9 ‧ 108 bacteria/mL) in case of transparent membrane (T), 
while remaining comparable in case of translucent membrane (L) (∼ 3.0 
‧ 109 bacteria/mL). 

Importantly, the dynamic stimulation did not impair the growth of 
bacteria, as no differences were observed between the 3D dynamic 
culture, mounted with either transparent or translucent inserts, of both 
ATCC and CCUG E. coli and the correspondent static 3D control. 

The design of the MI-device was suitable for the collection of sterile 
LPS in the apical hemi-chamber and allowed its post-culture quantifi
cation, as the medium of the apical hemi-chamber was found sterile in 
all the experiments performed, independently from the insert type and 

Fig. 5. Concentration of LPS quantified in the medium added to the insert with transparent (T) or translucent (L) membrane in contact with ATCC (A and B) or CCUG 
(C and D) E. coli cultured in suspension (pK) or within the intestinal mucus model (3D). (Data obtained by five independent experiments with n = 3). 
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bacterial strain. 
The diffusion of LPS was affected by the experimental set-up, strain 

and time (Fig. 7). At a fixed time and E. coli strain, the LPS diffused in the 
medium through the translucent membrane were higher than the ones 
diffused through the transparent membrane by near one order of 
magnitude in case of ATCC E. coli and by a factor of 6 in case of CCUG 

E. coli. Moreover, comparing the cultures between the two strains, dif
ferences in the concentration of LPS were found only in case of trans
lucent insert (L) at 24 and 48 h, with the ATCC E. coli reaching up to ∼ 3 
and ∼ 2 times the concentration of LPS produced by the CCUG E. coli. 
After 72 h of culture, the LPS derived by ATCC and CCUG E. coli resulted 
comparable. 

Fig. 6. Design of MI-device for 3D dynamic culture of bacteria. (A) Exploded and combined vision of the three components (apical and basal components and 
Transwell-like insert) composing the MI-device. B) Assembled MI-device with red and blue colours representing the fluid dynamics of the apical and basal hemi- 
chambers, where the flows of culture medium (red, apical hemi-chamber) and of I-Bac3Gels (green, basal hemi-chamber) are separated by the membrane of the 
Transwell-like insert (in blue). C) Real pictures of the Transwell-like inserts and of the MI-device (bottom and top visions) showing the pre-filling inflow of the I- 
Bac3gels. D) Focus on the functional area of the MI-device where the exchange of molecules occurs. The I-Bac3Gel with the embedded bacteria flows in the basal 
hemi-chamber. Thanks to the porous membrane, the bacteria-derived molecules, including LPS, can diffuse into the apical hemi-chamber (for technical and 
dimensional details, see Refs. [80–82]) and can be collected for further use. 

Fig. 7. 3D dynamic culture of ATCC (A) and CCUG (B) cultured in the MI-device mounted with transparent (T) or translucent (L) commercial inserts. The dashed 
lines represent the upper and lower ranges of CFUs counted for 3D static culture for ATCC (left) and for CCUG (right). (Data obtained by five independent ex
periments with n = 2). 
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The passing of time was related to an increase of the concentration of 
LPS in the fresh medium of the apical hemi-chamber. Independently 
from both the type of insert (T or L) and the strain (ATTC or CCUG), the 
concentration of LPS quantified after 72 h of culture was higher than the 
one quantified after 24 h. For example, the 3D dynamic culture of ATCC 
E. coli cultured in the MI-device mounted with a translucent insert (L) 
increased by 150 % from 24 to 72 h (from 1137 ± 100 ng/mL after 24 h 
to 1785 ± 91 ng/mL after 72 h). Similarly, the concentration of LPS 
produced by CCUG E. coli cultured in the same condition (insert L) after 
24 and 72 h of culture increased by 386 % (423 ± 34 and 1636 ± 42 ng/ 
mL). 

The dynamic stimulation greatly enhanced the production of LPS 
(Fig. 8). Indeed, both ATCC and CCUG E. coli cultured in 3D dynamic 
condition showed an evident increase of the concentration of LPS in the 
medium of the apical hemi-chamber compared to the static culture. The 
maximum difference, in particular, was observed in case of ATCC 
cultured for 48 h in the MI-device mounted with transparent insert, that 
exhibited a concentration of LPS in the dynamic culture 4.5 time higher 
than the static culture with the same type of insert (39 ± 14 and 179 ±
27 ng/mL for 3D dynamic and static culture, respectively). Differently, 
the minimum difference was found in case of CCUG E. coli cultured in 3D 
dynamic and static condition, where the concentration of LPS was equal 
to 851 ± 59 and 680 ± 12 ng/mL, respectively (i.e., lower by a factor of 
∼ 1.2). 

To evaluate the biological impact of the bacteria conditioned media 
containing LPS generated in the MI-device, the medium derived from the 
dynamic 3D culture of ATCC E. coli, was collected and employed for the 

treatment of statically cultured Caco-2 cell monolayer. After a treatment 
period of 11 days, we noticed a significant impact on the integrity of the 
Caco-2 monolayers (Fig. 9). Although morphology was comparable for 
treated and untreated samples, the TEER measurement of the Caco-2 cell 
monolayers subjected to the enriched culture medium exhibited a lower 
value if compared to the monolayers cultured in standard culture me
dium. Specifically, the TEER of the treated Caco-2 cells was recorded at 
394 ± 37 Ω cm2 after 11 days, reflecting a 21 % reduction in the TEER 
when compared to the TEER values of the untreated samples (i.e., 499 ±
69 Ω cm2). This reduction of cellular layer integrity persisted in the 
subsequent time points, with a 15 % decrease in the TEER of the final 
day of treatment (day 21) for the treated Caco-2 cultures (382 ± 8 Ω 
cm2) in comparison to the untreated control group (447 ± 34 Ω cm2). 

4. Discussion 

The human gut microbiota dialogues with the intestinal tissue by a 
complex biomolecular alphabet [17,18,83]. Different approaches can be 
exploited to answer multiple questions: direct co-culture of cells and 
bacteria are powerful tools to evaluate the role of specific biological 
actors in target pathological scenarios. Similarly, the separation of 
biological actors can allow the manifestation of unknow mechanism that 
are masked into complex systems [20,84,85]. This work is inserted in 
the second approach: our scope is to provide tools that are suitable for 
disassembling the complexity of the mechanism used by bacteria to 
affect cells. 

Gut-on-a-chip devices successfully investigated different aspect of 

Fig. 8. Concentration of LPS quantified in the apical hemi-chamber of the MI-device mounted with transparent and translucent (T and L, respectively) inserts for the 
3D dynamic culture of ATCC (A and B) or CCUG (C and D) E. coli. The concentration of LPS of the 3D static cultures (3D(L) and 3D(T)) were reported for comparison. 
(Data obtained by five independent experiments with n = 2). 
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this crosstalk by co-culturing human gut cell-based models with bacteria 
and evaluating biological parameters like TEER and permeability [21, 
86,87]. However, gut-on-a-chip devices are not specifically designed to 
control the production, the extraction and the quantification of 
bacteria-derived molecules that are at the base of the biological 
response. This aspect is still a challenge. For this reason, we engineered a 
new flexible dynamic system, the MI-device, conceived to control the 
production and the mass transport of bacteria-derived molecules in a 
physiological-like microenvironment (i.e., in vitro mucus model I-Bac3
Gels) during its dynamic motion. 

The design of the MI-device comprehends one basal and one apical 
hemi-chamber, acting as a source and a collector point respectively of 
the molecules that enrich the medium flowing into the system (Fig. 6 B). 
Molecules diffuse from the basal to the apical hemi-chamber through a 
separating PET membrane, provided by a commercially available 
Transwell-like insert. The three different components, i.e. two custom- 
made units and the Transwell-like insert, are assembled (Fig. 6 A) in a 
user-friendly process, not requiring screws and other supporting 
equipment, without impacting the hydraulic sealing, bacterial penetra
tion and flow separation in between the two hemi-chambers. 

The presence of the additional element in the design brings different 
advantages. For instance, the Transwell-like insert can be extracted and 
re-inserted in the MI-device during the dynamic culture, providing 
samples representative of the in-situ condition of the apical chamber 
after interruption of culture medium flow. This aspect is particularly 
important in the characterization of the mass transport of target mole
cules, as it allows to have a punctual measurement of the concentration 
of the molecules in the area where the diffusion process directly takes 
place and not downstream it (i.e., in the reservoirs). In the reservoirs, the 
concentration of the molecules can be assumed as comparable to that in 
the chamber only with proper experiment management, for example by 
limiting the culture to short periods in order to avoid excessive sample 
dilution and/or by frequently changing the reservoirs [88]. Moreover, 
the similarity between the dynamic system and the static controls, both 
including the same Transwell-like insert, is improved with respect to the 
systems where the separating membrane in the dynamic system is 
customized accordingly to the specific design of the device, that may 
differ from the static condition (typically a Transwell®) and makes more 
complex the comparison with the control cultures [62]. 

The final aim of the MI-device is to provide a bioinspired tool 
including a gut mucus model to target the molecules produced by 

bacteria that are relevant for the microbiota-gut crosstalk. The intestinal 
mucus is generally inserted inside the gut-on-a-chip through hydrogels, 
deposited in the form of films, that are static and without their own 
dynamic motion inside the device, on membranes separating the various 
compartments of the system [64,89–92]. 

The MI-device introduced an innovative approach to include the gut 
mucus in a dynamic system: dynamism and 3D-bioinspired structure 
were considered as intertwined aspects to be modelled in order to 
recapitulate the functionality of the intestinal barrier. For this reason, 
the MI-device was designed with the basal hemi-chamber with an 
elliptical base and a silicon O-ring to convey the 3D hydrogel-based 
mucus model, dynamically moving in the system, towards the reser
voirs without inducing leakage and unwanted bacterial penetration as 
demonstrated by the hydraulic sealing (flowrates up to 400 μL/min) and 
agar-plates contamination evaluation. 

In order to include a model that effectively simulates the barrier 
characteristics of the intestinal mucus, two key aspects that determine 
the mass transport of molecules towards the gut epithelium were taken 
into account: the viscoelastic properties and the mesh size of the poly
meric network within the mucus [93,94]. 

Considering the perspective of using the MI-device in culture con
dition with the presence of eukaryotic cells, the I-Bac3Gels were pro
duced in DMEM and the hydrogel formation achieved by crosslinking 
alginate with insoluble calcium salts and an acidifying agent to reach 
homogeneous properties [75,77,95–97]. The formulation here proposed 
showed an elastic-like predominant behaviour (G’ > G″), expressing 
viscoelastic moduli in the physiological range of reference (2–200 Pa) 
(Fig. 2-A) [56]. Similarly, the Generalized Maxwell Model was adopted 
as method to estimate the shear modulus G of the engineered mucus 
model and then to compute its mesh size, exploiting the elastic rubber 
theory, thus get greater insights over the final microstructure (Fig. 2C 
and Table 1) [60,76]. Importantly, the model displayed similar ξ (41 ± 3 
nm) when compared to physiological loose mucus layer mesh size (30 
nm) [54]. 

The combination of proper viscoelastic properties with biosimilar 
mesh size resulted in a successful diffusion of LPS-FITC as a model 
molecule of LPS directly produced by bacteria over time (Fig. 3 A). 
However, to model the biomolecular crosstalk between bacteria and 
cells, it is fundamental that the mass-transport in the system is compa
rable to that occurring in vivo. For this reason, the biosimilarity of the 
diffusion was evaluated by the Weillbul’s semi-empirical model (Fig. 3 

Fig. 9. Effect on Caco-2 cells of the LPS-containing medium obtained by 3D dynamic culture of ATCC E. coli in the MI-device after 72 h. Integrity and morphology of 
the epithelial cell monolayer were measured respectively by means of TEER quantification (A) and light microscopy (B) (representative picture, scale bar of 100 μm). 
(Data obtained by two independent experiments, each assessed in triplicate). 
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B), where the parameter b (see equation (6)) is typically used to describe 
the type of diffusion occurring in the system [98]. The b value (equal to 
= 0.87) obtained in case of LPS-FITC release is representative of a de
viation from the pure Fickian diffusion (b ≤ 0.75) towards a combina
tion of Fickian and Case II transport type [99]. In this case, a combined 
effect of viscoelastic relaxation and swelling lead to a facilitated diffu
sion of molecules in the bulk of the material and a slowing of the front 
release at the interface with the medium due to surface phenomena 
[100–102]. Unfortunately, no data are available about the exact type of 
diffusion occurring in vivo in the gut, but a similar behaviour was re
ported in animal studies where the diffusion of molecules was facilitated 
in the loose mucus layer and reduced in the attached one [103,104]. 

The release of a commercially available LPS-FITC is an indicator of 
the suitability of the bioinspired mucus model to act as an intermediator 
between bacteria and cells. However, viable bacteria and production of 
bacteria-derived LPS are sine qua non prerequisites to reproduce in the 
MI-device the in vivo biomolecular dialogue between the microbiota and 
gut. For this reason, two different E. coli strains (ATCC and CCUG), used 
in other studies for the evaluation of the toxicity of LPS either in vivo or 
in a gut-on-a-chip device [63,105,106], were selected in this work as 
proof of concept and simplified models of LPS-producing bacteria pre
sent in the human microbiota. 

The MI-device supported the growth of bacteria in a 3D dynamic 
microenvironment in movement into the system. The 3D dynamic cul
ture of bacteria was engineered by two technical aspects: first, the 
elliptical shape of the base allowed the motion of the mucus model, 
infected by the selected bacteria, without blockage of the inlet and outlet 
of the basal hemi-chamber. Second, the chambers were designed to 
maximize the exchange of molecules between the chambers through the 
Transwell-like insert membrane (area 452 mm2) by imposing the smaller 
radius of the ellipse equal to the radius of the insert. This resulted in a 
sufficient nutrients availability to maintain a viable bacterial population 
with concentration (∼ 109 bacteria/mL) comparable to the static con
dition, independently from the E. coli strain considered (Fig. 7). 
Importantly, it was observed that the addiction of two level of 
complexity towards a more in vivo-like culture, i.e. the 3D microenvi
ronment and the dynamic motion, corresponded to comparable bacterial 
concentration that was reached when using the standard method of 
culturing bacteria (i.e., suspension) (Fig. 4). 

The presence of a bioinspired intestinal mucus model was a key 
element enhancing the availability of LPS. Indeed, the presence of the 
tridimensional network increased the concentration of LPS up to 3,2 
times (Fig. 5) compared to the culture condition performed in liquid at 
each time point and independently from the E. coli strain considered. 
Since the 3D culture condition was not related to an increased bacterial 
concentration and the mucus model was produced with the same culture 
medium of the suspended cultures, it was hypothesized that the increase 
in the availability of LPS derived from a physical-mechanical effect of 
the 3D structure on the bacterial body. This hypothesis is supported by 
the already-reported evidence that the detachment of LPS from the 
bacterial wall is linked to shear forces (e.g., arising during motility), 
although no specific studies were performed to explain the mechanism 
behind this process [107,108]. The results of this work are, therefore, 
further evidence of how the type of the environment, such as solid-like vs 
liquid-like state, has a deep impact on the production of LPS, similarly to 
what has already been described for other aspects of bacterial behav
iour, such as adhesion, drug tolerance, gene expression and increased 
protein production [109–111]. 

The application of dynamic stimulation in the MI-device further 
favoured the production of LPS (Fig. 8). The influence of the bioinspired 
microenvironment of the mucus model and the dynamic motion occur
ring in the basal hemi-chamber cooperated synergically to induce a 
great increase of the concentration of LPS in the apical chamber, ranging 
from 150 % to 350 % with reference to the static condition (Figs. 5 and 
8). During the 3D dynamic culture of bacteria in the MI-device, the 
physical effect of the 3D environment on the bacterial wall, and hence 

on production of LPS, was combined with the further stimulus of the 
dynamic motion and the continuous turnover of the bacterial population 
in the area of the membrane governing the mass-transport phenomena 
between the chambers. These aspects were considered at the base of the 
increased production of bacteria-derived molecules such as lipids, nat
tokinase, cyclic adenosine monophosphate, cellulases and other mole
cules in bioreactors for dynamic (non-3D) culture of bacteria [112–114]. 

The availability of target molecules is a necessary but not sufficient 
aspect to engineer a new tool to model in vitro the biological commu
nication between bacteria and cells. After being produced, the molecule 
quantification through specific analytical assays is required to charac
terize these processes. Typically, these assays use a minimal sample 
volume and/or a series of post-culture manipulation [115]. A too low 
working volume of the system, although minimizing the costs and 
maximizing the cell density, imposes a careful selection of the charac
terization technique of the culture. For example, few microliters of 
working volume make difficult or time dispending the obtainment of the 
minimal sample quantity for the serial dilutions needed for the CFU 
counting. For this system, a more complex characterization, like 
live-dead assays, could be required for bacteria viability investigation 
[116]. Similarly, low volume samples are not compatible with the 
selected techniques for the quantification of LPS (< 100 μL in case of 
LAL) [117]. This is because, if bacteria are present in the sample, it needs 
to be further filtered before the assay is started, lowering even more the 
final available sample size. 

The versatile design of the MI-device overcame these limits and the 
concentration of LPS was always found detectable in all the experiment 
performed (Figs. 5 and 8). The concentration of LPS in the receiving 
chamber is governed by the volume ratio of the two hemi-chambers, the 
pore density of the separating membrane and the flowrates of the culture 
media. Specifically, the apical/basal chamber volume ratio was 
designed to be 1:1, as previously reported [21,22,118] but at a larger 
scale (∼ 2 mL). The availability of LPS in the MI-device is further 
enhanced by preventing the passage of E. coli from the basal to the apical 
hemi-chamber though the separating membrane with a pore dimension 
of 0.4 μm for both translucent and transparent Transwell-like inserts. 
Devoid of bacteria, the entire volume of the apical hemi-chamber is 
ready-to-use for the downstream quantification of LPS and not suscep
tible to sample loss derived, for example, by filtration or centrifugation 
processes. 

In this study, we considered LPS as it is a well-characterized molecule 
having an impact on the gut barrier properties in different pathophysi
ological scenarios [43–45]. However, the easy control over the pore 
dimensions and density of the separating membrane, and the complete 
hydraulic separation of the two hemi-chambers make the MI-device 
suitable for the study not only of LPS but also of other 
bacteria-produced molecules. It is possible to change the filtering power 
of the membrane, for example by increasing the pore density, and to 
tune the flow of the apical hemi-chamber, for example by imposing a 
lower flowrate, thus optimizing the accumulation of molecules that may 
differ in terms of diffusivity in comparison to LPS. 

The control of the mass-transport of molecules is an advantage in the 
in vitro modelling of biological phenomena where the diffusion processes 
are a key aspect [84,119,120]. It is indeed possible to shift from a 
condition at lower concentration, modelling a physiological-like state, to 
one at higher concentration, representative of a pathological-like state, 
by changing only one component of the set-up, while keeping the pro
duction process of the model unchanged. In the specific case of the 
toxicity of LPS, no local gut values considered as physiological are re
ported in the literature, but only the systemic concentration measured 
by plasma analysis (order of magnitude of picograms) [40,41]. The lack 
of a local reference makes difficult to evaluate the toxicity of LPS in vitro, 
and consequently different endotoxin concentrations were used to treat 
the Caco-2 cell monolayer [46–48]. 

It is worth noticing that the facilitated diffusion of LPS over time in 
the MI-device is within the concentrations range of LPS used in different 
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studies [121–123]. In particular, the change from a transparent (pore 
density of 2‧106 pores/cm2) to a translucent (pore density of 1‧108 

pores/cm2) Transwell-like insert leaded to an increase of the concen
tration of LPS of one order of magnitude (Fig. 8), reaching the same 
concentration (∼ 1 μg/mL) that was reported to quadruplicate the 
permeability in Caco2-cell monolayer, as well as an increased expression 
of different proinflammatory molecules [34,120–124]. 

It was important to assess if the MI-device is a suitable tool to study 
the effect that bacteria-derived molecules have on gut cells in a 
perspective view to study more complex phenomena like the 
microbiota-gut-brain axis. For this reason, a 3D dynamic culture was 
performed culturing ATCC E. coli and mounting the device with trans
lucid (L) Transwell-like insert, as this set up was shown to yield the 
concentrations of LPS comparable to those found to be biologically 
active [39,124,125]. 

The MI-device successfully produced an LPS-containing culture me
dium exhibiting quantifiable biological effects on the epithelial cells. 
After 11-days of treatment period, it was indeed possible to observe a 
reduction in the integrity of the Caco-2 cells, with a decrease in TEER 
between 15 % and 20 %, consistent with other experimental data 
showing a time-dependent effect of LPS and comparable TEER values 
[48,80]. 

Interestingly, the effect of the LPS produced in the MI-device resulted 
in the loss of functional integrity, a critical aspect implicated in various 
pathological phenomena, including leaky gut, inflammatory bowel 
disease , and as hypothesized in the context of the gut-brain axis. 

Even if we are not able to exclude that other E coli derived molecules 
besides LPS acted on Caco-2 cells, we demonstrated that the MI-device 
successfully generated an LPS-containing culture medium with a con
centration of LPS that is suitable to detect a biological response in the 
gut cells, even though further experimental confirmations may be 
needed to get insight into these phenomena. 

The possibility for the MI-device to perform 3D dynamic culture of 
bacteria producing molecules of interest, and to enable their quantifi
cation represent advantages that are, in principle, ready to be applied in 
both stand-alone or integrated systems. 

As a stand-alone system, the MI-device makes available molecules of 
interest, that are directly produced by bacteria within a 3D bioinspired 
structure dynamically moving in the system. The sterile extraction of 
these molecules, diffusing from the basal to the apical hemi-chamber, 
enable their quantification without the need for additional filtration 
step. This advantage makes, in principle, the MI-device also feasible to 
be integrated in-line with other dynamic devices, specifically tailored 
for eukaryotic cultures, including Caco-2 cells [19,24,80,91,92,126]. In 
both the approaches, the MI-device can hence contribute to the advance 
of our understanding of complex biological phenomena, either in a 
physiological or pathological scenario, like the microbiota-gut-brain 
axis, that are not yet completely characterized. 

5. Conclusion 

Direct co-culture of cells and bacteria is a potent method for evalu
ating the biological role of LPS in targeted pathological scenarios, also 
related to the gut-brain axis. Synergically, the separation of bacteria 
from cells can instead contribute to study the hidden mechanisms 
through which bacteria-derived molecules like LPS carry out their action 
on eukaryotic cells. 

This work provides a tool for disassembling some aspect of the 
complexity of the bacteria-cells molecular dialogue. We engineered a 
new technological tool, the MI-device, that integrated a user-friendly 
and easy-to-control design with the presence of a bioinspired in vitro 
mucus model representing the microenvironment where the bacteria- 
host tissue crosstalk is performed. 

The MI-device meets the need of a gut-on-a-chip approach (i.e., dy
namic stimulation) featuring also the in vitro modelling of the intestinal 
mucus, proving to be a useful tool to assess relevant aspects of the not- 

yet completely characterized impact of bacteria on human health and 
diseases. The synergy between MI-device and I-Bac3Gels empowered the 
production of LPS, as well as their sterile extraction for quantification, 
thus providing a source of endotoxin that is able to recapitulate in vitro a 
pathological effect on the integrity of human epithelial cells. 

The MI-device is ready to be exploited in further studies by both 
maintaining its stand-alone configuration or by its integration within 
multi-organ platforms. Other molecules, secreted by other bacterial 
strains than E. coli, can be extracted in the MI-device and quantified 
during the 3D dynamic cultures. In the future perspective of in-line 
integration with other dynamic system, the MI-device opens to the 
possibility of dynamic culture of cells with culture media that are 
directly enriched with bacteria products, thus mimicking features of 
selected pathophysiological conditions. 
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