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ABSTRACT

The intestinal mucus is a biological barrier that supports the intestinal microbiota growth and filters molecules.
To perform these functions, mucus possesses optimized microstructure and viscoelastic properties and it is
steadily replenished thus flowing along the gut. The available in vitro intestinal mucus models are useful tools in
investigating the microbiota-human cells interaction, and are used as matrices for bacterial culture or as static
component of microfluidic devices like gut-on-chips. The aim of this work is to engineer an in vitro mucus models
(I-Bac3Gel) addressing in a single system physiological viscoelastic properties (i.e., 2-200 Pa), 3D structure and
suitability for dynamic bacterial culture. Homogeneously crosslinked alginate hydrogels are optimized in
composition to obtain target viscoelastic and microstructural properties. Then, rheological tests are exploited to
assess a priori the hydrogels capability to withstand the flow dynamic condition. We experimentally assess the
suitability of I-Bac3Gels in the evolving field of microfluidics by applying a dynamic flow to a bacterial-loaded
mucus model and by monitoring E. coli growth and survival. The engineered models represent a step forward in
the modelling of the mucus, since they can answer to different urgent needs such as a 3D structure, bioinspired

properties and compatibility with dynamic system.

1. Introduction

The intestinal mucus is a biological hydrogel with heterogeneous and
complex functions [1]. Among these, mucus hosts an overwhelming
assortment of microorganisms, collectively named gut microbiota [2], in
a mutually beneficial relationship with human cells [3]. This coexistence
is the result of an evolutionary chain that led the human mucus to be
made of two distinct layers: one adherent to the epithelium (attached
layer) and one not adherent (loose layer). Chemical compositions,
viscoelastic properties and mesh size of the mucus is optimized so that
the microbiota is hosted only in the loose one, while the attached one is
completely devoid of bacteria [4-10].

The loose mucus layer is transported by the migrating motor complex
and peristalsis [11]. This dynamics influences the bacterial gene
expression, adhesion to substrate and molecules production [12],
resulting, at the macroscopic scale, in changes in growth rate, clearance
[13] and intestinal biofilm formation [14]. The dynamic stimuli to
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which bacteria are physiologically subjected in vivo may not be a simple
consequence of intestinal motility for nutritive purposes, but the
intriguing result of a not-already-described control mechanism on the
microbiota biodiversity performed by our body via enteric nervous
system [15,16]. Thus, the physico-mechanical environment is of top
relevance on microbiota characteristics.

Symmetrically, the bacterial presence influences the mucus proper-
ties. In vitro studies demonstrated, for instance, that mucus permeability
increases with overabundance of Proteobacteria and Saccharibacteria
phyla [17]. Similarly, pathogens such as H. pylori actively decrease the
consistency of the mucins network thus swimming freely towards the
mucosa, triggering epithelium infection [18-20].

On the overall, this two-way influence, mucus-to-bacteria and
bacteria-to-mucus, has a great relevance to the study how the microbiota
affects health and diseases [21]. The in vitro study of this interaction is
still an open challenge.

Microfluidic systems, like gut-on-chips, are potentially able to
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reproduce the in vivo dynamic environment while sustaining bacterial
growth. However, differently from the in vivo situation, the intestinal
mucus used in dynamic culture is derived from cultured cells or
modelled by mucin-based beads or films [22-24]. The chemical inter-
action can be reproduced by providing mucus components such as
mucins. In this cases, the dynamicity is related to the medium flow
[11,25,26].

Our ultimate goal is to provide a model with dynamicity mimicking
the turnover of intestinal mucus loose layer in a perfused model system.
In this case, the dynamicity is not intended as medium flow, but mucus
flow. Indeed, we propose a model being an active-dynamic element
moving/flowing into channels compatible with microfluidic devices.

Similarly for what is done for cell cultures [27-29], 3D matrices of
different materials were used to modulate the bacteria behaviour as an
alternative of in suspension cultures in a liquid medium (i.e., planktonic
condition) or on 2D growth in agar plates [30-43].

However, these substrates were not aimed to model the viscoelastic
properties of mucus. On the other side, few works focused on the opti-
mization of viscoelastic properties of the hydrogels towards the intes-
tinal mucus ones, although not used for either static or dynamic
bacterial cultures [44-46].

The chemical composition of the developed mucus models is
controlled by standard culture mediums that are used in a wide spec-
trum of microbiological and cellular applications: LB as typical culture
medium for E. coli, MH as a reference for antibiotic susceptibility anal-
ysis and DMEM as a medium used in cell-bacterial culture in micro-
fluidic systems. We report the combined effect of different 3D
environments, containing different culture media, and their effect on the
viability and the spatial organization of E. coli. This bacterium was
selected as it is a commensal bacterium of the human microbiota,
particularly studied when investigating the effects of mucus on the
bacterial behaviour (and vice versa), and for its relevance not only in
physiological but also pathological scenario [47-50]. The culture of
pathological and commensal strains of E. coli was previously studied in
ex vivo diluted mucus model, without including the complexity and costs
deriving from the use of the whole animal [51]. In our study, two
different ways to colonize the mucus models are presented: bacteria
inoculated on the top of the matrix and the embedding of the bacteria
within the matrix to evaluate their migration and viability in the outer
layer of the loose mucus. The embedded bacteria can represent a model
of the commensal microbial community while the bacteria inoculated on
the top of the matrix represent the pathological penetration of patho-
logical strains, where E. coli is one of the players involved in both situ-
ations. Finally, we discuss how bacterial growth affects the rheological
properties of the mucus models.

2. Materials and methods
2.1. Materials

For the I-Bac3Gels preparation: alginate powder (Sigma-Aldrich
180947; Lot MKCG6779), calcium carbonate (CaCOg) (Caelo ph 9.0 Lot
18057507), D-(+)-gluconic acid 3-lactone (GDL) (Sigma-Aldrich G4760;
Lot SLBM7762V); medium: Dulbecco's Modified Eagle Medium (DMEM)
(EuroClone ECMO0101L; Lot EU M035455), Luria Bertani Broth (LB)
(Formedium LMMO 102; Lot FMDA114005176); Muller Hinton broth
(MH) (Sigma-Aldrich 70,192; Lot BCB275334). The materials used for
microbiology were Agar (Formedium™, Lot12/MFM/113), sodium cit-
rate (Sigma Aldrich, Lot BCBW9965) and carbenicillin (CAS#: 4697-36-
3).

2.2. I-Bac3Gels preparation
The alginate powder was dissolved in the solvent (DMEM, LB or MH)

by gently stirring for at least 12 h. After a process of preliminary opti-
mization, the mass of alginate was defined thus reaching the final
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concentration of 1 or 2 % (w/v) to reproduce the rheological features of
the mucus loose layer. Then, a three-dilution process was performed to
induce alginate crosslinking. The alginate solution was mixed with fresh
medium and a 0.7 % (w/v) CaCOs suspension in a volume ratio of 1:4
(first dilution) and of 1:5 (second dilution). The third dilution consisted
in the mixing of the alginate-CaCO3 suspension with a 7 % (w/v) GDL
solution. Immediately after preparation, the I-Bac3Gels were poured in
the proper multiwell plate and stored in fridge for 24 h (4 °C) until use.
For sake of simplicity, the name of the mucus models was abbreviated as
follow: D-, L- or M- (for DMEM, LB and MH respectively) I-Bac3Gel X%
(where X is the alginate concentration, w/v, in the model).

2.3. Stability assessment

I-Bac3Gels (664 pL) were poured in a Transwell insert (poly-
carbonate membrane with 0.4 pm porosity) of a 24-wellplate to obtain 2
mm thick samples stored in fridge at 4 °C. After 24 h, 664 pL of medium
(DMEM, LB and MH respectively for D-, L- or M-I-Bac3Gels) were poured
in the basolateral chamber of the wells so that I-Bac3Gels were always in
contact with the medium and then placed in incubator at 37 °C for the
whole stability assessment. Starting from the ty (selected as 24 h after I-
Bac3Gels production), the samples were dried for 10 s, to remove the
liquid excess, and weighted at different time points: 15 min, 30 min, 1 h,
2 h,4h,24 h, 48 h and 72 h. After 72 h, the samples weight was
measured each week up to 21 days and normalized with reference to the
initial weight (w(%) at tp equals to 100 %). Stability was assessed
accordingly to the formula (Eq. (1))

w(%) = (1+L&3(’°>> o 100 )

w(
2.4. Rheological characterization

Viscoelastic properties of I-Bac3Gels were investigated using a
rotational rheometer (Anton Paar, Modular Compact Rheometer MCR
502) in a strain-controlled configuration with parallel plates geometry
(25 mm diameter) (Anton Paar, serial number: 52890). The temperature
and the gap between plates were set at 25 °C and 0.5 mm, respectively,
for all the experiments. The I-Bac3Gels properties in oscillatory regime
were characterized in terms of Storage (G', Pa) and Loss (G", Pa) moduli,
which indicate the material capability of elastically store and viscously
dissipate energy, respectively. Increasing values of shear strain, from
0.01 % to 1000 %, were applied to I-Bac3Gels after 24 h from prepa-
ration to identify the linear viscoelastic region (LVR) at 1.0 Hz. Ac-
cording to the LVR results, a 0.5 % oscillating strain amplitude (at 1.0
Hz) was applied for 2 h to identify the nominal gel-points. Then, the
viscoelastic behaviour in dependence of frequency (from 0.1 Hz to 20
Hz) was obtained by frequency sweep test at the fixed shear strain of 0.5
% performed 24 h after preparation. For I-Bac3Gels 1 %, frequency
sweep tests were also performed in the same experimental set up but 5 h
after preparation to investigate the viscoelastic properties of the I-
Bac3Gels in a time comparable to the E. coli dynamic culture one (see
paragraph 2.7.2.3).

2.5. Extrudability characterization

The extrudability of the I-Bac3Gels was investigated via shear rate
ramp (from 0.1 to 100 s™!) in a steady state rotation experiment and
shear stress ramps (from 0.1 to 100 Pa) in an oscillatory experiment
performed at 1.0 Hz after 24 h from preparation. The latter experiment
aimed at estimating the gel yield stress, while the former at determining
the viscosity curve and the power law index of its interpolation via a
power law. For the sake of simplicity this index will be taken as the only
significant parameter for the description of the system flow, and will be
referred to as flow-behaviour index in this paper. For i-Bac3gel 1 %, the
flow-behaviour index and the yield stress were also evaluated after 5 h
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(time of the E. coli dynamic culture) from preparation by maintaining
the same experimental set-up used for completed crosslinked models
(24 h). The dynamic stimulation on I-Bac3Gels was performed by con-
necting 10 ml Terumo luer-lock syringes filled with hydrogel toa ~ 15
cm silicon tubes (i.d. of 1.58 mm) after 24 h from preparation. Each tube
was fixed to a 35 mm petri dish, which acted as reservoir of the extruded
samples. The I-Bac3Gels were extruded at different flow rates (0.5, 1 and
5 pL/min) by syringe pump (Harvard Apparatus PHD ULTRA) and
characterized by frequency sweep test after extrusion. For 1 % I-Bac3-
Gels, the dynamic extrusion was also performed immediately after
preparation, extruding the hydrogels at 1 pL/min, which is the flow rate
used for E. coli dynamic culture.

2.6. Characterization of the I-Bac3Gels internal microstructure

The data of the frequency sweep tests were analyzed by means of the
Generalized Maxwell Model (GMM). The GMM is a parallel of n
Maxwell-elements, each one consisting of a series of spring (with specific
modulus G;) and a dashpot (with specific viscosity, #;), which model the
elastic and viscous components of a viscoelastic material. Each element
is characterized by a relaxation time, 4; = #;/G;, A further pure elastic
element (spring with a modulus G) is inserted in parallel to the other n
elements. GMM can be exploited to obtain a theoretical form of G' (Eq.
(2)) and G" (Eq. (3)) in function of the pulsation w:

/ n (L) n;
G=G+) G———5G== (2)
2 1+ (o)’ Ai
G = E " G/l'iw G =" 3)
S ()T A

The relaxation times are assumed not to be independent of each
other, but scaled by a factor 10 as reported in other works [52,53]. The
number of elements was chosen thus minimizing y?eNp, where Np (=2
+ n) is the number of fitting elements and y? is the chi-square error.

The frequency response of the I-Bac3Gels viscoelastic properties (G'
and G" measured as described in paragraph 2.4) were fitted by using 1-
to 10-elements Generalized Maxwell Models (GMM). To this aim, a
specific MATLAB function was implemented. The GMM fitting was used
to obtain the shear modulus of the I-Bac3Gels by means of Eq. (4):

Go =G+ G 4

where G, [Pa] is the shear modulus for the material when any relaxa-
tion phenomenon was over, defined as the ratio between the shear stress
and the shear strain. The G, of all I-Bac3Gels was then interpreted in the
view of the rubber elasticity theory. This allowed to estimate the number
(per unit volume) of the elastically active polymeric chains, p, by using
the Eq. (5):
G

p=rr (5)
where R is the universal gas constant and T the absolute temperature. In
order to estimate the average mesh size (£), the equivalent network
theory is used and another assumption is made: the real network to-
pology is substituted by an idealized one with same p. In particular, the
idealized topology consists in a network with dimension that can be
modelled as made by a collection of identical spheres centred in each
crosslinking-sites. With this hypothesis, the relation between ¢ and p is:

3 /6pRT

N, G ®)

E=

where N is the Avogadro's number.
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2.7. Characterization of bacteria viability in I-Bac3Gels

2.7.1. E.coli culture conditions

Non-pathogenic E. coli strain (ATCC 25922) was cultured in 10 ml of
medium (DMEM, LB or MH) and incubated at 37 °C o/n. The ODggg of
the resulting bacteria suspension was measured by a spectrophotometer
(Aurogene, UV-VIS Spectrophotometer HJ908003) and converted in
bacteria concentration (#bacteria/ml) by using a standard calibration
curve of bacterial growth. The inoculum was then diluted accordingly to
the necessities for the type of infection.

2.7.2. I-Bac3Gels infection with E. coli
I-Bac3Gels infection was performed in 3 different experimental
conditions as follows.

2.7.2.1. External infection of I-Bac3Gels with E. coli. Immediately after
preparation, 100 pL of I-Bac3Gels were poured in well of commercial
sterile 96-wells plate. After 24 h, 100 pL of an E. coli suspension, at the
concentration of 5e10* bacteria/ml, was transferred on the top of I-
Bac3Gels thus infecting the hydrogels. The externally infected I-Bac3-
Gels were incubated at 37 °C for 24 h.

2.7.2.2. Internal infection of I-Bac3Gels with E. coli. For internally
infected I-Bac3Gels, the preparation process of the hydrogels was
modified as follow: the alginate solution was mixed with an E. coli
suspension in a volume ratio of 1:4 (first dilution). A 0.7 % (w/v) CaCOs3
suspension and 7 % (w/v) GDL solution were mixed in series to the
infected alginate solution in a volume ratio of 1:5 and 1:6, respectively
(second and third dilutions). The initial bacterial suspension was set to
reach a final concentration of 5e10% bacteria/ml. Immediately after
preparation, 100 pL of internally infected I-Bac3Gels were deposited in a
well of a sterile commercial 96-wells plate. After 5 h, 100 pL of fresh
medium were dispensed on the samples to provide renewal of nutrients.
The internal infected I-Bac3Gels were incubated at 37 °C for 24 h.

2.7.2.3. Dynamic stimulation of internally infected I-Bac3Gels. Internally
infected I-Bac3Gels were prepared as reported above (Section 2.7.2.2).
Then, 2 ml of infected I-Bac3Gels (bacteria concentration of 5e10*
bacteria/ml) were placed in a 10 ml Terumo luer lock syringe and
connected to a 35 mm petri dish (reservoir) by ~ 15 cm silicon tube with
an inner diameter of 1.58 mm. The internally infected I-Bac3Gels were
then extruded with a flow rate of 1 pL/min for 5 h maintaining the
temperature at 37 °C.

2.7.3. Colony forming units (CFU) assay for assessment of E. coli viability

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).

As previously indicated, after 24 h of infection, the supernatant of the
externally infected [-Bac3Gels was removed, serially diluted and plated
on LB-agar plates for CFU counting. The I-Bac3Gels infected in external,
internal or dynamical stimulated conditions were washed three times
with 100 pL of fresh medium to remove non-adherent bacteria. The I-
Bac3Gels were then treated with 150 pL of 50 mM sodium citrate so-
lutions to trigger hydrogels destruction while not damaging bacterial
cells. After homogenization and serial dilution, 10 pL of dissolved I-
Bac3Gels were plated in duplicates on the LB-agar plates and incubated
at 37 °C o/n. The CFUs were manually counted after 24 h.

2.8. Confocal laser microscopy for the evaluation of E. coli distribution

2.8.1. GFP-expressing E. coli transformation

To express a GFP-fluorescent strain, E.coli strain (ATCC 25922) was
transformed by electroporation with a pMF230 DNA plasmid as previ-
ously showed [54]. Briefly, E.coli was electroporated by serial dilution in
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electroporation buffer (10 % sterile glycerol solution, kept at —20 °C)
from an exponential phase overnight culture (ODggp = 0.6) in LB me-
dium. The bacterial overnight culture was pelleted and re-suspended in
the electroporation buffer. Then, the bacterial suspension was centri-
fuged and re-suspended in half the initial culture volume with fresh
electroporation buffer. This process was repeated until the volume was
reduced to 0.01 of the initial volume. The electrocompetent cells were
used within 1 h after preparation or stored at —80 °C immediately after
preparation in aliquots of 70 pL.

The pMF230 plasmid DNA was acquired from the Addgene database
as a bacterial stab of E. coli DH5a. To produce plasmid DNA for E.coli
transformation, E. coli DH5a was grown overnight in LB with 300 pg/mL
carbenicillin (CB, Sigma). The pMF230 plasmid DNA was extracted
using QIAprep Spin Miniprep kit (Quiagen) according to manufacturer
instructions. After extraction, the pMF230 plasmid DNA was diluted in
sterile deionized water to reach concentrations between 0.1 and 1 pg/
mL.

To transfer the exogenous DNA, 80 pL of electrocompetent E.coli
suspension was mixed with 1 pg of pMF230 plasmid DNA and this sus-
pension was kept in ice for 30 min before electroporation. The electro-
poration process was conducted in a Gene Pulser Electroporation system
(BioRad, USA), using a conductive cuvette. The electric pulse was given
for 5 ms at 2.5 kV, 200 Q, 25 pF. After the shock, the content of the
cuvette was transferred to a falcon tube, containing 1 mL of SOC me-
dium (2.0 % Tryptone, 0,5 % Yeast Extract, 10 mM NacCl, 2,5 mM KCl,
10 mM MgCl2, 10 mM MgSO4 and 20 mM p-glucose) left in incubation
under shaking conditions for 2 h at 37 °C. Upon 2 h of recovery, the
suspension was plated on LB agar plates containing 300 pg/mL carbe-
nicillin. Agar plates single colonies were grown overnight in LB con-
taining 300 pg/mL carbenicillin at 37 °C and glycerol stocks of GFP-E.
coli were kept at —80 °C immediately after preparation.

2.8.2. Evaluation of the E. coli distribution in I-Bac3Gel

For the maintaining the GFP-expressing plasmid, 300 ng/ml of car-
benicillin were diluted into either the inoculum used for the infections
and the alginate solution for the I-Bac3Gels preparation.

Both externally and internally infected [-Bac3Gels were placed into
35 mm petri dishes in a final volume of 2 ml. Then, sections of the I-
Bac3Gels with fluorescent E. coli were observed after 24 h by a modular
confocal microscope (Leica TCS SP8 Lighting) with a magnification of
40x. Analyses were performed at a wavelength of 488 nm (EX/EM
maxima ~500/550).

As a control, I-Bac3Gels without bacteria was observed under
confocal microscopy at the aforementioned wavelength to evaluate the
absence of possible autofluorescence effects.

2.9. Rheological characterization of I-Bac3Gels infected by E. coli

Bac3gels (2 ml) were placed in petri dishes with 35 mm of diameter.
In case of external infection, 2 ml of E. coli at the concentration of 5e10*
bacteria/ml were poured after 24 h from the preparation on the top of I-
Bac3Gels. In case of internal infection, 2 ml of fresh medium was added
after 5 h from the sample preparation. After 24 h from infection, the
supernatant was removed, and the samples were further washed 3 times
with 2 ml of fresh medium. Then, infected I-Bac3Gels were allocated
between the two plates of the rheometer for the measurements. Fre-
quency sweep test was performed to evaluate the changes in the visco-
elastic properties (G' and G") induced by infection maintaining the same
experimental parameters of sterile I-Bac3Gels rheological
characterization.

2.10. Statistical analysis
The results are shown with mean + standard deviation (SD)

computed for at least four repetitions. D'Agostino-Pearson test was used
to investigate the normality of the data distribution. Then, ANOVA or
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Kruskal-Wallis tests were used to compare groups of data. The statistical
analysis was performed by using GraphPad Prism 9 (GraphPad Software,
USA). Differences were represented in the graphs only when statistically
significant. Differences were considered statistically significant in case
of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.001 (****),

3. Result

The I-Bac3Gels showed shape-maintenance capability and trans-
parent appearance, independently from alginate concentration and
medium type, but different colours. Indeed, D-I-Bac3Gel was charac-
terized by a saturated pink colour, while L-I-Bac3Gel showed a yellow
shaded tint and M-I-Bac3Gel was colourless (Fig. 1).

3.1. Stability assessment

The stability of I-Bac3Gels was tested in a period of 21 days (Fig. 1).
The variation of weight was <10 %, with a maximum weight loss of 9.8
+ 2.1 % for M-I-Bac3Gel 1 % (Fig. 1-C). Alginate concentration did not
appear to play a role in the stability of [-Bac3Gel, as well as the medium
type used for their production.

3.2. Rheological characterization

The LVR was identified as the maximum shear strain amplitude after
which the storage and loss started changing from the previous constant
value. The I-Bac3Gels exhibited the typical gel-like behaviour (G' > G”,
tan(8) < 1) independently from medium type, with an LVR correlated to
the alginate concentration (S.I. Table 1). Indeed, the LVR of D- and L-I-
Bac3Gel was indirectly proportional to the alginate content, while the
LVR of M-I-Bac3Gel was found proportional to alginate concentration. In
the view of these results, a shear strain of amplitude 0.5 % was chosen as
input for further rheological characterizations.

The nominal gel point, which was here selected as the moment when
the storage modulus equals the loss modulus, was identified for all the
medium types and alginate concentration of 1 % and 2 % (Table 1). Even
if the gel points were reached before 1 h for each I-Bac3Gel, in D-I-
Bac3Gel the polymeric network formed faster than in the two other I-
Bac3Gels types. Indeed, the nominal gel point of D-I-Bac3Gels was about
half of the other two gel points. Moreover, the G'- G" measured after 5 h
(S.I. Fig. 1 A) showed that the D-I-Bac3Gel 1 % gained ~ 64 % of its final
G' value (87 % in case of G") in 21 % of the whole crosslinking time
considered (24 h). Differently, L- and M- I-Bac3Gels 1 % were able to
reach only the 22 and 6 % of their final G' values, respectively, (17 and 4
% for G"). This trend was also confirmed for models with 2 % of alginate
(Fig. S.I. B).

After 24 h from preparation, the I-Bac3Gels exhibited gel-like
behaviour with the elastic contribution exceeding the viscous contri-
bution within the frequency range considered (Fig. 2 A-B-C). The G' and
G" of I-Bac3Gels were dependent from the solvent considered at the
relevant frequencies of the migrating motor complex and typical bac-
terial motion (0.1 and 1.0 Hz respectively) [11,55]. Indeed, the visco-
elastic properties of M-I-Bac3Gels exceeded those of D- and L-I-Bac3Gel
for both 1 and 2 % alginate. The alginate concentration had effect on the
G' and G" in case of D- and L-I-Bac3Gels, with enhanced viscoelastic
properties in case of 2 % (w/v) alginate content (Fig. 2 D, E and G, H).
For instance, the G' increases of 55 and 47 % for D- and L-I-Bac3Gels,
respectively (71 and 56 % if G" is considered). Differently the alginate
concentration did not impact significantly the viscoelastic properties of
M-I-Bac3Gels (Fig. 2 F and I).

3.3. Flowability characterization
The viscosity curves were comparable for mucus models obtained

with different media, iand at the same alginate concentration (Fig. 3).
However, an increasing polymer content from 1 % to 2 % induced higher
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Table 1
Gel point, yield stress and flow behaviour index measured for the I-Bac3Gels 1 %
and 2 % obtained with different mediums.

gel point (min) Yield Stress (Pa) n

I-Bac3Gels 1 % DMEM 23+5 16 + 4 0.39 +£0.11
LB 52+8 15+3 0.36 + 0.10
MH 43+7 10+3 0.39 + 0.05
I-Bac3Gels 2 % DMEM 31+11 35+7 0.28 + 0.06
LB 48 +7 21+ 4 0.19 + 0.03
MH 36+ 4 48+5 0.25 +0.11

viscosity values. Indeed, at the minimum considered shear rate (0.1 sh
the viscosity increased by a factor of 2,3 and 4 in case of D-, L- and M-I-
Bac3Gel (Fig. 3 A-B and C, respectively). The viscosity curves were
interpreted in the view of the power law equation (Eq. (7)), which de-
scribes the relationship between viscosity and the shear rate in the form:
n=K@p" @)
where 7 is the viscosity, K the flow consistency index, y the shear rate
and n the power law index. This parameter was lower than one for all the
I-Bac3Gels (Table 1), with minimum value obtained for the L-I-Bac3Gels
2 % and maximum for D-I-Bac3Gels 1 %.

Similarly, the viscosity curve of I-Bac3Gels 1 % showed a shear
thinning behaviour when measured at 5 h after production (S.I. Fig. 2 A)
independently from the medium used for the hydrogels production.
Although the viscosity values were found comparable with those of I-
Bac3Gels tested after 24 h from production (~99 % of the final values),
the flow behaviour index was found to be lower than that of completely
formed I-Bac3Gels (24 h after preparation). Indeed, n was equal to 0.23
+ 0.11, 0.21 + 0.09 and 0.20 + 0.10 for D-, L- and M-I-Bac3Gels 1 %
respectively.

The yield stress was identified as the shear stress amplitude at which
the viscoelastic properties of [-Bac3Gels passed from a gel-like to a
liquid-like material (i.e., from tan(8) < 1 to tan(8) > 1) (Fig. 3 D, E and
F). A yield stress was identified for I-Bac3Gels characterized after 24 h
from preparation, independently form the type of medium and alginate
content, as the tan(d) curves intersected the unit value in the range of

7 14
Time [day]
-@- L-I-Bac3Gel 1% -@- L-I-Bac3Gel 2%

7 14
Time [day]

-0~ M-I-Bac3Gel 1% -@- M-I-Bac3Gel 2%

Fig. 1. Stability assessment of the D-I-Bac3Gel (A), L-I-Bac3Gel (B) and M-I-Bac3Gel for 21 days. The insets showed the stability for the time points considered before
72 h. The pictures below the stability plots showed a representative image of the respective mucus models.

oscillatory shear stress range considered (Table 1). The yield stress
values were directly proportional to alginate concentration, with the I-
Bac3Gels 1 % characterized by lower shear stress than I-Bac3Gels 2 %
for each medium type (Fig. 3 D, E and F). The medium did not affect the
yield stress in case of alginate 1 %, which varied from 10 + 3 to 16 £+ 4
Pa in case of M- and D-I-Bac3Gels, respectively (Fig. 3 F and D,
respectively). Differently, the medium used for the production influ-
enced the yield values of I-Bac3Gels with 2 % alginate content, which
was maximum in case of M-I-Bac3Gel (48 + 5 Pa), intermediate in case
of D-I-Bac3Gel (35 + 7 Pa) and minimum in case of L-I-Bac3Gels (21 +
4 Pa).

The presence of a yield stress was also confirmed after 5 h from
preparation for the I-Bac3Gels 1 % (S.I. Fig. 2 B). Indeed, the tan(5)
passed from lower to higher values than the unit in the considered range
of shear stress amplitudes. The independence of yield stress from me-
dium was confirmed also in this case, as the yield stress varied from 10
+ 4 to 16 + 4 Pa (D- and M-I-Bac3Gels 1 % respectively) with values
comparable with the ones found after 24 h from production.

The suitability of I-Bac3Gels for dynamic culture of bacteria was
assessed by dynamically extruding the mucus models by syringe pumps.
The frequency dependence of the I-Bac3Gels viscoelastic properties were
evaluated in function of the applied flow rates used to extrude the
hydrogels from the syringes. Interestingly, the dynamic stimulation did
not influence the properties of the I-Bac3Gels, which maintained the gel-
like characteristics (G' > G”, tan(5) < 1) in the range of frequency
considered (Fig. 4). Moreover, the viscoelastic properties did not change
significantly from the static condition, at the relevant frequencies of 0.1
and 1.0 Hz (i.e., migrating motor complex and bacterial motion), apart
from D-I-Bac3Gels 1 %. In this case, an increase of both G' and G" was
observed when the highest flow rate (5 pL/min) was used to extrude the
model (Fig. 4 A-B).

The viscoelastic properties of I-Bac3Gels 1 % extruded at 1 pL/min
immediately after production were analyzed as soon as sufficient ma-
terial was collected in the reservoir (5 h after preparation, time com-
parable to the bacterial dynamic culture as reported in paragraph
2.7.2.3). Indeed, no statistical differences were found between imme-
diately extruded I-Bac3Gels 1 % and static control, with G' values of 40
+ 8 Pa for D-I-Bac3Gels and 10 £+ 1 Pa for L- and M-I-Bac3Gels (S.I.
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Fig. 3).

3.4. Characterization of the I-Bac3Gels internal structure

The estimated mesh sizes for D-I-Bac3Gel 1 % (Fig. 5 A) showed a
reduction of the network microstructure after extrusion, independently
from the flow rates applied (decrease up to 60 %). D-I-Bac3Gel 2 %
exhibited lower mesh size than the D-I-Bac3Gel 1 %, with a mesh of 34
=+ 5nm and 42 £ 14 nm, respectively. Similarly to D-I-Bac3Gel 1 %, the
extruded D-I-Bac3Gel 2 %, was characterized by a lower mean mesh size
than the static condition (Fig. 5 A).

L-I-Bac3Gel 1 % and 2 % showed a similar mesh size independently
from the flow used for the extrusion, with the static controls charac-
terized by mesh of 42 + 5 nm and 34 + 3 nm, respectively (Fig. 5 B).

M-I-Bac3Gel 1 % exhibited a mesh size before extrusion of 32 + 5
nm, which was comparable the other hydrogel types. The mesh sizes of
M-I-Bac3Gel 1 % showed the maximum decrease when extruded at 5 pL/
min (i.e., mesh size of 25 4 5 nm).

The mesh size before extrusion of M-I-Bac3Gel 2 % was estimated to
be 33 4+ 3 nm, with a maximum decrease of 5 nm after extrusion at the
flow rate of 0.5 pL/min.

3.5. Bacteria viability in I-Bac3Gels

The availability of E. coli was investigated in case of external and
internal infection of I-Bac3Gels 1 %.

The number of E. coli cultured in I-Bac3Gel 1 % was not influenced by
the type of infection. The CFU counted in externally and internally
infected I-Bac3Gels was comparable for each medium used (Fig. 6 A).
Differently, the medium used for the [-Bac3Gels preparation had a role
in the final concentration of bacteria. Indeed, in case of external infec-
tion, the number of bacteria was maximum in L-I-Bac3Gel 1 % and
minimum in D-I-Bac3Gel 1 % (3-10° and 7-10% bacteria/mlL, respec-
tively). When internal infection is considered, the highest CFUs number
was found for M-I-Bac3Gel 1 % (2-10° bacteria/ml), while the minimal
concentration was found in D-I-Bac3Gel 1 % (4-10° bacteria/ml). The
bacteria availability after 24 h of infection was similar to the number of
bacteria cultured in standard suspension methods (i.e., planktonic con-
trols) independently from the type of medium and infection, (with the
exception of internally infected L-I-Bac3Gel 1 %) (Fig. 6 A).

To evaluate the intrinsic capability of the I-Bac3Gel itself to sustain
the bacterial growth, CFUs counting was performed also without sub-
merging the mucus models in the different media when internal
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infection was used. Interestingly, the presence of medium to surround-
ing the mucus model was not necessary for the bacteria viability, as the
CFUs obtained with and without the addition medium to the formed
hydrogels were comparable for all types of mucus models (Fig. 6 B).

Finally, the bacteria viability was studied in dynamic culture within
the I-Bac3Gels 1 %. The internally infected I-Bac3Gels efficiently sup-
ported the bacterial growth during the motion of the models inside the
tubes (extrusion duration: 5 h). Indeed, the final CFUs counted in I-
Bac3Gels were comparable to the planktonic control for all the mediums
considered (Fig. 6 C) and were equal to 5.0 & 2.0‘106, 2+0.3-10%and
2 + 0.4 - 10° bacteria/mL for D-, L- and M-I-Bac3Gels respectively.

3.6. Confocal laser microscopy for evaluation of the E. coli distribution

Fluorescent E. coli was homogeneously distributed in the whole
sections of the I-Bac3Gels, suggesting that the type of infection and
culture medium did not influence the distribution of bacteria in the
models (Fig. 7). However, either the composition or the type of infection
effected the organization of the E. coli communities.

Externally infected D-I-Bac3Gel 1 % exhibited bacteria aggregates
with a mean length of ~ 100 pm, while the internal infection did not
show formation of clusters of appreciable dimensions, even if small
aggregates of bacteria may also be seen in this case (Fig. 7). The E. coli
was homogeneously distributed in both external and internal infected D-
[-Bac3Gel. In L-I-Bac3Gel 1 %, E. coli was organized in cellular chains
independently from the infection strategy (Fig. 7) with a higher bacterial
aggregation degree in externally infected L-I-Bac3Gel 1 % compared to
the internally ones.

E. coli cultured in M-I-Bac3Gel 1 % exhibited bacillus-like appearance
without aggregates and was homogeneously distributed in the entire
section independently from the type of infection.

3.7. Rheological characterizations of I-Bac3Gels infected by E. coli

The rheological characterization of I-Bac3Gels 1 % with bacteria was
evaluated by frequency sweep tests. The presence of bacteria in the
mucus models did not impair the formation of a permanent polymeric
network, as the elastic contribution (G") was higher than the viscous
contribution (G") for all the I-Bac3Gels 1 % and type of infection. The
medium used for the I-Bac3Gels 1 % production greatly influenced the
variation induced by bacteria in the viscoelastic properties compared to
sterile control. In case of D-I-Bac3Gels, the G’ values were comparable
between sterile and infected [-Bac3Gels in both internal and external
infections (Fig. 8). Differently, the G" of either external or internal
infected D-I-Bac3Gel 1 % increased by a factor of 10.

L-I-Bac3Gel 1 % showed two completely different trends between
external and internal infections. In the first case, L-I-Bac3Gel 1 %
exhibited an increased storage and loss moduli (i.e. they doubled with
respect to sterile L-I-Bac3Gel 1 %) (Fig. 8). In the second case, the G' was
lower than controls and the G" increased from lower to higher fre-
quencies showing a significant dependence on frequency (Fig. 8).

The G' of M-I-Bac3Gel 1 % was lower than sterile controls in both
external and internal infections, with maximum decrease in the second
case. Differently, G" decreased in case of M-I-Bac3Gel 1 % with
embedded E. coli while it increased in case of external infection.

4. Discussion

The intestinal mucus is a complex microenvironment that is heavily
colonized by billions of microorganism, collectively labelled as micro-
biota [7-10,17,56-59]. Even if the viscoelastic properties of intestinal
mucus influence the microbiota distribution, migration and metabolism,
a limited numbers of studies assessed the optimisation of in vitro mucus
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models in terms of viscoelasticity [44,60,61].

In this work, a bioinspired mucus model, called I-Bac3Gel, was
developed and optimized with viscoelastic properties comparable to the
physiological intestinal loose mucus layer (i.e., 2-200 Pa) [62]. The I-
Bac3Gels were designed to contain different culture media to fit the
model with the proper environment required for the specific culture.
This set up adds the possibility to evaluate the effect of a 3D architecture
with minor changes in the chemical composition. Therefore, I-Bac3Gel
can be considered a solid medium, similarly to what is done with agar
for bacterial culture [63]. Alginates undergo ionic crosslinking, which is
compatible with protein containing media, such as DMEM, that may

undergo protein denaturation during thermal gelation of unmodified
agarose [64,65]. Alginate is also considered as an alternative poly-
saccharide to agarose in specific cases, where solid agar medium may
inhibit in a concentration-dependent mechanism the growth or isolation
of specific strains of bacteria [63,66,67]. We proved this concept
including not only bacterial culture medium (LB and MH), but also a cell
culture medium (DMEM). The I-Bac3Gels produced with DMEM, in
particular, offers the possibility to use I-Bac3Gel in complex system such
as gut-on-chips, where the co-culture of bacteria and cells is a mandatory
key point for different fields of interest [23]. The compositional changes
imposed by varying the media and alginate concentration were pivotal
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in the determination of the I-Bac3Gels viscoelastic and structural
properties (Fig. 2 and Fig. 5). The composition of the hydrogels did not
impact the stability of the models, which remained in the physiological
range (i.e., 2-200 Pa) typical of mucus, preserving their shape, size and
geometry (Fig. 1, Fig. S.I. 4).

The I-Bac3Gels viscoelastic properties were instead tuned by alginate
content. Indeed, the G’ and G" of the models increases increasing poly-
saccharide concentration from 1 % to 2 %, as a higher number of
polymeric chains is available for the crosslinking process [68]. The
composition of the media and in particular ionic content was important
in the definition of the process kinetic. The faster crosslinking kinetic
was found for hydrogels made in DMEM, where bivalent ions are pre-
sent. This effect was predominant in case of alginate 1 %, affecting gel
point and yield stress (Table 1), while the effect of 2 % alginate content
shielded these changes induced by culture media composition. Inde-
pendently of the culture medium used, it is worthy to notice that the

viscoelastic properties of I-Bac3Gels resulted to be comparable with the
range reported for the physiological loose intestinal mucus layer (ie.,
2-200 Pa) (Figs. 1 and 2) and other in vitro mucus model that optimized
in terms of viscoelasticity for static drug delivery studies (i.e., 0.2-70 Pa)
[62].

Even though viscoelasticity is fundamental in the definition of the
bacteria behaviours, the modelling of physiological viscoelastic prop-
erties is not sufficient to engineer a complete bioinspired intestinal
mucus model. Recently, viscosity, permeability and flow of the mucus
model of the intestinal mucus were strongly highlighted as key features
[69]. Indeed, the mucus mesh size of the polymer network, which is
defined as the distance between two crosslinking points, defines diffu-
sion of oxygen, nutrients and other molecules, impacting on the bacteria
distribution and motion [46,70-73]. Despite these evidences, few data
are available for the characterization of microstructural parameters in
the available intestinal mucus model (e.g., particle tracking and
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porosity) and they are not focused on the polymeric network analysis (i.
e., mesh size) [44-46,61]. In the case of the in vivo mucus mesh size, the
data available in literature are usually obtained by AFM and Multiple
Particle Tracking analysis, which showed a polymeric mesh distributed
between 20 and 500 nm with a peak around 30 nm [74,75].

In this study, the I-Bac3Gel mesh size was estimated from the shear
modulus (G,,) by fitting frequency sweep data according to the Gener-
alized Maxwell Model [26,52,53]. Even under a microstructural point of
view, [-Bac3Gel showed similar ¢ to the physiological mucus, indepen-
dently from the medium used (from 25 + 5 nm to 42 + 14 nm, Fig. 5).
The G, and ¢ resulted to be directly and inversely proportional to the I-
Bac3Gels viscoelastic properties, respectively, in coherence with both
theory (Eq. (6)) and other studies on alginate hydrogels [76,77].

The control over the composition of the I-Bac3Gels modulated the
bacteria organization while maintaining the comparable viability
(Figs. 6 and 7). Indeed, the I-Bac3Gels exhibited homogeneous distri-
bution of bacteria along the section independently from the medium
type. This is qualitatively similar to in vivo animal studies, where it was
demonstrated that E. coli is equally distributed in the whole loose mucus
layer [78,79]. Interestingly, the behaviour of E. coli was dependent on
the type of medium used. In particular, the confocal microscopy of I-
Bac3Gel obtained with Luria Bertani broth showed chain-like E. coli
aggregation.

LB broth was previously described to promote biofilm cellular chains
formation when enriched with glucose, proline and thiamine [80]. The
mechanism behind this peculiar behaviour is not fully explained.
However, it was related to the presence of specific self-associating
autotransporter (SAAT) protein at the bacteria body extremities,
whose expression is deeply influenced by the medium composition
[51,80,81]. Similarly to I-Bac3Gels obtained with DMEM, the aggrega-
tion of bacteria in I-Bac3Gels with LB was more pronounced in case of
external infection, where the E. coli communication and motion was
facilitated. This behaviour is related to the different environments that
E. coli faces during infection of the models [82,83]. In case of external
infection, a collective motion from the liquid phase to the bulk of the
hydrogel lead to aggregation, resulting in higher dimension clusters. In

10

case of internal infection, the rapid formation of the alginate networks
(Table 1) hampered the bacterial communication and motion, which
maintained a homogeneous distribution in the I-Bac3Gels without
forming clusters but only small-sized aggregates. These findings are
coherent with another study on the E. coli aggregation in PEG matrices,
where a higher motility degree was found to enhance the clustering
process inside the hydrogels [83].

Similarly to what happens in vivo, the effect of the mucus features on
bacterial behaviour is reflected by an effect of E. coli on the mucus
properties. Indeed, the I-Bac3Gels internally and externally infected
showed three different viscoelastic responses (Fig. 8). A common trend
cannot be identified and there is not an univocal effect recognised in
other studies characterising the viscoelasticity of infected matrices with
reference to culture time and medium composition [84,85]. For
example, the presence of H. pylori increased the G" of reconstituted
porcine gastric mucus as also occurring in the case of D-I-Bac3Gels
infected with E. coli [19]. Besides, a G' decrease like in case of M-I-
Bac3Gels was also found in literature for S. aureus and L. casei infections
of tryptic soy broth and k-carrageenan/locust beam gum beads,
respectively [67,68]. The differences in terms of bacterial strains, cul-
ture conditions, methods of analysis and type of matrices make these
results difficult to be robustly compared. However, taken together, these
evidences supported the importance of investigating the influence of
bacteria on the matrix used for culture, especially in case of bioinspired
substrates.

The maintenance of the optimized viscoelastic properties and
microstructure downstream a dynamic stimulation is an essential
feature for the application of I-Bac3Gels into advanced microfluidic
systems. For this reason, the suitability for dynamic processes was a
priori investigated theoretically by ad hoc rheological characterization
and then corroborated experimentally. The power law index and yield
stress (Table 1 and Fig. 3) suggested a priori the possibility for the I-
Bac3Gels to be extruded by using low-magnitude stresses. The capability
of I-Bac3gels of being extruded without damage was confirmed a pos-
teriori, evaluating the viscoelastic properties and mesh sizes after
experimental extrusion (Figs. 4 and 5).
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As anticipated by the rheological characterization, the I-Bac3Gels
preserved the optimized properties moving from a static to a dynamic
condition. Indeed, the dynamic stimulation did not influence the I-
Bac3Gels G' and G" for all the composition considered, except for D-I-
Bac3Gels 1 % (Fig. 4). In this case, the increasing viscoelastic properties
may be related to an induced orientation of alginate chains during the
extrusion at the highest flow rate [69,70]. When a model with higher
viscoelastic properties is considered (such as L- and M-I-Bac3Gels), a
stiffer polymeric network is present and a lower tendency towards
chains orientation is observed [71].

One of the main limitations of the current dynamic bacterial cultures
(e.g, gut-on-chip) is the need of medium refresh to avoid bacterial death
or overgrowth onto the static 3D matrices. The use of fermenters or other
independent sources of medium may guarantee automatic refresh
[89,90]. However, the presence of fermenters increases greatly the
complexity of the set-up and can be only partially integrated with the
needs of 3D matrices, of which there are only a few examples in the
literature [74,75]. Differently from these systems, I-Bac3Gels is as a 3D
stand-alone tool, which do not require medium refresh up to 24 h. This
feature was per se observed in static condition (Fig. 6 B), as E. coli growth
was maintained without the need of medium refresh and further
appreciated in the dynamic culture (Fig. 6 C).

The I-Bac3Gels with the minimum concentration of alginate (1 %, w/
v) was selected as matrix for the dynamic culture of bacterial performed
at the maximum flow rate that does not imply significant viscoelastic
changes (i.e., 1 pL/min). As the internal gelation imposes to start the
dynamic stimulation immediately after preparation, the power law
index and the yield stress of the I-Bac3Gels were estimated in a time
point of the gelation process that was comparable to time needed for the
culture (5 h). Again, rheology indicated the capability of I-Bac3Gel to be
extruded without changes in its properties. Indeed, the high extrud-
ability gained thank to low shear resistance (S.I. Fig. 2) found during the
a priori characterization was corroborated with the experimental evi-
dence of G'and G" maintenance after extrusion (S.I. Fig. 3). These results
confirmed the possibility to combine the 3D culture with the motion,
while retaining the physiological-like viscoelastic properties (i.e., 2-200
Pa) [26]. These advantages did not affect the bacteria behaviour, as the
E. coli concentration was found comparable after the dynamic stimula-
tion with the static controls and the culture in suspension (Fig. 6 C). The
designed I-Bac3Gels represent a first evidence of an in vitro mucus model
for bacterial growth that combines bioinspired viscoelastic properties,
physiological 3D architecture and dynamic motion in the same moment.

5. Conclusion

Some aspects of engineering models to study the micromechanical
features of the intestinal loose mucus layer and how bacteria affect the
human body and vice versa were faced. Other remains open.

We addressed the possibility to produce a model which can be
adapted to different culture conditions by tuning the composition with
different cell and bacteria culture media. The different environments
shaped the bacteria behaviour. Symmetrically, bacteria altered in
different ways the distinct environments. The models can be moved
through extrusion in a standalone configuration without medium
refresh, while retaining the viscoelastic properties of loose layer and its
mesh size, which is relevant for the filtering and barrier function of
mucus. The rheological characterization was used as a valid tool to
investigate the dynamic process.

Co-cultures of other bacteria strains and microbiota communities are
the next steps in the investigation of the of the model suitability as
substrate for the 3D dynamic culture of bacteria. In the present work,
other aspects rather than chemical similarity were prioritized, such as
biosimilar microstructure, rheology and suitability for dynamic appli-
cation, while the use of standard bacterial and cellular culture media
were used to evaluate the effect of chemistry over bacteria cultures. This
do not neglect the possibility of engineer the model for future
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applications of interest, where specific medium and additives, including
mucins, can be further added to enrich the culture media here proposed
or used to develop ad hoc, specific, media.

This work opens to the possibility of exploiting the models in a wide
set of static and dynamic applications, including 3D culture of gut
microbiota and further optimisation of the gut-on-chip systems to
investigate the bacterium-bacterium and bacterium-host cell commu-
nication. The possibility to control a priory the rheological application
put the basis to develop ad hoc models, including the characteristic of
pathological scenarios.
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