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Gastrointestinal (GI) mucus is a biologically complex hydrogel that acts as a partially permeable barrier
between the contents of the Gl tract and the mucosal epithelial lining. Its structural integrity is essential
for the lubrication of the tract thereby aiding smooth transit of contents, and the protection of the
epithelium from pathogens that seek to colonise and invade. Understanding its physical response to
drugs and the microbiome is essential for treating many gastrointestinal infectious diseases. Given this, a
static in vitro model of a Gl mucus-on-a-chip has been developed with integrated electronics to
monitor the barrier properties of mucus hydrogels. Its application for investigating the effect of drugs
and biofilm formation on the mucus structure is validated using rheological techniques, confocal
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1. Introduction

Gastrointestinal mucus is a dynamic hydrogel that acts as a
selective barrier. A healthy, functioning, mucus lining allows the
transport of nutrients and biomolecules whilst aiding in pre-
venting invasion from pathogens and foreign material." Impair-
ments to this mucus lining can occur due to the presence of
gastrointestinal diseases, as a side effect of medicines and as the
result of microbiota dysbiosis. Physical disruption of the muco-
sal layer not only facilitates the contact of pathogens with
epithelial cells, but also allows some normally commensal
bacteria to be opportunistic and potentiate disease.”

H. pylori, for example, is one of the most common bacterial
infections known to cause an impairment of the gastric mucus
barrier. It affects approximately 50% of the world’s population
with about 20% of those experiencing disease phenotypes
including peptic ulcers and gastric cancer.>* H. pylori is known
to secrete urease which hydrolyses urea and elevates the pH of
the surrounding environment. With the structural integrity of
mucus strongly dependent on pH, a shift from acidic to neutral
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microscopy and electrochemical impedance spectroscopy (EIS).

conditions causes a sol-gel transition locally and allows bac-
teria to penetrate further towards the epithelium.’

Although mucosal barrier disruption can potentiate disease,
it may in limited instances be beneficial, for example, to
improve the efficacy of drug treatments of gastrointestinal
diseases. N-Acetylcysteine (NAC), a potent mucolytic, has been
shown to be an effective adjuvant therapy for H. pylori
eradication,»®” whilst displaying no activity directly against
H. pylori itself.® The hydrolysis of disulphide bonds by NAC
causes a reduction in the viscosity of the mucus, and therefore
impairment of the barrier, allowing antibiotics to penetrate
further into the bulk and target the pathogen at the epithelial
surface. However, it is not a simple case of assuming that
therapies known to impair the gastric mucus layer are useful
adjuvants to existing antibiotic treatments; for example, in
contrast to NAC, Pronase® treatment, in a clinical model as a
supplement to the standard triple therapy, was found to have
no beneficial effect on the outcome of H. pylori treatment,
despite its proven efficacy in disrupting the gastric mucus
layer.”® In vitro models for studying such interactions are
therefore useful for testing efficacy of existing medicines or
exploring the effects of combination therapies.

The healthy adherent inner mucus layer is generally
impermeable to bacteria, which form a dense biofilm in the
outer mucus layer (in the case of the colon) or at the interface of
the inner mucus layer (in the stomach and small intestine).
Biofilms embedded within a mucus layer can limit the efficacy
of antibiotics,'® also shown to not only affect the viability of
biofilms but additionally impact on the structure of the outer
layer of colonic mucus."' Various pathotypes of E. coli are
known to form biofilms within the intestine with a variety of
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mechanisms.'**

Pathogenic strains, including enterohaemorrha-
gic E. coli (EHEC), have been show to also disrupt the mucus layer
on human colonoids.™ It is not only pathogenic bacteria that have
a direct effect on the structure of mucus. A. muciniphila, for
example, is known to be beneficial to the integrity of the mucus
layer by stimulating the production of additional mucus, produ-
cing a thicker, more protective layer. A. muciniphila has been
shown to degrade and metabolise mucin, produce short chain
fatty acids (SCFAs) including butyrate and propionate, which are
nutrient sources for goblet cells (the mucus-secreting cells within
the intestinal epithelium) and stimulate the production of
mucin.” Indeed A. muciniphila has been found to increase goblet
cell distribution in the colon in vivo.'® Understanding the inter-
actions of bacterial species that constitute the microbiome with
the mucus layer is important for fully understanding the role they
play in potentially potentiating or alleviating disease phenotypes.

As outlined above, there are numerous reasons for
which accurate and quantitative models for characterising
and assessing the physical integrity of mucus in response to
the microbiome, metabolites, and medicines would be useful.
Furthermore, to effectively deliver drugs to the epithelial lining,
delivery systems must be designed to penetrate the mucus layer
without lasting damage or risk of potentiating diease."” In vitro
models can play an important role to screen such systems of
benefit to the infectious diseases and drug delivery field,"® not
only for the gastrointestinal tract,'® but other mucus linings
including in the lungs®® and the vagina too.>"

The interfacing of biological materials with electronics
for quantitative measurements of tissue barrier integrity has
developed significantly by the adoption of conducting polymer
materials, in particular poly(3,4-ethylenedioxythiophene)
doped with polystyrene sulfonate (PEDOT:PSS),>*** and we
have previously demonstrated the interfacing of PEDOT:PSS
electronics with live cells representing the gastrointestinal
mucosal layer for monitoring host-microbe interactions.”*
PEDOT:PSS is a blue mixed ionic-electronic conductor with a
capacitance that is a function of the volume of the material, in
contrast to electrodes made from conventional materials, such
as gold, which are not typically transparent and have relatively
high impedance. Indium tin oxide (ITO) electrodes, although
transparent, also have higher impedance than PEDOT:PSS
due to its area-limited capacitance. Semi-optically transparent
thin-film PEDOT:PSS microelectrode arrays are compatible
with highly sensitive electrical measurements as well as micro-
scopic techniques which permit multimeric and correlative
readouts.”® Common methods of monitoring diffusivity of
hydrogels involve the tracking of fluorescent beads with con-
focal microscopy. Analogously, we can measure the diffusivity
of electrochemical probes though such mucus hydrogels but
with electrical means rather than optical. Indeed, with the
optically transparent nature of PEDOT:PSS devices, conven-
tional optical techniques can also be performed on the same
devices enabling correlative measurements.

The focus of this study is to demonstrate a novel method of
monitoring the integrity of a gastrointestinal mucus gel and
characterising its response to mucolytic compounds and the
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formation of E. coli biofilms on the surface. Including electro-
chemical sensing can enable the rapid, quantitative, real-time
read outs of the state of gastrointestinal mucus and biofilms.
This bioelectronic mucus-on-a-chip has a wide range of appli-
cations in studying fundamental biochemical mechanisms,
drug screening, and biofilm disruption enabling treatment of
gastrointestinal bacterial infections.

2. Experimental section

2.1. Synthetic mucus preparation

Mucus hydrogels were prepared as previously described.>® Pur-
ified mucin from porcine stomach type II (PGM, Sigma-Aldrich)
was dissolved in physiological buffer (154 mM sodium chloride
(Sigma Aldrich), 15 mM monosodium phosphate (Thermo Fisher
Scientific, UK), and 3 mM calcium chloride (Thermo Fisher
Scientific, UK) at pH 7.4) and stirred for five minutes. The cross-
linking reagent 4-arm polyethylene glycol thiol (20 kDa, PEG-4SH,
Laysan Bio Inc) was dissolved in physiological buffer before
mixing with the PGM solution. Equal volumes of each solution
were mixed and stirred at room temperature for three hours until
thoroughly mixed. Samples were either stored for 24 h before bulk
rheological measurement or immediately transferred into the
wells atop corresponding devices for other experiments before
gelation. Final concentrations of between 1-5% (m/v) of PGM and
PEG-4SH were used.

2.2. Bulk rheological measurement

Rheological properties of the mucus gels were measured with a
strain-controlled rheometer (Kinexus Lab +, KNX2112) with
a 20 mm parallel plate geometry at 25 °C with a gap of 1 mm.
An amplitude sweep dynamic measurement was performed
with a strain range from 0.1% to 100% at a frequency of
1 rad s™'. Following the linear viscoelastic region (LVER)
determination, a frequency sweep experiment was conducted
from 0.1 to 100 rad s~ ' at 1% strain amplitude to determine the
elastic modulus G’ (Pa) and viscous modulus G” (Pa).

2.3. Microstructure analysis

Scanning electron microscopy (SEM) (FEI Nova NanoSEM
450 at 5.00 kV) was used to visualise the porous structure of
the mucus gel. Samples were fixed with 2.5% glutaraldehyde
(Fisher BioReagents) in phosphate-buffered saline overnight
followed by flash freezing in liquid nitrogen, embedding in
2% agarose (Sigma-Aldrich), allowing to set, and then slicing
horizontally with a scalpel. The sample was mounted onto
carbon tabs on aluminium stubs with the cut side facing up.
Finally, samples were coated with 20 nm carbon by sputtering
(Combined Coater System, Agar Scientific) before imaging.

2.4. Hydrogel thickness measurement

Glass substrates had a cloning cylinder (8 mm inner diameter,
Merck) attached using PDMS (SYLGARD™ 184, Dow) to contain
and shape the mucus sample. The well surface was rendered
hydrophilic by 30 second plasma treatment with pure oxygen

This journal is © The Royal Society of Chemistry 2025
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(Zepto One, Diener electronic). Freshly prepared mucus mimics
were pipetted into the well at varying volumes and stored at
room temperature for 24 h before confocal laser scanning
microscopy (CLSM) imaging. Samples were stained by the
addition of 50 ug mL~" FITC-tagged wheat germ agglutinin in
phosphate-buffered saline (WGA-FITC, 2BScientific) for 30 min
at room temperature in the dark and rinsed thrice with
phosphate-buffered saline. Sample thickness was determined
via Z-stack (ZEISS LSM 800) at 5x magnification under 488 nm
laser illumination. Image analyses were performed via ZEN
Imaging Software (Version 2.6 blue edition).

2.5. Microelectrode array fabrication

MEAs were fabricated as previously described.?” Glass wafers
(4") were cleaned in 9:1 sulfuric acid and hydrogen peroxide at
120 °C for 20 minutes. Tracks and contact pads (50 nm Au between
two 5 nm Ti adhesion layers) were evaporated (AJA International e-
beam evaporator) and patterned using conventional photolitho-
graphy methods®® (Heifelberg MLA 150). A SiO, insulation layer
(230 nm) was deposited by chemical vapor deposition (Plasma-
Therm Versaline HDPCVD) and metal tracks and contact pads
were photolithographically patterned and exposed with inductively
coupled CHF; plasma reactive ion etching (Plasma-Therm Versa-
line ICP etcher). Wafers were treated with O, plasma (March
Instruments PX-250 Plasma Asher) and a PEDOT:PSS (PH 1000)
layer deposited by spin-coating a PH 1000 solution (Heraeus)
containing 5% v/v ethylene glycol (EG) and 1% v/v (3-glyci-
dyloxypropyljtrimethyoxysilane (GOPS) at 2000 RPM for 2 min
and baked at 140 °C for 30 min. A Ge hard mask (100 nm) was
deposited by e-beam evaporation. The Ge and PEDOT:PSS layers
were patterned and etched with CF, and O,, respectively. Wafers
were diced into individual chips and soaked in deionized water for
48 h to oxidise and remove the Ge layer prior to use.

2.6. Electrochemical characterisation

A PalmSens4 (PalmSens BV, Netherlands) portable potentiostat
was used for all electrochemical experiments employing a three-
electrode system. The working electrode, counter electrode and
reference electrode were the PEDOT:PSS coated gold electrode, a
platinum (Pt) mesh and silver/silver chloride (Ag/AgCl) electrode,
respectively. The well established electrochemically reversible
redox system, 10 mM K;Fe(CN)s/K,Fe(CN)s + 0.1 M KCl in
phosphate-buffered saline was added into the well and the
baseline was measured before adding any mucus gel. Freshly
prepared mucus, as described previously, was added onto the
electrodes and allowed to gel at room temperature overnight
before measurement. Cyclic voltammetry (CV) measurements
were conducted to locate the peak potentials (Ep) and character-
ise diffusion coefficient of the ferricyanide probe through the
mucus gel. Applied potential range used was —0.5 V to 0.7 V with
the scan rate varied between 0.03 V s™' and 0.15 V s~ . EIS
measurements were performed using sinusoidal wave with
amplitude 0.01 V and frequency range 0.1 Hz to 10° Hz coupled
to DC potential, using the E, value (around 0.31 V) from CV
scans. PSTrace 5.9 software (PalmSens BV, Netherlands) was
used to analyse the data. EIS spectra were fit to the simplified
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Randles equivalent circuit model using PSTrace 5.9 software.
To account for electrode and device variability, which can
propagate through all subsequent measurements, all data that
is indicated as normalised has been normalised to the baseline
data acquired on the same electrode.

2.7. Sample preparation for mucolytic agent treatment

To characterise the mucus barrier after interaction with muco-
Iytics, N-acetyl-L-cysteine (NAC, Sigma-Aldrich) at a final concen-
tration of 50 mM, was added (volume of NAC: mucus was 1:1)
after gelation (> 24 h) and incubated at 37 °C for either 30, 90, or
150 minutes. Rheological and electrochemical measurements
were then performed as described above.

2.8. Sample preparation for E. coli LF82 interaction

E. coli LF82 was grown overnight, from a glycerol stock, in 5 mL
Luria-Bertani broth (LB, formedium) at 37 °C, followed by a 3 h
growth in 15 mL fresh LB broth (1% v/v inoculation) at 37 °C,
225 rpm shaking. ODgo, was measured (BMG Labtech CLAR-
I0star), culture diluted to 8 x 107 bacteria in 200 pL LB broth
and pipetted onto mucus gel (24 hours post-gelation), and
allowed to colonise the mucin hydrogels in a static humidified
incubator at 37 °C. Following incubation for 2, 6, 12, and
24 hours, the hydrogel samples were gently rinsed with phos-
phate-buffered saline to remove planktonic and dead bacteria and
cell debris. Bacterial distribution was then detected via CLSM
(488 nm, 10x) by staining bacteria for 1 hour with calcein AM
(Invitrogen). EIS measurements were then performed as described
above. Spectra were recorded for the baseline and after bacterial
incubation for 2, 6, 12 and 24 h. To determine the effect of
antibiotics on the biofilm, E. coli LF82-colonised mucus samples
were treated with 2.5 g mL ™" trimethoprim in fresh LB broth for
1 h and then imaged with CLSM and again measured with EIS.

2.9. Statistical analysis

Imaging in this study were performed in duplicate and repre-
sentative images were selected to show the results. All data are
shown in form of mean + standard deviation (SD) calculated
for at least three repetitions (n > 3) unless otherwise indicated
in figure caption. Graphing and statistical analysis was per-
formed in GraphPad Prism 9 (GraphPad Software, USA) and
Origin Pro (OriginLab Corporation, MA, USA). A one-way ana-
lysis of variance (ANOVA) with Tukey’s post hoc correction (95%
C.1.) was performed to compare the significant differences
between multiple groups. A two-way ANOVA was performed to
compare data in multiple groups with two independent vari-
ables. Statistically significant is denoted as: ns = not significant,
p < 0.05(%),p < 0.01 (**),p < 0.001 (**)and p < 0.001 (****).

3. Results and discussion
3.1. Rheological characterisation of mucus gel

The strategy employed here to produce in vitro mucus mimics
was originally proposed by Joyner et al.” By tuning the ratio of
porcine gastric mucus (PGM) and a PEGylated-4arm-thiol
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crosslinker, the viscoelastic properties of the mucus hydrogel
was tuneable within the range of in vivo mucus (Fig. 1(A)). The
properties of the prepared mucus hydrogels were previously
investigated with particle tracking microrheology and demon-
strated to have physiological relevance. This work inspired us to
consider how the properties of mucus hydrogels could be

View Article Online
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monitored both optically and electrically for a quantitative
readout of barrier properties. We first aimed to replicate a
viscoelastic hydrogel that mimics the rheological properties of
native gastrointestinal mucus. Fixed-frequency amplitude
sweep experiments were performed from 0.1-10% strain with
a frequency of 1 rad s~' and elastic behaviour observed where
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Fig. 1

(A) Schematic of mucus formation steps demonstrating the action of the PEG-4SH crosslinker in joining mucin molecules together. (B) Bulk

rheological measurements of synthetic mucus were generated by mixing 2% PEG-4SH with 1%, 3%, and 5% PGM (resulting concentration) respectively. G’
represents elastic modulus (squares) and G” represents viscous modulus (circles). Linear viscoelastic region (LVER) of the hydrogel is obtained via
amplitude sweep dynamic measurement (0.1% to 10% shear strain, frequency = 1 rad s™3); (C) amplitude sweep with a larger range containing the upper
limit of the LVER — the critical strain. (D) Frequency sweep at strain = 1% from 0.1 to 100 rad s~*; (E) viscosity curve for synthetic mucus (n > 3, *p < 0.05,
**p < 0.01).
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G’ exceeded G” at low shear strains confirming the formation of
the gel structure (Fig. 1(B) and (D)). A review of the literature
reports G’ values between ~3-100 Pa from ex vivo and in vitro
models and demonstrate that this increases along the GI
tract.>® Another study which measured the G’ from the stomach
to the distal colon of a porcine model showed a general
increase from ~10-200 Pa with progression along the GI
tract.** G’ values at 1 rad s~ for the mucus mimics in this
study are approximately 50 Pa, 70 Pa and 100 Pa as the PGM
concentration is increased from 1% to 3% to 5%. This sits
firmly within the range of literature reported values and
demonstrates the tunability of the model to the rheological
properties of mucus spanning regions of the GI tract. At 1%
PGM, the mucus gels displayed higher viscoelasticity than the
3% and 5% samples as demonstrated by the greater degree of
separation between the G’ and G” profiles. The critical shear
strain varied by PGM concentration which was found to be 40%
for 1% PGM and 15% for both 3% and 5% PGM samples
(Fig. 1(C)). Graphs of the loss factor varying with both frequency
and strain independently are below the flow point at tan(d) = 1
across the entire region investigated (ESIt, Fig. S1). This
demonstrates dominant elasticity which is shown to approach
the crossover point of G” to G’ at strains approach 100%.

Mucus viscosity was determined by sweeping the applied
shear rate. All samples displayed shear thinning behaviour and
indeed the slope of the flow curve for all samples, as shown on
(Fig. 1(E)), was approximately —1 as demonstrated previously.>
The range of physiological shear rates in vivo has been reported
as 1-10 s~ '.** G’ and G” of the semi-synthetic mucus described
is within the range of that of other ex vivo and biosimilar mucus
models found in the literature at a shear rate of 1 s '. One
particular study by Barmpatsalou et al demonstrated the
viscosity of porcine intestinal mucus varying across the intes-
tine with small intestine regions (duodenum ~80 Pa s, jeju-
num ~ 30 Pa s and ileum ~ 150 Pa s) exhibiting lower viscosity
than colonic mucus (proximal colon ~180 Pa s, distal colon
~300 Pa s) except for the cecum which had significantly lower
viscosity than all other regions (< 10 Pa s).>' The corresponding
apparent viscosities of the mucus investigated within this study
range from between ~300-700 Pa s as the PGM concentration
increases. Disease states, including cystic fibrosis, can exhibit
almost 2-fold higher viscosities of mucin glycoproteins relative
to healthy controls,** emphasising the tunability of the mucus
model used in this study for modelling various pathological
conditions. Attempts were also made to extract mucus from the
goblet cell-like cell line HT29-MTX which has been shown
to secrete mucin. Extracted mucus failed to predictably form
homogenous gels and thus validated our reasoning for con-
tinuing with the semi-synthetic approach (ESI,t Fig. S2).

The swelling ratio, a fractional measure of water absorption
by the material, was determined for each concentration of PGM
used in this study and ranged from ~9-13 (ESLt Fig. S3).
The values are similar to that determined in the literature to a
similar mucus mimic, albeit with a different ratio of cross-
linking agent to PGM.>* Furthermore, mucus in the large
intestine is reported to have a water content of 93-95%, and
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thus a dry mass of 5-7% of the total weight.>***” The dry mass
would swell between 13-19 times to reach the reported litera-
ture water content values, with the semi-synthetic mucus model
described here being at the lower end of this range.

Whilst the exclusive use of commercially available porcine
gastric mucin lacks the ability to form a stable mucus gel that
mimics natural mucus,*® the rational approach proposed by
Joyner et al. allows for the formation of stable mucus gels that
mirror the natural thiol-mediated structures and rheology and
enables usage in applications where large quantities are required.

3.2. Electrochemical characterisation of mucus gel

To electrically assess the barrier properties of the mucus gel, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were used. The electrochemical set up (Fig. 2(A)-(C)) includes
a microelectrode array with 500 pm PEDOT:PSS square working
electrodes, silver-silver chloride reference electrode and a large
platinum mesh counter electrode. A well bonded to the glass
substrate contained the electrolyte of the three electrode electro-
chemical cell. PEDOT:PSS was coated on top of gold electrodes with
some electrodes being solid gold, and others comprised of only an
outline of gold thus creating an optically transparent surface that is
usful for correlating electrical readouts with optical microscopy.**

To interface the device with mucus, substrates were O,
plasma treated to improve wetability and surface contact for
the mucus which was added to the well and allowed to gel. Upon
gelation, the porous structure of the mucus was formed as
shown by SEM, although this method of imaging cannot truly
represent the structure of the mucus mimic due to the numerous
processing steps necessary to fix, dessicate, slice, and sputter
coat the sample before imaging (Fig. 2(D)). Due to the wetability
of the glass surface and the attached well, the mucus hydrogel
wetted the walls and formed a slight concave meniscus and as
such Z-stacks were taken with confocal microscopy (Fig. 2(E)) to
measure the actual thickness of mucus and determine the centre
vs edge variance (ESLT Fig. S4). The mucus was thicker at the
edges and as such a radial electrode array design would be
beneficial for minimising this variance in future studies.

CV was first conducted to determine the electrochemical
response of the typical potassium ferricyanide/ferrocyanide redox
couple (Fig. 2(F)). The anodic peak potential in this system was
determined to be +0.31 V which was used as the Epc potential in
later EIS measurements. The thickness of the mucus layer was
intially varied with both CV and EIS being performed to determine
the response to increasing mucus thickness on the charge transfer
resistance. CV scans, performed at a range of scan rates, demon-
strate diminishing oxidation and reduction current peaks in
response to thicker mucus gels and indeed, extracted diffusion
values and computed electron transfer rates (ESL+ Fig. S5) demon-
strate the increased resistance to the redox probe at greater thick-
nesses. The non-linear trend can likely be attributed to the tortuosity
of the intricate porous structure of mucus. Indeed, as the mucus
volume, and thus thickness, was increased, an increase in extracted
resistance values was observed (Fig. 2(H)). A representitive Nyquist
plot for this system is shown with increasing mucus thickness
(Fig. 2(G)). This confirms the three electrode electrochemical system
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(A) Schematic illustration of mucus on MEAs assembling with twelve PEDOT:PSS-coated gold working electrodes (https://Biorender.com). (B) Top view of

the chip, and (C) confocal image of a square working electrode (showing 500 pm width). Mucus is stained with WGA-FITC lectin as shown in green. (D) SEM image
of 5% PGM hydrogel used in electrical experiments. Scale bar 4 um. (E) Example Z-stack of the mucus layer stained with WGA-FITC allowing for determination of
mucus thickness on individual transparent electrodes. (F) Cyclic voltammetry (scan rates 30, 50, 90, 120, and 150 mV s~ of 10 mM [Fe(CN)¢]* 4~ with 0.1 M KCl,
in phosphate-buffered saline on 1000 pm mucus (5% PGM + 2% PEG-4SH) coated on the electrode surface. Potential is vs. Ag/AgCL (G) Representative Nyquist
plot at varying mucus thickness with simplified Randles circuit inset and a zoomed out of the same data inset to capture the full data range, and (H) extracted
charge transfer resistance with varying mucus volume within the well atop the MEA. Error bar denotes standard deviation with n = 5 electrodes.

can be used for a quantitative readout of charge transfer resistance
as a result of mucus presence atop the PEDOT:PSS electrode which
increases with increased mucus thickness.

3.3. Mucolytic effect on mucin gel

N-Acetylcysteine (NAC) is a well-known mucolytic agent that has
found clinical uses, particularly for acute and chronic lung

582 | J Mater. Chem. B, 2025,13, 577-587

conditions* and, additionally, its ability to disrupt bacterial
biofilms has been demonstrated in vitro and in clinical
studies.”® NAC decreases mucus viscosity (Fig. 3(A)) by causing
a substitution of disulfide bonds between cysteine residues in
the mucin network with free sulfhydryl groups.*

The impact of NAC treatment on the microstructure of
mucus was demonstrated with electrochemical techniques.

This journal is © The Royal Society of Chemistry 2025
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extracted from frequency sweep measurement. (B) Representative Nyquist plot of NAC treatment EIS data. (C) Graph of normalised charge transfer
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mucus (gelation); 2. 90 min NAC treatment; 3. 24 h NAC treatment. (Error bars denote standard deviation. n > 4, n = 2 for 210 min NAC treatment *p <

0.05, **p < 0.01, ****p < 0.0001)

EIS measurements demonstrate the decrease in charge transfer
resistance (R.) to ferrocyanide probe upon incubation with
NAC (Fig. 3(B)) and the R. of the mucus after 30 minutes
incubation declined markedly to only one tenth the value
observed in mucus prior to NAC treatment (Fig. 3(C)), validat-
ing these techniques in measuring the breakdown of the
hydrogel matrix. CV measurements exhibited a sevenfold
increase in the diffusivity of the redox probe (p < 0.05)
following 150 min of NAC treatment (ESLf Fig. S6). Further-
more, incubation of a bulk mucus gel with 50 mM NAC visibly
showed breakdown of the gel matrix (Fig. 3(D)) whereby the gel
visibly deformed and began to flow after 90 minutes, and
appeared liquid after 24 hours. Corresponding rheology data
is provided in ESI,} Fig. S7.

3.4. Characterisation of E. coli LF82 biofilm formation and
disruption

The healthy adherent mucus layer found in the stomach and
the small intestine are normally impenetrable to commensal
bacteria. The outer mucus layer found in the colon is known to
host the microbiome within its bulk. This study aimed to form

This journal is © The Royal Society of Chemistry 2025

a biofilm at the interface of the adherent mucus layer as would
be the case in vivo. The adherent-invasive E.coli (AIEC) strain
LF82 is of particular interest to those researching irritable
bowel disease (IBD) due to its implication in Crohn’s
disease,*” and indeed, the treatment of a murine colitis model
with E. coli LF82 has been shown to exacerbate fibrosis.** With
its ability to form biofilm structures, particularly intracellularly,
LF82 has defensive mechanisms which are known to enhance
resistance to antibiotics and the host immune system.** The
addition of E. coli LF82 to the mucus-on-a-chip model was
found to show features of attachment, growth, colonisation and
dispersion atop the mucus gel over a 24 h period (Fig. 4(A)).
Similar trends are observed for a green fluorescence protein
(GFP)-expressing E. coli BL21 (ESI,} Fig. S8), where depth profile
images show clear maturation of the biofilm with successive
incubation timepoints and significant biofilm height after a
24 h period. Such observations are further supported by a
microtiter crystal violet assay*>*® to determine bulk biofilm
biomass demonstrating increase in at all time points relative to
a blank mucus sample, and a significant increase post 24 h
incubation (ESI,¥ Fig. S9). This technique is useful for
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Fig. 4 (A) Representative confocal images of E. coli LF82 in different stages of biofilm formation on top of mucus layer (5% PGM with 2% PEG-4SH).

Confocal images from left to right: 2 h, 6 h, 12 h and 24 h incubation periods of E.coli LF82 atop mucus gel stained with Calcein AM. Scale bar = 50 um. (B)
Representative Nyquist plots of device baseline, addition of mucus layer before E. coli LF82, after incubation (2, 6, 12 and 24 h) and post 1 hour antibiotic
treatment. (C) Summarised mucus relative charge transfer resistances (normalised to the mucus-only baseline on the same electrode) from EIS
characterisation. Error bars denote standard deviation (ns = not significant, *p < 0.05, **p < 0.01).

quantifying whole biofilm due to its ability to stain negatively
charged biologically molecules including polysaccharide and
extracellular DNA which are important constituents of the
biofilm.*” (Fig. 4(B)) shows a representative Nyquist plot for each
experimental group including electrode and mucus baseline,
measurements at each bacterial growth time point, and post
antibiotic treatment. All extracted resistance datapoints
((Fig. 4(C)) are normalised to the charge transfer resistance of
the mucus-only baselines. Increase in the charge transfer resis-
tance is measured after 6 h of bacterial growth which peaks at a
relative increase of 33% after 12 h growth, stabilises, and
diminishes by the 24 h timepoint. There is thus no statistical
difference between the 24 h charge transfer resistance and that
of the 2 h group, likely because of loss of biofilm due to the
shedding dispersion phase of biofilm growth whereby signifi-
cant proportions of the biofilm are detached.*®*® Following this
period, the addition of 2.5 pg mL ™" trimethoprim, demonstrated
to have strong inhibitory activity against the E. coli LF82 strain
(ESLt Fig. S10) was found to exhibit a statistically significant
decrease in the charge transfer resistance. This technique is able
to monitor the growth of E. coli LF82 biofilms on a mucus layer
and the effect of antibiotics on the biofilm with integrated
sensing for quantitative readouts. Indeed, such a technique
could be useful for quantitatively monitoring biofilm formation
with different bacterial growth conditions which include varying

584 | J Mater. Chem. B, 2025, 13, 577-587

growth factors and media compositions but also, for example,
exposure to western diets rich in specific polysaccharides that
promote biofilm formation and dysbiosis.”® It had been pre-
viously demonstrated that, compared with well known biofilm-
forming organism P. aeruginosa, E. coli LF82 biofilms are signifi-
cantly impacted not only by antibiotic dosage, but also fluid flow
and thus shear stress.>’ The bioelectronic mucus model pre-
sented here could be adapted to introduce fluid flow with
integrated electronics to provide real time monitoring of biofilm
prevention, formation, and treatment with rapid, quantitative
readouts within the context of the gastrointestinal tract, or other
mucosal surfaces. Furthermore, the incubation of mucolytic,
non-biofilm forming bacteria with the model under different
treatments could be useful for determining growth rates when
cultured on the mucus gels due to the ability to track mucus
disruption, or determine a particular strain’s ability to degrade
mucin. It is crucial to understand how bacterial species within
the microbiome interact with the mucus layer to fully compre-
hend their role in either exacerbating or alleviating disease

symptoms.

4. Conclusions

The gastrointestinal mucosal layer is a biologically complex
hydrogel which serves as a vital, partially permeable, barrier

This journal is © The Royal Society of Chemistry 2025
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contributing to structural integrity, lubrication, and protection
of the GI tract against pathogens. Monitoring the mucosal layer
is important for understanding host-microbiome interactions
and effect of drugs on the layer and integrated sensing capabil-
ities allow for real time monitoring of such interactions. This
study presents an in vitro model of a gastrointestinal (GI) mucus
integrated on a microelectrode array, providing a useful tool for
understanding the resistive properties of the mucus when
exposed to drugs or bacteria. The model was validated through
confocal microscopy, cyclic voltammetry and EIS, enabling the
exploration of the impact of mucolytic drugs and E. coli biofilm
formation on bulk electrical properties and therefore bulk
mucus structure. Such a tool is valuable for advancing our
understanding of gastrointestinal infectious diseases affecting
the mucosal lining and refining treatment strategies.
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