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Mucus produced in the lungs has important protective barrier
functions that strongly depend on its biomolecular composition,
biopolymer network architecture, and viscoelastic properties. How-
ever, to date, there has yet to be a readily available source of
reconstituted, gel-forming mucins from the lungs to model and study
its biophysical properties. To address this, we established an in-house
procedure to extract airway mucins from pig trachea with minimal
DNA contamination consisting of ~70% by weight protein. Particle
tracking microrheology was used to evaluate the biophysical proper-
ties of porcine trachea mucins for comparison to other reconstituted
mucin and native mucus gels. At an ionic strength and pH reflective of
conditions in the lungs, we found that porcine tracheal mucins
formed a tighter mesh network and possessed a significantly greater
microviscosity compared to mucins extracted from the porcine small
intestine. In comparison to mucus harvested from human airway
tissue cultures, we found that porcine tracheal mucins also possessed
a greater microviscosity, suggesting that these mucins can forminto a
gel at physiological total solid concentrations.

Mucus lines the epithelium of mammalian organs including the
stomach, eyes, respiratory tract, and reproductive tract." The
mucus gel lining these tissues serves as a barrier against foreign
particulates as well as providing lubrication and hydration.*™
Together, mucins secreted at epithelial surfaces function to
form the mucus gel network through electrostatic interactions,
entanglement, and polymerization via disulfide bonding within
cysteine rich domains of mucin glycoprotein.>>® Mucus gels
produced in distinct tissues possess unique biomolecular and
biophysical properties depending on their precise functions. For
example in the gut, a mucus gel layer exists with a loosely cross-
linked, microbe-rich mucus layer overlying a more densely
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crosslinked, microbe-free mucus layer to physically separate
the epithelium from the microbiome and other potentially
pathogenic microbes.”® Prior studies have shown that airway
mucins can self-organize into strands and sheets to support
mucociliary transport on the airway epithelial surface.”'® In
addition, each mucin varies in its O-linked glycosylation pat-
tern, which contains different functional groups such as term-
inal sulfate, sialic acid, and fucose groups.>'! Prior work has
established that these terminal functional groups directly
impact the ability of airway mucins to neutralize viral pathogens
and prevent infection.’®** Thus, the structure and function of
mucins is highly tailored to the tissue from which they arise.
Historically, mucins have been extracted from animal tis-
sues, such as bovine submaxillary mucins (BSM), porcine small
intestinal mucins (PSIM), and porcine gastric mucins (PGM)."
These animal-derived mucins are unique in their physicochemical
properties owing to the distinct gel-forming mucin types present in
each mucosal tissue compartment. For example, mucins are
produced regionally in the gastrointestinal tract with different
compositions where mucin 5AC is produced in the stomach and
mucin 2 is produced in the small intestine.” While PGM is available
in bulk from commercial sources making it convenient for use, a
previous report has shown that commercial PGM contains signifi-
cant amounts of DNA as well as other contaminants and may be
partially degraded due to its processing.'® It is also important to
note that mucins in the airway possess a unique composition,
predominantly composed of mucin 5B and mucin 5AC,> that is
distinct from other mucosal tissues. As a result, previously reported
lab-extracted and commercial mucins do not provide models that
are wholly representative of airway mucus. Airway derived mucins
have been primarily sourced from human patient samples (e.g
sputum produced by cough,"” mucus collected from endotracheal
tubes (ETT)'®2°) or from human airway tissue cultures grown at
the air-liquid interface (ALI).*** Unlike reconstituted lab-extracted
mucins, mucus derived from in vitro human airway tissue cultures
at ALI or ex vivo human patients may possess additional proteases,
DNA, salts, and potentially other non-mucin proteins derived from
cellular debris.'® However, there are limitations in broader usage of
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Fig. 1 Biochemical characterization of commercial and lab-extracted mucins. (A)-(E) Commercially available BSM, commercially available PGM,
laboratory extracted PSIM, and laboratory extracted PTM were characterized to determine (A) % mass DNA content, (B) % mass protein, (C) O-linked
glycoprotein (mucin) content normalized to the fluorescence intensity of 1 mg mL™* BSM, (D) sialic acid content, and (E) disulfide bond content. All
measurements in (A)—(E) were carried out on samples with 2% w/v solid concentration. Bars indicate mean with error bars for standard deviations and
individual measurements are shown as data points. Data sets statistically analyzed with ANOVA: *p < 0.05, **p < 0.01, and ****p < 0.0001.

Comparisons are not significant (p > 0.05) unless noted otherwise. Due to
no statistical analyses were performed for the data in part (C).

patient-derived ex vivo airway mucus, as it is not widely available,
and in vitro tissue culture derived airway mucus is not easy to
produce in large quantities.®** Moreover, reconstituted mucins are
advantageous to study the concentration-dependent behavior of
mucus gels. Motivated by this, we used an extraction protocol,
adapted from previous work,>® to isolate mucins from the porcine
trachea without the need for advanced protein separation and
purification techniques. A description of the porcine trachea mucin
isolation procedure is provided in the ESLY

We first evaluated the composition of PTM using a series of
biochemical assays (Fig. 1). For comparison, we conducted these
analyses on commercial mucins (BSM and PGM) as well as PSIM
extracted using the same protocol. The resulting measurements
revealed that lab extracted mucins, PTM and PSIM, contained
minimal DNA, comparable to BSM, and significantly lower DNA
than PGM (Fig. 1A). Both lab-extracted mucins contained a
protein mass of ~70%, which was significantly higher than both
BSM and PGM (Fig. 1B). Furthermore, we used dynamic light
scattering to confirm the presence of large macromolecules
within our samples for PSIM (D, = 9.37 £+ 3.0 um), which was
greater than commercially available PGM (Dy, = 1.22 £+ 0.04 um)
(Fig. S1, ESIT). The measured sizes of PSIM solutions would be
indicative of higher-order mucin oligomers, whereas PGM solu-
tions likely contain mucins in a monomeric form.>”~>° Notably,
PGM yielded high O-linked glycoprotein (mucin) content,
whereas PTM and PSIM yielded similar O-linked glycoprotein
content to BSM (Fig. 1C). We also quantified the content of
terminal sialic acid glycans as these are relevant to many
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the limited sample size for PTM (n = 2) for O-linked glycoprotein assessment,

homeostatic and disease-associated processes in the airway. We
found that the sialic acid concentrations were similar in PSIM
and PTM (Fig. 1D). In comparison to PGM, the extracted mucins
(PSIM and PTM) contained significantly less total (i.e., both free
and mucin-associated) sialic acid. Given that lab extracted
mucins possess less sialic acid compared to commercially pro-
duced PGV, it is possible that our extraction method reduces free
and/or mucin-associated sialic acid content. We also should note
that the modified Warren assay which our sialic acid protocol
employs has been reported to have difficulty fully hydrolyzing
sialic acid groups on BSM.?® As such, the sialic acid content for
BSM was not included in our results. Disulfide bond content was
comparable between all mucin types (Fig. 1E). Collectively, these
data support that mucins from pig tracheal tissue can be
successfully harvested with this procedure.

We then performed microrheological assessment of these
mucins to evaluate their gel-forming capacity and usefulness as
a model for studies on the biophysical properties of mucus gels.
Specifically, we used multiple particle tracking of nanoparticle
(NP) probes to evaluate the viscoelastic properties of PSIM and
PTM prepared at a physiological solid concentration of 2% and
4% w/v. To mimic the ionic strength and pH commonly found
in the lungs, mucins were reconstituted in a physiological buffer
containing 154 mM NacCl, 3 mM CacCl,, and 15 mM NaH,PO, at
pH 7.4. Based on representative trajectories and measured mean
squared displacement, NP was highly mobile within PSIM,
whereas NP diffusion appeared significantly constrained within
PTM (Fig. 2A). Based on the slope of the MSD versus time lag, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Microrheology of porcine small intestine and tracheal mucins. (A) Representative trajectories of 100 nm (diameter) NP diffusion in 2% and 4% w/v
of PSIM and PTM. Trajectory colors change as a function of time with O s indicated by dark blue and 5 s indicated by dark red. Scale bar = 1 um. (B) Mean
squared displacement versus time lag for NP diffusion in 2% and 4% w/v of PSIM and PTM. (C) Calculated median MSD at a time scale of 1 second (MSDy)
for NP diffusion in 2% and 4% w/v of PSIM and PTM. Each data point represents the median calculated MSD, in each video with 3-5 videos collected in 3
technical replicates. The bar in (C) indicates the average of measured median MSD values. Data set statistically analyzed with ANOVA: *p < 0.05, ****p <
0.0001, and ns = not significant. (D) Estimated pore size (£) and (E) microviscosity (7) at a frequency of 1 Hz from NP diffusion. (D) and (E) Each data point is
an estimated pore size or microviscosity for each individual particle analyzed. Black lines indicate interquartile range. The data set was statistically

analyzed with the Kruskal-Wallis test with Dunn'’s test for multiple comparison: ns = not significant, ****p < 0.0001, **p < 0.01.

anomalous diffusion exponent («) was determined by fitting the
data from 7 = 0.1-1 s. A value of « ~ 1 is indicative of free
(Brownian) nanoparticle diffusion in a purely viscous liquid
whereas o« should be less than 1 for subdiffusive movement for
nanoparticles suspended in a gel network with viscoelastic
properties.’” NP exhibited Brownian diffusion in PSIM with o
of 0.95 and 0.96 for 2% and 4% w/v concentrations, respectively.
Conversely, subdiffusive NP motion was observed in PTM with o
of 0.63 and 0.38 for 2% and 4% w/v PTM, respectively (Fig. 2B).
We also find that the median MSD at 7 =1 s in 2% and 4% w/v

This journal is © The Royal Society of Chemistry 2025

PTM is significantly reduced as compared to PSIM (Fig. 2C). The
mean pore sizes for PSIM were ~1.5-3 fold larger than in PTM
where the average pore sizes were ~1.3-1.4 pm in PSIM and
~500-750 nm in PTM (Fig. 2D). The mean microviscosity for
PSIM was higher at 2% than 4% w/v concentration. In compar-
ison to PSIM, PTM possessed a ~ 1.5-fold greater microviscosity
at 2% w/v and a ~ 20-fold greater microviscosity at 4% w/v PTM
(Fig. 2E). Additional studies were also conducted comparing
PTM and BSM, which showed that PTM possessed smaller pore
sizes and greater microviscosity (Fig. S2, ESIf). Based upon

Soft Matter, 2025, 21, 4999-5004 | 5001
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these data, PTM appeared to form a gel network whereas PSIM
remained a solution at both 2 and 4% w/v concentrations. This
may be due to the slightly higher O-glycosylation of PTM and/or
differences in mucin composition as it is anticipated that PSIM
is primarily MUC2 whereas PTM is a mixture of MUC5B and
MUCS5AC. Additional studies are needed to fully characterize
how the chemical differences in MUC2 as compared to the
airway mucins, MUC5B and MUCS5AC, yield the observed differ-
ences in gel-forming capacity for PTM and PSIM and what
influence pH has on their rheological properties.

To determine how the microrheological properties of PTM
compared to a traditionally used airway mucus model, we
collected airway mucus from differentiated human airway epithe-
lial (HAE) tissue cultures. Prior studies by our group have shown
that mucus collected from HAE cultures possess a total solid
concentration ranging from 2-4% w/v.*> Considering this, the
microrheological properties of 2% and 4% w/v PTM were com-
pared to HAE mucus. NP trajectories in HAE mucus were
observed to be comparable to 2% PTM, whereas diffusion was
much more restricted in 4% PTM (Fig. 3A). Given the qualitative
similarities, we quantitatively compared the measured MSDyj,
pore size, and microviscosity for 2% PTM and HAE mucus. While
similar in magnitude, we found a significant decrease in MSD;
and pore size, indicative of a tighter mesh network in 2% PTM
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(Fig. 3B and C). PTM also possessed a greater microviscosity
compared to HAE mucus (Fig. 3D). These results could be
explained by effective differences in mucin composition (e.g
molecular weight, relative amounts of MUC5B and MUC5AC) in
PTM versus HAE mucus due to their distinct origins. Overall,
these studies suggest that PTM can form into a gel with similar
physical structure to tissue culture-derived airway mucus and
may be suitable as a model to study airway mucin function.

Overall, this study establishes a method to create reconsti-
tuted airway mucin gels with physiologically relevant biophysical
properties. For researchers interested in using PTM to model or
study how airway mucus gel properties alter disease processes, we
recommend using a 2% w/v PTM gel to simulate conditions in
healthy airways whereas higher PTM concentrations (i.e. >4% w/v)
would be appropriate conditions reflective of disease states such as
asthma, chronic obstructive pulmonary disease (COPD), and cystic
fibrosis (CF).> Beyond their relevance to airway disease research,
this also provides a means to further evaluate the tissue-specific
biophysical properties of mucus gels to establish important struc-
ture to function relationships. Given the notable differences in gel
formation for PTM and PSIM at near neutral pH, we plan to
perform further analysis of the pH-dependent assembly and rheo-
logical behavior of mucins derived from the lungs, intestines, and
potentially other tissues in future studies.
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Fig. 3 Microrheology of human airway cell culture and porcine tracheal mucins. (A) Representative trajectories of 100 nm (diameter) NP diffusion in BCi
mucus from HAE cultures and 2% w/v PTM. Trajectory colors change as a function of time with O s indicated by dark blue and 5 s indicated by dark red.
Scale bar = 1 um. (B) Calculated median MSD at a time scale of 1 second (MSD;) for NP diffusion in BCi mucus and 2% w/v of PSIM and PTM. Each data
point represents the median calculated MSD;; in each video with 3-5 videos collected in 3 technical replicates. Black lines indicate interquartile range. (C)
Estimated pore size (¢) from NP diffusion. (D) Estimated microviscosity () from NP diffusion. (C) and (D) Each data point is an estimated pore size or
microviscosity for each individual particle analyzed. Data was statistically analyzed with Kruskal-Wallis test with Dunn’s test for multiple comparisons:
ns = not significant, ****p < 0.0001, **p < 0.01.
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