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Abstract

Dysfunction of the intestinal mucus barrier causes disorders such as ulcerative colitis and Crohn’s
disease. The function of this essential barrier may be affected by the periodically changing luminal
environment. We hypothesized that the pH and ion concentration in mucus control its porosity,
molecular permeability, and the penetration of microbes. To test this hypothesis, we developed a
scalable method to extract porcine small intestinal mucus (PSIM). The aggregation and porosity of
PSIM were determined using rheometry, spectrophotometry, and microscopy. Aggregation of
PSIM at low pH increased both the elastic (G) and viscous (G”) moduli, and it slowed the
transmigration of pathogenic Sal/monella. Molecular transport was dependent on ion concentration.
At moderate concentrations, many microscopic aggregates (2-5 4m in diameter) impeded
diffusion. At higher concentrations, PSIM formed aggregate islands, increasing both porosity and
diffusion. This in vitro model could lead to a better understanding of mucus barrier functions and
improve the treatment of intestinal diseases.
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INTRODUCTION

The role of mucus in the intestines is incompletely understood. The mucus layer functions as
a selective biological barrier that permits the transport of digested molecules while
protecting the underlying epithelial tissue.1=3 The content in the lumen is continually
changing, and the mucus layer must respond to its environment by being a barrier to some
components while being permeable to others.2 The rheology and microscopic structure of
mucus affects its ability to prevent bacterial infiltration.*® Many diseases involve
dysfunction of the mucus barrier, such as inflammatory bowel diseases,®-8 cystic fibrosis,?
and colorectal cancer.1911 In diseased states, breakdown of the mucus microstructure
increases bacterial infection.12:13 Two factors that have been shown to affect these structural
properties are the local pH and cation content.14 An experimental model that can expand the
understanding of these mechanisms would be an essential tool to address diseases of the
intestines.
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The mesh-like structure of the mucus barrier enables it to promote nutrient absorption while
acting as a barrier to infection. Mucus is primarily composed of mucin proteins. In both the
large intestine and small intestine, mucus is composed predominantly of MUC2, which is
one of the 21 known proteins in the MUC family.1516 In the small intestine, where most
nutrient absorption occurs, the mucus barrier is thin (20-100 4m thick), which facilitates
molecular transport while maintaining tissue sterility against luminal microbes.17:18 In the
large intestine, the mucus barrier is thicker (700-1000 zm), which physically shields the
epithelial lining from the high density of microbiota.19-21 In the large intestine, the mucus
layer is composed of a tightly bound inner layer and a loosely bound outer layer.2? Secreted
mucus traps invading bacteria, which are eliminated with the luminal content.23.24

The local environment around the mucus layer greatly affects its structural properties. The
most well-studied environmental factor is pH, which has a strong effect on the rheology of
mucus.2%26 In acidic environments, mucus is elastic and gel-like, but in neutral and basic
environments, it behaves more like a liquid solution.2> Mucin proteins have a bottlebrush-
like structure with a protein backbone and glycan side chains2’ (Figure 1A). At acidic pH
values, mucins change conformation and expose cysteine-rich hydrophobic regions on the
protein backbone, which leads to hydrophobic interactions and gelation.28.2% In addition to
pH, other factors may affect the structure of mucus.3C Calcium ions (Ca2*) play an important
role in regulating intracellular mucin storage and secretion from goblet cells. 1431 The
binding of CaZ* with the glycan side chains causes dense packing of the mucin polymeric
chains.14:32:33 |n the intestines, where the luminal pH is neutral 3 dietary calcium may have
a greater effect on mucus structure and its barrier function. After ingesting food, the
availability of calcium and other ionic molecules in the gastro-intestinal tract is increased.
35,36 Depending on the feed state, the luminal Ca2* concentration varies between 5 mM and
20 mM.35:37

Much of current in vitro research has used mucus extracted from the stomach.38:39 It is
plentiful, less contaminated with bacterial components, and its extraction is straightforward.
This material has been instrumental in demonstrating its pH-dependent behavior and barrier
function.26:29.40-42 commercially available gastro-intestinal mucus is derived from porcine
stomachs. A limitation of this material is that gastric mucins have a different biochemical
structure from intestinal mucins. Gastric mucus is mostly MUC5AC and MUCB,%3 whereas
the intestines are primarily MUC2.15 In addition, commercial mucin has poor gel-forming
capability.** This transition is an essential aspect of the primary barrier function of mucus.

In the absence of a commercial source, there are two predominant methods used to study
intestinal mucus derived from rodent, large animal, or human tissues. The most common is
the direct scraping of mucus from the intestinal wall. Scraped mucus has been used to
demonstrate that large nanoparticles, if properly coated, can rapidly penetrate mucus,
compared to smaller nanoparticles.?® It has also been shown that the interaction of mucus
with food-associated stimuli such as lipids, calcium, and pH, significantly reduce the
transport of microspheres.3® An important limitation of this scraping technique is that
contamination of unprocessed mucus with cellular debris can cause unwanted
immunological responses or cytotoxicity in vitro.#6 Alternatively, several studies have
purified the mucin proteins from intestinal mucus.*”48 Purified mucins retain the
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rheological properties of mucus*®0 and have been used to show that mucin chain
entanglement is dominant at neutral pH and high concentration.®! At low pH, the gel
formation is accompanied by the formation of large-scale heterogeneities within the mucin
solutions.>2 This purification method has limited yield, is time-intensive, and requires costly
specialized equipment, which limits its widespread use for effective recapitulation of mucus
barriers with physiological thickness and concentration in vitro. In recent years, little
progress has been made in advancing mucus extraction protocols on a large scale.50:53.54

The goal of our study was to develop a method for extracting intestinal mucus and to
quantify the effect of environmental factors on its barrier properties. We hypothesized that
the permeability and barrier function of intestinal mucus is reversible and changes in
response to the Ca2* ions in the local environment. To quantify these properties, the
extraction method must be able to produce sufficient quantities of mucus that retained its
pH-responsive rheology and contained minimal cellular contaminants. A systematic process
was used to determine the extraction conditions that would result in a high yield, cause
minimal cellular damage, and isolate mucus that would form a gel. Spectrometric and
rheometric measurements were used to quantify the absorbance and physical properties, in
response to acidic and high calcium environments. The physical structure of mucus proteins
in these environments was determined by microscopy. The ability of mucus to limit
molecular diffusion and bacterial penetration was determined in an in vitro mucus barrier
model. This development of a high-throughput extraction method will enhance mucus
research. Understanding the mechanisms that control the barrier function of mucus will
ultimately lead to better treatments of mucus-related diseases of the intestines.

Extraction of Natural Mucus.

We have developed a new method to extract mucus from porcine small intestines (Figure
1B). The goal of the design process was to develop a method that isolates mucus while
retaining its pH-responsive rheology and minimizing the inclusion of cellular contaminants.
This method was based on the observation that, after mucus is scraped from the intestine, it
dissolves in an alkaline solution. To determine the optimal solution to dissolve mucus from
the intestine in situ, washed intestinal tubules were filled with 1 M HCI, PBS, or 1 M NaOH
for 24 h (Figure 1C). Before treatment, the intestinal lining was undamaged, and mucus was
tightly bound to the lining (Figure 1C, left). The pH of the solvating solution affected the
appearance of the intestine and the mucus layer (Figures 1C and 1D) and extent of solvation
(Figure 1E). Filling the intestinal tubules with an acidic solution (1 M HCI) for 24 h turned
the mucus layer into a whitish gel and the tissue became rigid (Figure 1D, middle left). A
neutral solution (saline) only partially solubilized the mucus layer (Figure 1D, middle right).
An alkaline solution (1 M NaOH) dissolved most of the mucus layer and turned the viscera
semisolid (Figure 1D, right). The total amount of protein in the alkaline solution was
significantly higher (P < 0.05) than in the HCI and PBS solutions (Figure 1E).

The concentration of the alkaline solution affected the amount of protein recovery and the
extent of tissue damage (Figures 1F—H). Treatment with HCI (Figure 1F, middle left) caused
some tissue damage, compared to untreated controls (Figure 1F, left). Treatment with PBS
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did not significantly affect the epithelial tissue, which retained much of the villous
architecture of untreated tissue (Figure 1F, middle right and inset). At a strength of 1 M
NaOH, the underlying epithelial tissue showed some damage and individual villi were
difficult to identify (Figure 1F, right). Treatment with a lower concentration of NaOH (0.01
M), compared to 1 M NaOH, reduced epithelial damage and retained villous architecture
(Figure 1G). Treatment with 0.1 M NaOH, produced comparable amounts of recovered
protein to treatment with 1 M NaOH (Figure 1H). The amount of recovered protein
significantly decreased after treatment with NaOH solutions of lower concentration (0.01 M
and below; £< 0.05; Figure 1H).

The amount of cellular contaminant proteins in the extracted mucus was reduced by
exploiting the reversible, pH-dependent sol—gel transition of mucin (Figure 11). After
intestinal mucus was solubilized in 0.01 M NaOH, it was purified by a pH adjustment step.
The acidity of the solution was reduced to a pH of 4.0 and then increased to a value of 8.0.
When the pH was reduced, a gel formed (Figure 1B), enabling the supernatant to be
removed. One cycle of this pH-adjustment process reduced the total protein in the extract by
40% (P < 0.05), but repeated sol—gel cycles did not significantly change the protein content
(Figure 11). Four sol—gel cycles were needed to reduce the DNA content by 30% (~ < 0.05;
Figure 1J). DNA contamination was reduced significantly by DNase treatment (£ < 0.05; see
Figure S1 in the Supporting Information). The removed supernatant did not gel at pH 4.0.
After dialysis and lyophilization, the entire process generated 1274 + 49 mg of dry protein
per meter of intestine. The theoretical amount of mucus in the intestine was calculated to be
1775 mg/m, accounting for the increase in cross-sectional surface area due to plicae
circularis and villi structure (see Figure S2 in the Supporting Information)®%:56, Compared to
this theoretical value, PSIM extraction had a yield of 71.75%. The final product
reconstituted in a buffer medium was termed porcine small intestinal mucus (PSIM).

Reconstituted PSIM Preserves Reversible pH Dependence.

The pH of PSIM affected its appearance, absorbance, rheological properties, and
aggregation. At pH 7, reconstituted PSIM (20 mg/mL) was optically clear and became turbid
at lower pH (Figure 2A, left and middle). High-concentration PSIM (80 mg/mL) was a
viscous fluid that flowed in an inverted tube (Figure 2B, left tube). At pH 4, high-
concentration PSIM formed a gel that retains its shape in an inverted tube (Figure 2B, right
tube). The turbidity of reconstituted PSIM increased as the pH decreased until reaching a
maximum at pH 4 (Figure 2C, top). This change in physical appearance matched the
absorbance at 410 nm over this range (Figure 2C, bottom). Reconstituted PSIM exhibited an
absorbance peak at 410 nm in the range from 290 nm to 790 nm (see Figure S3 in the
Supporting Information). The absorbance at pH 4 was significantly greater than at pH 7 (P<
0.05) and pH 2 (P < 0.05; Figure 2D) and the greatest difference in absorbance was between
pH 7 and pH 6 (P < 0.05).

The rheological properties of reconstituted PSIM matched the physical appearance and
absorbance. The elastic (G") and viscous (G”) moduli were greater at pH 4 than at pH 7 (P
< 0.05; Figure 2D), matching the gel-like behavior at low pH (Figure 2B). Further
acidification to pH 2 reduced both moduli from that of pH 4 (P < 0.05; Figure 2D), similar

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al.

Page 6

to the reduction in absorbance (Figure 2C). For all pH levels (pH 2, 4, and 7), G” was greater
than G” (P< 0.05), and the greatest difference (more than 4 times) was observed at pH 4
(Figure 2D). The elastic modulus was greater than the viscous modulus over the entire
frequency range from 1 rad/s to 68.3 rad/s (see Figure S4 in the Supporting Information). At
a microscopic level, pH affected the aggregation of PSIM (Figure 2E). At pH 7, no
aggregation was observed. At pH 6 and below, microscopic aggregates were present (Figure
2E). The overall size and branching of PSIM aggregates gradually increased as the pH
decreased, until reaching a pH value of 4. At pH values of 3 and lower, the size of the
aggregates decreased. Area coverage increased with decreasing pH until reaching a pH value
of 4 and then decreased as pH was reduced to a value of pH 2 (Figure 2F). The pH affected
the physical properties of PSIM similarly. Each had its highest value at pH 4. Absorbance
correlated positively with the viscous modulus (A2 = 0.95), the elastic modulus (/2 = 0.90),
and the area coverage (~2 = 0.9998).

The pH-dependent change in absorbance was reversible. As the pH of a PSIM solution was
rapidly changed from 8 to 4 and back to 8 (Figure 2G), the solution went from clear to turbid
and back to clear (see Figure 2A, as well as Movie S3 in the Supporting Information). When
this reversibility was quantified using absorbance measurements and smaller pH intervals,
the results matched the observed changes in turbidity. Decreasing the pH of the PSIM
solution from 8 to 4 increased absorbance and it returned to a similar value as the pH was
increased back to 8 (Figure 2G).

Barrier Function of PSIM Is pH-Dependent.

The mucus barrier function changed with the pH and aggregation of PSIM. When a bacterial
solution was applied to a transwell membrane covered in PSIM, transmigration of the
bacteria resulted in an increase in bacterial density in the bottom well as a function of time
(see Figures 3A and 3B). Two species of bacteria, £scherichia coli (Figure 3A) and
Salmonella enterica serovar Typhimurium (Figure 3B), both transmigrated through mucus.
PSIM at pH 7, which had not formed a gel, significantly slowed E£. co/jtransmigration,
compared to a PSIM-free control (P < 0.05; Figure 3C). Salmonella transmigration was not
affected by the presence of PSIM at pH 7 (Figure 3B). At pH 4, the aggregated PSIM
significantly decreased transmigration of both bacteria (P < 0.05). At pH 2, bacterial
transmigration was significantly reduced compared to pH 7, while more bacteria migrated
across the mucus barrier compared to that observed at pH 4 (P < 0.05). These effects on
bacterial transmigration were significant at all time points (Figures 3A and 3B) and were
inversely correlated with PSIM aggregation (/2 = —0.97 for £. coliand /2 = —0.99 for
Salmonella, compare Figures 3C and 3D to 2F).

PSIM affected the motility of both Sa/monellaand E. coli at low pH (see Figures 3E-H, as
well as Movies S1 and S2 in the Supporting Information). In PSIM at pH 7, the average
speeds of E. coli and Salmonella were not different from PSIM-free controls (Figure 3F). At
pH 4, aggregated PSIM significantly decreased the motility of both species; the speeds of £.
coli and Salmonella were slowed by 370% and 40%, respectively, compared to controls (P <
0.05; see Figure 3F). In PSIM at pH 7, both bacterial species were in a free-swimming state.
In both aqueous controls and neutral pH PSIM, more than 80% of the bacteria were motile
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with speeds of at least 2 ym/s (Figures 3G and 3H). In aggregated PSIM at pH 4, the bacteria
were immobilized. At pH 4, the presence of PSIM increased the percentage of nonmotile
Salmonellaand E. coliwith speeds of <2 ym/s, from 35% to 54% and 12% to 87%,
respectively (P< 0.05). Salmonella were more motile than £. coliin PSIM at pH 4; there
were fewer immobilized bacteria (speed <2 um/s; P< 0.05) and more moderately motile
bacteria (speed = 2-4 um/s; P< 0.05). The effect of pH on motility indicates how pH
affected bacterial migration through layers of PSIM (see Figures 3A-D).

Calcium Regulates PSIM at Neutral pH.

Calcium affected the microscopic and macroscopic properties of PSIM. The addition of
calcium at neutral pH increased the visible turbidity and absorbance of PSIM in a similar
manner to reducing pH (Figure 4). At pH 7, PSIM was optically clear. Increasing the Ca2*
concentration proportionally increased the turbidity (Figure 4A). At pH 4, increasing the
Ca?* concentration had no effect on the turbidity of PSIM. Similar to pH, absorbance at 410
nm matched the turbidity. At pH 7, increasing the Ca2* concentration significantly increased
PSIM absorbance (P < 0.05), whereas, at pH 4, increasing the Ca2* concentration did not
affect the absorbance (Figure 4B). The effect of calcium on absorbance was reversible. The
addition of calcium chelating EDTA reduced the absorbance that increased in response to
the addition of calcium (P < 0.05; see Figure 4C, as well as Movie S4 in the Supporting
Information).

Calcium caused similar microscopic changes to PSIM as acidic pH. Small aggregates
formed at pH 7 with 1 mM Ca2* (Figure 4D), whereas no aggregates formed without Ca2*
(Figure 2E). With 1 mM Ca2*, area coverage increased with pH until a value of 4 and then
decreased (Figure 4E) with a similar pattern to PSIM without calcium (Figure 2F). The
effect of calcium was greatest at neutral pH. The addition of 1 mM Ca2* significantly
increased (P < 0.05) the area coverage (Figure 4E), compared to PSIM without calcium (see
Figures 4E (inset) and 2F).

Calcium Controls the Thickness and Porosity of the Mucus Barrier.

At neutral pH, the Ca2* concentration affected the thickness and permeability of PSIM.
When the Ca2* concentration was 5 mM and above, PSIM formed visible layers after
overnight incubation as aggregated mucins precipitated (arrows in Figure 5A). No layers
formed when the Ca2* concentration was 1 mM. The thicknesses of the mucus layers
increased linearly with Ca2* concentration (P < 0.05; Figure 5B). The mucus layers formed
at different Ca2* concentrations affected the transport of fluorescent FITC-dextran in an
unexpected manner (see Figures 5C and 5D); the lowest transport was not observed in the
thickest layer. The FITC-dextran concentration, which resulted from diffusion through PSIM
layers, increased with time (Figure 5C). FITC-dextran transport was highest at 1 mM Ca2*,
where there was no visible PSIM barrier (P < 0.05; see Figure 5D). Transport was lowest at
5 mM Ca?* (P< 0.05). At Ca%* concentrations of 10 and 20mM, the transport of FITC-
dextran was greater than that observed at 5 mM, even though the barriers were thicker (P <
0.05; see Figure 5D). This pattern was consistent for all time points (Figure 5C).
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The differences in diffusion for the PSIM layers formed with different levels of Ca* was
caused by its microscopic structure. Calcium affected the size of PSIM aggregates, the
spacing between them, and the total area of aggregated material. In the presence of 1 mM
Ca%*, PSIM formed microscopic aggregates, 2-5 zm in diameter (Figure 6A). In 5 mM
Ca?*, there were more aggregates of approximately the same size. At 10 and 20 mM Ca?",
PSIM formed larger, branched aggregates (arrows in Figure 6A). At 5 mM Ca?*, the
aggregates were closest (Figure 6B). Most of the spaces (>95%) between the aggregates
were <5 um in size, which was significantly greater than the aggregate spacing for 1 mM (P
<0.05). At 1 mM Ca?*, approximately half (49.8%) of the spaces were 5-10 zm, which was
significantly greater than the percentage of spaces at 5 mM (~5%; P < 0.05). At 10 and 20
mM Ca2*, there were more large spaces (15-20 and 2025 xm) between aggregates than
observed at 1 and 5 mM (P < 0.05). At these higher Ca* concentrations, PSIM aggregates
formed islands with low interparticle distances (<5 gm) and longer distances (>5 xm)
between islands (Figure 6A). These large spaces between islands created pores through the
PSIM layers. At 1 mM Ca%*, ~3% of the surface area was covered by PSIM aggregates
(Figure 6C). Increasing the Ca2* concentration to 5 mM increased the area covered 15-fold
(P< 0.05). Further increase in the Ca2* concentration to 10 mM reduced the area coverage
to 18%. Similar to the aggregate distribution, no significant difference in the area coverage
was observed if the Ca* concentration was increased from 10 mM Ca2* to 20 mM Ca2*.

Molecular retention within PSIM layers was dependent on Ca2* concentration (see Figures
6D-G). As with the transmitted light measurements (Figure 6A), the size of PSIM
aggregates increased as the Ca2* concentration increased (see Figure 6D). Green
fluorescence from FITC-dextran, which indicates the location of molecules retained in the
PSIM layers, became patchy as the CaZ* concentration increased (Figure 6D). With an
increase in calcium concentration from 1 mM to 5 mM, the average GFP fluorescence
decreased (P < 0.05; Figure 6E), indicating a decrease in the number of molecules retained
in the PSIM layer. A further increase in calcium concentration to 10 mM reversed this
direction and increased the average GFP fluorescence (P < 0.05; Figure 6E). The local
structure of the PSIM aggregates explains this behavior (Figure 6F). Regions of high PSIM
aggregation (stars in Figure 6F) had low GFP intensities. Pores in the PSIM layer, identified
as regions with low red fluorescence (dashed circles in Figure 6F), had high GFP
fluorescence. The GFP intensity in the pores was greater than in the aggregated material (P <
0.05; Figure 6G), indicating exclusion from PSIM aggregates.

DISCUSSION

We have developed a new method for isolating mucus from the porcine intestine (Figure 1).
This method dissolves the mucus layer from intact intestines using NaOH. A dilute (0.01 M)
solution was used because it dissolved most of the mucus layer (see Figures 1E and 1G) and
caused minimal damage to the epithelial cell layer (Figure 1F). Minimizing the damage
reduced the amount of contaminating proteins in the purified mucus (Figure 1G). A sol-to-
gel transition in the extraction method (Figure 1H) eliminated pH-unresponsive
macromolecules and cellular proteins without the use of high-cost instrumentation.
Solubilized mucus proteins were recovered with a yield of 1274 mg per meter length of
small intestine. The biophysical and biochemical properties of the produced mucus are
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consistent with those reported previously.17:25.29.40 At acidic pH values, PSIM becomes
more gel-like, with increasing viscous and elastic moduli (Figure 2D). With increasing
concentrations of calcium, the extent of PSIM aggregation at neutral pH increases (Figure
4B). The thickness of the PSIM layer formed in the in vitro mucus model has a thickness
comparable to the mucus layer in the small intestinel’ (Figure 5B).

This new process has several advantages over other methods. Compared to direct scraping of
mucus from the epithelial lining, solubilization of mucus greatly simplifies the extraction
process. Dissolving mucus in dilute NaOH and purifying with a sol-gel transition
significantly decreases contamination with cellular debris (Figure 1G). In immunogenic
experiments, contamination with cellular or bacterial components could cause unwanted
responses. In addition, the process is scalable and can be applied to entire lengths of PSI
tubes simultaneously. Compared to commercial mucin, PSIM retains the rheological
properties of natural mucus. Commercial mucins do not form a gel (see Figure S5 in the
Supporting Information), which limits their use as a barrier in experiments in vitro.57
Compared to mucin extraction protocols, this process does not require extensive downstream
equipment.4748 Most of these methods are limited by the quantity and yield of mucus that
can be produced, which prevents the widespread use of mucus in research.

The extraction of large volumes of mucus enabled many of its properties to be quantified.
An important property that was observed was the reversibility of pH and calcium-induced
aggregation and gelation (see Figures 2G and 4C). Reversibility suggests that the properties
of mucus respond to conditions in the local environment. This dynamic change was easily
monitored because the absorbance at 410 nm was directly correlated to the degree of
aggregation (see Figures 2C and 2F) and the viscous and elastic moduli (Figure 2D).
Reconstituted PSIM retained the ability to be a barrier to bacterial penetration (Figure 3) and
this property was dependent on pH. At neutral pH, mucus only minimally prevented
penetration, but when the mucus aggregated at lower pH, penetration was considerably
reduced (see Figures 3A-D). The aggregation of the mucus at pH 4 appeared to slow
penetration, because the bacteria became immobilized in aggregated mucus (recall Movies
S1and S2). A gel layer of PSIM can act like a natural barrier by controlling molecular
diffusion and bacterial transmigration.

Another observation was that calcium plays a critical role in the intestinal milieu. Similar to
pH, the availability of Ca2* ions affected the thickness of the mucus layer (Figure 5B).
Increasing the calcium concentration increased PSIM aggregation, suggesting that calcium
affected PSIM via mechanisms similar as changes in pH. In addition, there was an interplay
between the responses of mucus to pH and calcium. Overall, acidic pH had a greater effect
on mucus aggregation than calcium concentration within the physiological range (Figure
4B). At neutral pH and in the absence of calcium, mucus was not aggregated. Increasing the
calcium concentration increased mucus aggregation but did not reach the same extent as that
observed at pH 4 (Figure 4B). Calcium-driven aggregation also affected the barrier function.
From low (5 mM) to high (20 mM) physiological levels of calcium,3%37 the molecular
permeability of mucus increased (see Figure 5C).
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The microscopic structure of mucus explains how calcium controls the barrier function of
mucus. The primary microscopic features that affects the physical properties of mucus are
the arrangement and density of aggregates. At very low calcium levels (1 mM), mucus
aggregation is minimal (Figure 6A). At low physiological calcium concentrations (5 mM),
small and uniform aggregates begin to appear. At higher calcium concentrations (10-20
mM), larger, more branched aggregates form. The branching of mucin aggregates did not
increase once Ca2* concentration was higher than 10 mM. Although the density of
aggregates increases, this condensation decreases the surface area coverage (Figure 6C). The
branched nature of the aggregates formed void spaces in the mucus layer (Figure 6D) that
increase molecular diffusion while also increasing the thickness of the layer (Figure 5A).
The structure and extent of these aggregates explains how calcium increased both mucus
layer thickness and molecular transport.

These effects suggest how the local calcium concentration controls the properties of the
mucus barrier (Figure 7). The increased concentration of ionic molecules after ingesting
food (predominantly calcium) induce mucin aggregation and increases the thickness of the
mucus barrier. The increased aggregation increases molecular permeability (Figure 6), while
simultaneously increasing resistance to microbial penetration from the lumen. If the
behavior of PSIM in high calcium is similar to pH 4, where both had considerable
aggregation (Figure 4B), then PSIM aggregation at high calcium would also have high
resistance to microbial penetration from the lumen (see Figures 3 and 5). Therefore, dense
branched aggregates increase the open channels for molecular diffusion while also creating a
network to ensnare invasive microbes. As the mucus flows along the epithelium, its
viscoelastic and barrier properties change, in response to the lumen content. Because the
properties of the mucus are reversible, it is instantaneously responsive and serves different
functions in different intestinal environments, e.g., an empty lumen and one directly after
eating.

CONCLUSION

A high-throughput method to extract natural mucus will stimulate broad aspects of mucus
barrier research. Using mucus extracted with this process, we have shown that the local ionic
environment plays an important role in regulating the biophysical properties of the mucus
barrier. The techniques presented here will help uncover the mechanisms behind the effects
of environmental molecules on biophysical properties of mucus. The in vitro mucus barrier
model is functional and can be tuned to match physiological thicknesses and densities of
native mucus. We envision that these models will serve as high-throughput tools for
understanding the role of the mucus barrier in nutrient absorption, host-microbiome
interactions, and drug absorption. In addition, similar methods can be applied to other
mucosal tissues, including the lung, cervix, and vagina. Ultimately, a better understanding of
mucus barriers and their interaction with the local environment has the potential to improve
treatment of intestinal diseases and other mucosal barrier organs.
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MATERIALS AND METHODS

Natural Mucin Extraction from a Porcine Small Intestine.

Histology.

Small intestines from freshly slaughtered pigs were obtained from a local slaughterhouse
and transported to the laboratory on ice within 2 h. Porcine small intestines (PSIs) were cut
into segments 6 in. long and washed with running deionized (DI) water. The tissues were
filled with 50 mL of 1 M HCI, 1x PBS, and 1 M NaOH. After both ends are tied, PSI tubules
were incubated at 4 °C for 24 h. The solutions were collected and aliquoted into 1 mL
Eppendorf tubes and centrifuged in a microcentrifuge at 10 000g for 30 min. The
supernatant was collected, and total protein was quantified using a Bradford assay. Bovine
serum albumin was used as a standard for known protein concentration. For optimization of
NaOH concentration, cleaned PSls (6-in., 7= 3) were filled with 10 mL of serially diluted
NaOH solutions (1, 0.1, 0.01, and 0.001 M) and incubated at 4 °C for 24 h. The solutions
were collected and stored at =80 °C. To quantify total soluble protein, the frozen solutions
from all four conditions were thawed at 4 °C, vortexed thoroughly, and divided into 1 mL
aliquots. The aliquots were centrifuged in a microcentrifuge at 10 000g for 30 min.
Supernatant from three aliquots were dialyzed against DI water in a cellulose membrane
(molecular size cutoff = 14 kDa) for 72 h at 4 °C with a water change every 12 h. The
dialyzed solution was lyophilized to quantify the dry mucus weight and reconstituted at an
equal concentration in DI water to quantify the total protein content, using a Bradford assay.

For the scaleup, PSls (2 m) were flushed with running tap water to remove the luminal
content and the loosely bound mucus layer. The luminal space was then filled with 350 mL
of 0.01 M NaOH with both ends tied and incubated at 4 °C for 24 h. The solubilized mucus
extract was collected and centrifuged at 20 000g for 2 h at 4 °C to precipitate debris in 50
mL tubes. After collecting the clear supernatant, the pH was adjusted to 4 to induce PSIM
aggregation. Aggregated PSIM was separated by centrifugation at 200¢g for 15 min and
resuspended to get a clear solution in sterile DI water by adjusting pH to 8.0-8.5. The
solubilized PSI was filtered through a 40 um strainer and dialyzed (molecular size cutoff =
14 kDa). The dialyzed mucus extract was sterilized by adding 1% (v/v) chloroform under
constant stirring at 4 °C for 72 h. The sterile solution at pH ~7 was frozen at —80 °C,
lyophilized, and stored as a powder at —20 °C until used. All of the experiments were
conducted using the lyophilized powder reconstituted in an appropriate buffer or cell culture
medium, and the term “PSIM” is used to denote the reconstituted form at a known
concentration. The theoretical density of mucin protein in the intestine was calculated by
considering the increase in surface area that was due to the intestinal folds and the villous
architecture (see Figure S1 in the Supporting Information).

Tissues were cut into 2-cm sections and excess water was removed. Tissues were embedded
in optimum cutting temperature (OCT) cryomatrix and snap frozen in liquid nitrogen. Using
a cryostat (Thermo Scientific, CRYOSTARNX70), frozen tissues were sectioned at a
thickness of 20 ym. Sections were fixed with 10% formalin and stained with hematoxylin
and eosin (H&E).
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Biophysical Characterizations of the Reconstituted Mucus.

Rheological Characterization.—Bulk rheology on reconstituted PSIM samples from
three different pig intestines was conducted. Small amplitude oscillatory shear
measurements were performed in a Kinexus Pro rheometer (Malvern Instruments, U.K.)
using a cuvette cell geometry. PSIM samples were loaded into the cup at pH values of 2, 4,
and 7 and held at a constant temperature of 37 °C. Oscillatory frequency sweeps were
conducted between 1 and 100 Hz at a constant strain of 0.25%.

Absorbance Characterization.—PSIM aggregation was quantified using ultraviolet—
visible light (UV-vis) spectroscopy. The absorbance value at 410 nm was used as a measure
of PSIM aggregation. Lyophilized PSIM powder was reconstituted in 20 mM HEPES at pH
7. The pH value of the reconstituted PSIM was adjusted using 2 M HCl and 2 M NaOH. 100
L of PSIM samples were added to a 96-well plate, and the absorbance was measured using
a microplate reader (Synergy H1, BioTek).

Microscopic Characterization of PSIM Aggregates.—Twenty microliter (20 z1)
droplets of PSIM solution were placed between glass coverslips and clear glass slides and
were imaged using a bright-field microscope (EVOS). The images were binarized using a
built-in scheme in the image analysis software (ImageJ). The area covered by aggregates per
image was quantified and plotted as percentage area covered normalized by the total area of
the image.

Dynamic Viscoelastic Characterization.—PSIM 2% (w/v) at pH 7.3 was added to a
glass vial and subjected to constant stirring. The pH was monitored in real time using a
needle-type pH probe (PreSens) and was adjusted using 2N HCI and 2N NaOH solutions.
Samples were collected at specific pH values for UV absorbance measurements.

Bacterial Cell Culture.—Two bacterial strains S. typhimurium (SL1344) and E. coli
(MG1655) were used for live bacterial experiments. Frozen stocks of the bacterial strains
were inoculated in Luria Broth (LB) and grown overnight. Optical density at 600 nm
(OD600) of the overnight cultures was measured and the bacteria were seeded at a density of
1 x 107 in fresh LB medium and allowed to grow to an OD600 of 0.6-0.8 and used for
further experiments.

Two-Dimensional (2D) Bacterial Motility Assay in PSIM on a Glass Slide.—Live
bacterial imaging was performed in a hanging drop assembly for bacterial motility
quantification. Bacteria cultured in LB were diluted 1:10 in PSIM (2% w/v) or control (20
mM HEPES solution), and a 2 L droplet was added on top of a circular cover glass. The
cover glass with the droplet was inverted and rested on top of a 1-mm-thick PDMS ring
bound to a glass slide. The glass slide with the hanging drop was imaged using an inverted
fluorescent microscope (Zeiss). Bacterial movement was tracked in a single 2D plane and
the average speed was quantified using the in-built particle tracker plug-in “Trackmate” in
ImageJ software.
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Three-Dimensional (3D) Bacterial Diffusion Assay through PSIM in a Transwell
Insert.—HEPES solution (20 mM) was added to transwell inserts (50 gL/transwell) and
used as the no-barrier condition and compared to 50 gL of PSIM 2% (w/v) at pH 2, 4, and 7.
Transwell inserts were placed into the wells of a 24-well plate containing 600 /i of LB. A
100 z4_ of live bacterial culture (101 cells/mL) was gently added to the insets, and the plates
were incubated at 37 °C and 5% CO,. Fluorescence intensity was measured at 1-h intervals
for 6 h in the bottom well and converted to colony forming units (CFUs), using a previously
established standard curve.

Fixation and Cryosectioning of PSIM Layers on Transwell Membranes.—
Transwell inserts with different PSIM gel layers formed in response to added Ca2* were held
vertical. A small cut was created on the edge of the membrane from the bottom side. The
inserts were kept on tissue paper, to absorb all liquid from the membrane and mucin gel.
Transwell inserts were transferred into wells of 24 well plate containing 600 L of 10%
formalin solution in PBS. Formalin (10% in phosphate buffered saline) solution was gently
added on the apical side of the transwell and kept at room temperature for 10 min. Inserts
were moved to a different well and the formalin solution was carefully replaced by PBS
three times on apical and basal sides. The membranes were dehydrated again using tissue
paper and carefully cut out from the inserts using a scalpel. The membranes were embedded
in OCT and snap-frozen in liquid nitrogen. Frozen membranes were cross-sectioned at a 10
4m thickness using a cryostat and collected on glass slides. The sections were imaged using
a bright-field microscope (EVOS) and the thickness of the gel layers was calculated using
ImageJ software.

Lectin Staining for Visualization of PSIM Aggregates.—Far-red-fluorescence
(Cyb)-conjugated Sambucus nigra (SNA) lectins (Vector Laboratories) were added to PSIM
2% (w/v) at a final concentration of 10 g/mL and incubated at room temperature for 30
min. The solution was dialyzed against DI water for 24 h constant stirring in a darkroom at 4
°C. The fluorescent lectin tagged PSIM was used to visualize PSIM aggregates using
fluorescence microscopy.

Pore Size Distribution.—Aggregates were imaged microscopically in PSIM (2% wi/v)
containing 1, 5, 10, and 20 mM Ca?*. Interaggregate distance was measured at 100 random
locations per image using ImageJ software. An average number distribution (expressed as a
percentage) of at least five independent images from each condition was plotted in a range of
0-304m. FITC-dextran diffusion was measured at different calcium concentrations. HEPES
solution (20 mM) was added to the wells of a 24-well plate (600 wL/well). PSIM solution
2% (w/v) in 20 mM HEPES at a pH of 7 and containing 1, 5, 10, and 20 mM Ca?* was
added to transwell inserts (100 wl/transwell). Transwell inserts were placed into the wells of
24-well plates containing 600 gL of HEPES solution, and the well plate was incubated for
12 h at 37 °C and 5% CO,, to allow for mucus layer formation. A 10 zL droplet of 10
mg/mL solution of FITC dextran (molecular weight of 20 kDa) in DI water was gently
added to the insets and the plate was incubated at 37 °C and 5% CO,. Fluorescence intensity
was measured at 1-h intervals for 6 h in the bottom well and converted to a concentration of
FITC dextran.
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Fluorescent Imaging and Area Overlap Analysis.—PSIM 2% (w/v) at pH 7 and
containing 1, 5, 10, and 20 mM Ca?* was added to a 96-well plate (100 z/well). The well
plate was incubated overnight at 37 °C and 5% CO, to allow for mucus layer formation.
FITC-dextran (MW = 20 kDa) at a concentration of 10 mg/mL in 20 mM HEPES was gently
added to the transwells (10 zL/transwell) and the plate was incubated at 37 °C and 5% COs.
Fluorescent images were captured using a Zeiss Axiovert 4-laser spinning disc confocal
microscope (20x magnification) after 1 h. Image analysis for GFP intensity (FITC-dextran)
and RFP intensity (Cy5 lectin tagged PSIM) was performed using ImageJ software and
normalized for the total area of the images. Areas with bright RFP intensity were considered
as “aggregates” and those with low RFP intensity areas were considered to be “pores”. The
average intensity of FITC was determined in the entire image and in the pore and aggregate
regions.

Statistical Analysis.—A two-tailed Student’s #test assuming unequal variances was used
for statistical analysis of different conditions. One-way ANOVA with Bonferroni posthoc
test was used for multiple comparisons. Differences were considered significant at p < 0.05.
All data are presented as a mean + standard deviation.

All chemicals and supplies were purchased from Fisher Scientific and Sigma—Aldrich,
unless otherwise specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Extraction of porcine small intestine mucus (PSIM). (A) Schematic of mucin microstructure,

stable polymeric chains at neutral pH, hydrophobic interactions of cysteine-rich regions at
acidic pH (dashed circles), and ionic interactions between calcium ions (Ca2*) and
negatively charged glycans at neutral pH. (B) Mucus extraction procedure starting with
direct solubilization of the mucus layer with NaOH, and separation of pH responsive mucus
via reversible sol-gel transition. (C) PSI tubules after 24 h of exposure to 1 M HCI, PBS,
and 1 M NaOH. (D) Luminal surface of PSI tissue sections after 24 h of exposure to HCI,
PBS, and NaOH. (E) Recovered protein with solutions of different pH, relative to PBS. (*, P
< 0.05; n=3.) (F) Hematoxylin and eosin (H&E)-stained histological sections of PSI tissues
treated with different pH solutions. Inner panels show individual villi. (G) H&E-stained PSI
section after 0.01 M NaOH treatment. (H) Total protein extracted when PSI tubules were
filled with NaOH solutions ranging from 0.001 M to 1 M (n= 3). (1) Total protein content
with repeated sol—gel cycles relative to initial total protein extracted. (J) Total DNA content
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with repeated sol—gel cycles relative to the total DNA initially present in the PSIM extract.
(*, P<0.05.)
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Figure2.

Response of PSIM to pH. (A) PSIM (20 mg/mL) in 20 mM HEPES at pH 7.3 was clear. At
pH 5.3, the PSIM solution was turbid. Returning the pH to 7.2, after decreasing it to 5.3,
restored optical clarity. All solutions had a concentration of 20 mg/mL, unless otherwise

noted. (B) PSIM (80 mg/mL) in 20 mM HEPES at pH 7 was a viscous solution (left tube,

left image) that flowed after inversion (left tube, right image). At pH 4, PSIM was a gel
(right tube, left image) that did not flow after inversion (right tube, right image). (C, top)
Droplets of PSIM (20 mg/mL) on a glass slide imaged using a stereoscope. Darkness was
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due to the turbidity of the droplets. (C, bottom) Absorbance of PSIM solutions (20 mg/mL)
at different pH values at a wavelength of 410 nm. (D) Dynamic rheological moduli (G” and
G”) of PSIM at pH 2, 4, and 7 and at 1 Hz and 37 °C (n= 3, mucus from individual pigs).
(E) Microscopic images of PSIM between two glass coverslips in the pH range of 2-7.

Insets show close-up images of aggregates. (F) Surface area covered by PSIM aggregates per
image (as in panel E) in the pH range 2-7 (= 10). (G) Real-time sampling and
characterization of the reversible aggregation of PSIM in the pH range of 4-8. The solid line
represents an increase in the absorbance as the pH was reduced from 8 to 4 (red arrows). The
dotted line represents the decrease in absorbance (blue arrows) as the pH was increased from
4t08(n=3;* P<0.05).
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Figure3.

Bagrrier function of PSIM. (A) Time-resolved transmigration of £. colithrough 3 xm pore
transwell membranes layered with PSIM at pH 7, 4, and 2. Controls were HEPES buffer at
pH 7 without PSIM (n= 3). (B) Transmigration of Salmonella. (C) Number of E. colithat
migrated across the PSIM layers at a time point of 6 h. (D) Number of Sa/monella that
migrated across the PSIM layers at 6 h. (E) The speeds of individual bacteria were measured
in hanging drops of PSIM mixed with bacteria and suspended above the objective of an
inverted microscope. At pH 7 (top), velocities (indicated by line lengths) were greater than
those observed at pH 4 (bottom), where all bacteria were visibly nonmotile. (F) The average
speeds of E. coli and Salmonellain PSIM at pH 4 were significantly lower than PSIM-free
controls at pH 4 (*, £< 0.05; n=3). At pH 7, PSIM had no effect on bacterial motility,
compared to control. (G) Distribution of speeds of £. coliin PSIM at pH 4 and 7, compared
to controls (HEPES buffer without PSIM; = 3). The percentage of bacteria with speeds of
<2 um/s was greater in PSIM at pH 4, compared to pH 7 and controls (*, A< 0.05). The
percentage of bacteria swimming at 5 gm/s was lower in PSIM at pH 4, compared to that
observed at pH 7 and for the controls (*, £< 0.05). (H) The distribution of speeds of
Salmonellain PSIM at pH 4 and 7, compared to controls was functionally similar to £. coli.
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Figure 4.
Calcium regulates the physical properties of PSIM. (A) Stereoscope images of PSIM at pH 4

and 7 with Ca2* ranges from 0 to 10 mM. Scale bar = 1 mm. (B) The absorbance of PSIM at
410 nm and pH 7 increased as the CaZ* concentrations increased to 0, 1, 5, and 10 mM (*, P
< 0.05; n=3). Absorbance did not change at pH 4. (C) The absorbance of PSIM at 410 nm
and pH 7 with 100 L of Ca2* (+Ca?*) was greater than that of control PSIM without Ca2*
(*, P<0.05; n= 3). A second addition of 100 /1 Ca2* (++Ca2*) further increased
absorbance. The absorbance was reduced by adding 100 /1 of EDTA (+EDTA), a Ca?*
chelator, compared to +Ca?* and ++Ca2* (*, P< 0.05). Inset images are snapshots of PSIM
solutions at the different Ca2* conditions. Scale bar = 10 mm. (D) Microscopic images of
reconstituted PSIM (2% w/v) between two glass coverslips in a pH range of 2-7 with 1 mM
Ca?*. Insets show close-up images of the aggregates. (E) The surface area covered by PSIM
aggregates with 1 mM Ca2* was greatest at pH 4, compared to pH 2-3 and pH 5-6 (*, P<
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0.05; n=10). At pH 7 (inset), the surface area covered by PSIM aggregates with 1 mM Ca2*
was greater than the area covered by PSIM aggregates without Ca?* (*, P< 0.05).
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Calcium controls the thickness of the mucus barrier. (A) Cross-section images of PSIM gel
layers formed on transwell membranes at 1, 5, 10, and 20 mM Ca?* and pH 7. (B) PSIM
layer thickness increased linearly with Ca2* concentration. The thicknesses at 10 and 20 mM
were greater than those observed at 5 and 10 mM, respectively (*, < 0.05; n=3). (C)
Concentration of FITC-dextran after transport through a PSIM layer formed on a transwell
membrane in the presence of 1, 5, 10, and 20 mM Ca?* at pH 7. (D) Concentration of FITC-
dextran at 6 h after transport through the PSIM layers in panel (C). The concentration was
greatest with 1 mM Ca2*, compared to all other concentrations (*, < 0.05; 7=5). The
concentration of FITC-dextran was less at 5 mM, compared to that observed at 10 and 20

mM Ca?*.
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Figure 6.
Calcium controls the porosity of the mucus barrier. (A) Microscopic images of PSIM

aggregates at 1, 5, 10, and 20 mM Ca2* and pH 7. Higher resolution images show
homogeneous, dense, and small PSIM aggregates at 5 mM Ca?*. (B) Distribution of
distances between PSIM aggregates, as a function of Ca2* concentration. The percentage of
distances <5 um was greater at 5 mM, compared to those observed at 1, 10, and 20 mM (*, P
< 0.05; n=15). The percentage of distances between 5 and 10 xm was greater at 1 mM,
compared to that observed at 5 mM (*, £< 0.05). The percentage of distances between 15
4m and 25 um was greater at 10 and 20 mM, compared to that observed at 1 and 5 mM (*, P
< 0.05). (C) The surface area covered by the PSIM-aggregates at 5 mM was greater than that
observed at both 1 and 10 mM Ca?* (*, P< 0.05; 7= 10). (D) Fluorescent microscopic
images of Cy5-lectin-tagged PSIM layers (red, left) and overlaid with FITC-dextran (green,
right) at 1, 5, 10, and 20 mM Ca?*. (E) The average GFP fluorescence (in relative
fluorescence units, RFU) was less at 5 mM, compared to that observed at 1, 10, and 20 mM
(*, P<0.05; n=5). (F) Expanded images of pores (dashed lines) and aggregates (stars)
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formed in PSIM layers at 10 and 20 mM Ca?*. (G) The fluorescence intensity of FITC-
dextran in pores was greater than that observed in aggregates at both 10 and 20 mM Ca2* (*,
P<0.05; n=5).
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Role of calcium as a regulator of molecular transport. Proposed dynamic regulation of the
thickness and permeability of the small intestine mucus barrier in response to available
luminal Ca2* ions that fluctuate between meals.
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