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ABSTRACT The goal of this project was to validate the functional relevance and utility of mucus produced by an in vitro intes-
tinal cell culture model. This is facilitated by the need to physiologically replicate both healthy and abnormal mucus conditions
from native intestinal tissue, where mucus properties have been connected to intestinal disease models. Mucus harvested from
colonic cell cultures derived from healthy donors was compared to mucus collected from surgically resected, noninflamed trans-
verse colon tissue. The rheological and biochemical properties of these mucus samples were compared using oscillational rhe-
ometry, particle-tracking microrheology, multiangle laser light scattering, refractometry, and immunohistochemical imaging. An
air-liquid interface culture of primary human colonic epithelial cells generated a continuous monolayer with an attached mucus
layer that displayed increasing weight percent (wt%) of solids over 1 week (1.35 0.5% at 2 days vs. 2.45 0.3% at 7 days). The
full range of mucus concentrations (0.9–3.3%) observed during culture was comparable to that displayed by ex vivo mucus (1.3–
1.9%). Bulk rheological measurements displayed similar wt%-based complex viscosities between in vitro and ex vivo mucus,
with the complex viscosity of both systems increasing with wt% of solids. Particle-tracking microrheology showed higher com-
plex viscosities for ex vivo mucus samples than in vitro mucus which was explained by a greater fraction of water present in
in vitro mucus than ex vivo, i.e., in vitro mucus is more heterogeneous than ex vivo. Refractometry, multiangle laser light scat-
tering, and immunostaining showed increased mucus complex size in ex vivo mucus compared with in vitro mucus, which may
have been due to the admixture of mucus and cellular debris during ex vivo mucus collection. The air-liquid interface culture
system produced intestinal mucus with similar composition and rheology to native human gut mucus, providing a platform to
analyze pathological differences in intestinal mucus.
SIGNIFICANCE Our work is motivated by the need to establish in vitro systems that accurately mimic gut mucosa. Herein,
we describe an air-liquid interface gut cell culture system that produces a mucus layer which is similar to ex vivo gut mucus.
The novelty of this system lies in the formation of an intact mucus layer which, over time, will accumulate sufficient mucus to
allow for rigorous characterization. The rheological and biochemical properties of this mucus were measured and compared
to native gut mucus, showing similarity in mechanical properties such as viscosity but differences in structural composition.
INTRODUCTION AND BACKGROUND

Mucus in the gastrointestinal (GI) tract is produced in the
luminal tissue layer known as the mucosa, which is primar-
ily composed of an epithelial layer of cells on top of a loose
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layer of connective tissue, the lamina propria. A healthy GI
mucus layer is critical for protection from pathogens, cell
signaling, and lubrication of solid waste passing through
the intestines (1). Mucus is a hydrogel composed of inor-
ganic salts, enzymes, and proteins, as well as large molecu-
lar weight mucin glycoproteins (2). Mucins give mucus its
characteristic viscoelastic properties and are primarily pro-
duced by goblet cells within the digestive system (3). Mucin
glycoproteins consist of nearly 80% carbohydrates bound to
a protein backbone (4,5). Mucus in the gut removes bacteria
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Using air-liquid interface gut mucus
and debris due to fluid flow from intestinal peristalsis,
necessitating mucus secretion to replenish the layer (6).
Mucus clearance times have been observed to be as rapid
as 1 h in the gut, indicating that constant secretion is
essential to maintaining a healthy mucus protection in the
GI tract (6).

Mucus in the GI tract can be organized as either a single
layer of loose, gel-like mucus (e.g., small intestine), or a
two-layer system with a loosely-packed outer layer and a
more compact inner layer against the epithelial cell wall
(e.g., stomach, large intestine) (7–9). Colonic mucus is pre-
dominantly composed of MUC2, which has a monomeric
weight of�2.5 MDa (10). Mucins in gut mucus are orga-
nized into a gel network that provides a supporting structure
for the intestinal mucus layers (10). The inner layer of
colonic mucus has a height of�100 mm, is tightly packed,
and is devoid of bacteria in healthy patients (11). At the
luminal edge of the inner layer of mucus, the mucus com-
plex transitions from a tightly packed layer into a loose,
larger network that is hundreds of microns thick and is sta-
bilized by disulfide bonds between cysteine residues on mu-
cins (12). The outer mucus layer may be penetrated by
bacteria, debris, and fecal matter, and must undergo regular
clearance due to fecal pressure and fluid flow within the co-
lon (12). These two distinct layers are generally observed in
healthy patients with normal levels of colonic content and
microbiota, but can present altered phenotypes in abnormal
conditions (13). The transition from inner to outer layer
mucus is poorly characterized, but is hypothesized to be
driven by proteolytic cleavage (12). In total, healthy gut
mucus facilitates pathogen and debris removal from the
GI tract, and its viscoelastic properties are largely deter-
mined by mucin interactions.

Representative in vitro models of gut mucus are difficult
to design and maintain. The large intestine displays a unique
and complex native physical structure, characterized by the
presence of�400-mm cylindrical cavities embedded in the
epithelial wall known as ‘‘intestinal crypts.’’ The crypts
display a polarization between stem cells at the basal level
of the crypt and differentiated cells closer to the epithelial
lumen (14). Crypt polarization is primarily driven by chem-
ical gradients from the base of the crypt, which are partially
responsible for driving cell proliferation and differentiation
(15). Goblet cells, which produce mucus, can be found
along the inner ring of these crypts closer to the lumen,
and serve as anchor points for the inner layer of intestinal
mucus (12). In vivo tissue displays a complex balance be-
tween commensal microbiota growth in the outer layer of
mucus, including their associated metabolite production,
and protection in the inner layer of mucus from pathogenic
bacteria (16). It has recently been demonstrated that a two-
tiered gut mucus layer with physiologically relevant thick-
ness is obtainable in vitro (16,17); however, the rheological
and biochemical properties of in vitro gut mucus remain
poorly characterized (16,17).
There are fundamental challenges in effectively recapitu-
lating a contiguous mucus layer using in vitro tissue culture.
The chemical composition of native mucus is difficult to
replicate, as the entire mucus layer is composed of variable
amounts of mucins, lipids, and other proteins (18). Similarly,
the group of metabolic factors responsible for instigating
mucus secretion is not fully understood. For example, vaso-
active intestinal peptide (VIP) has been demonstrated to stim-
ulate goblet cell growth and mucus production but is not
commonly included in cell culture media (19). It has also
been shown that exposure of the mucus layer to various path-
ogens in vivo causes alterations in mucus properties, which is
difficult to replicate in vitro without a significant decrease in
cell viability (18). Finally, with typical aseptic cell culture
techniques, the epithelial cell layer is regularly washed and
aspirated, making it difficult for a continuous mucus layer
to be maintained across the surface of the cells due to regular
convective mixing (20,21).
To combat these shortcomings, we systematically charac-

terize mucus produced by air-liquid interface (ALI) culture
(21). In this system, human primary colonic epithelial cells
are grown to confluence on a microporous membrane with
media containing VIP in a basal reservoir beneath the cells.
Mucus secreted by the cells accumulates in the luminal
compartment (21,22), which is then collected for biochem-
ical and biophysical characterization and compared to
mucus isolated from healthy patients. Although this method
does not possess a biomimetic microstructure (monolayer
versus crypts) or peristaltic fluid flow, the system provides
a thick, contiguous mucus layer after 2–3 days of culture
(21–23). Herein, we demonstrate that the ALI colonic cell
culture system generates and maintains a mucus layer that
replicates the composition, structure, and physical proper-
ties of native colonic mucus.
MATERIALS AND METHODS

ALI culture of intestinal epithelial cells

Cells derived from human transverse colon samples were cultured and

expanded as described in previous publications (16,21,23). Cells were ac-

quired from colonoscopies at the University of North Carolina’s Hospital

Meadowmont Endoscopy Center (Chapel Hill, NC) with informed consent

of the patient (under the approved University of North Carolina Institutional

Review Board #14-2013) and were collected from three separate donors (age

50, male; age 65, female; age 12, male). All experiments in this study were

conducted using cells between passage 5 and 10 (P5 and P10). Cells demon-

strated a normal karyotype through P11 (23). A solution of 1% Matrigel

(Fisher Scientific, Fremont, CA) in cold 1� phosphate-buffered saline

(PBS) was prepared. 1 mL each of this solution was placed in the top

compartment of 12-well polyurethane transwell inserts with 0.4 mm pores

(#3460; Corning, Corning, NY). After insertion, these transwells were incu-

bated for 24 h at 37�C, then rinsed twicewith sterile 1� PBS. Transverse cells

were then plated in these transwell inserts in expansion medium described in

previous publications (16,23). 1 mL of expansion medium containing cells

was placed in the top compartment of each transwell, and 2 mL of expansion

medium without cells was placed in the bottom compartment underneath

each transwell. Media were changed at 3 days. At 5 days, a solution of
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differentiation media (described previously in (16,23)) with 330 ng/mLVIP

(#AS-22872; AnaSpec, Fremont, CA) was prepared. 0.5 mL of this media

was added to the basal compartment beneath each transwell and replaced

every 24 h. This left the apical surface of the cells exposed as an ALI. Cells

were cultured for 2–7 days in these conditions, with samples collected from

each day and stored separately. For mucus collection, a positive pressure

pipette was used to collect and store the viscous mucus samples.
Mucus harvest from ex vivo surgical resections of
intestinal tissue

Exvivo surgical resections fromhuman colonic biopsieswere received inRos-

well Park Memorial Institute 1640 growth medium from the Shehzad Sheikh

Laboratory (Division of Gastroenterology and Hepatology, University of

North Carolina at Chapel Hill). These samples were acquired from colonos-

copies at the University of North Carolina’s Hospital with informed consent

of the patient (under the approved University of North Carolina Institutional

Review Board #10-0355). Samples were collected from five patients, all

from noninflamed transverse colon tissue (age 45, male; age 52, male; age

38, female; age 26, male; age 61, female). These samples were transported

and harvested for mucus within 2 h of receipt. All samples were initially

weighed, and their patient code recorded and placed within a p100 petri dish

(Fisher Scientific, Fremont, CA). Initially, a spatula was used to scrape off

the visible mucosa layer from the epithelial side of the samples, and this

scraping was collected in a 15-mL tube. The samples were then incubated

for 10 min in the petri dish on a rotary platform at 37�C with 1 mL of 1�
PBS per gram of sample. This wash was collected and stored in a separate

15-mL tube. These samples were then frozen at �20�C until needed for

analysis.
Macrorheology for mucus analysis

Bulk rheological properties of the mucus samples were measured using

cone-and-plate oscillational rheometry (20 mm cone, 1� deflection). 40

mL of each sample were loaded onto the bottom Peltier plate of a DHR-3

rheometer (TA Instruments, New Castle, DE). Next, two separate steps of

oscillatory shear testing were conducted. First, the linear viscoelastic region

(LVR) for the storage modulus (G0) and the loss modulus (G0 0) was deter-
mined by applying a range of small strains to each sample (0.01–10%) at

two frequencies (1 and 5 Hz). Next, a frequency sweep of a constant strain

magnitude (1%) were applied to the same sample from 0.1 to 100 Hz,

generating a frequency versus modulus plot for G0, G0 0, and the complex

viscosity (ƞ*). Mechanical sweeps were conducted with three separate

loads from each sample to account for variance.
Microrheology for mucus analysis via
microparticle tracking

For rheological properties on the microscale, 30 mL of each mucus sample

was aliquoted into a separate conical tube. After this, each sample was loaded

with 0.5 mL of 1-mm diameter fluorescent carboxylated beads (F8823;

Thermo Fisher Scientific, Fremont, CA) and left for 24 h at 4�C on a rotating

platform to allow beads to mix into the samples. After this, 5 mL of each sam-

ple was placed on a glass slide underneath a glass coverslip. Using a Nikon

Eclipse TE2000U microscope (Nikon Instruments, Melville NY) with a 40�
air objective (NA¼ 0.95), the motion of the beads was recorded at 60 frames

per second for 30 s. The movement of each bead was automatically tracked

using a custom Python program, TrackPy (https://doi-org.libproxy.lib.unc.

edu/10.5281/zenodo.34028). The mean squared displacement and complex

viscosity (h*) values were calculated for each bead in accordance with math-

ematics described previously, primarily based on the Stokes-Einstein equa-

tion (24,25). Values of complex viscosity, mean-square displacement, and

diffusion coefficient could be calculated from the following equations:
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h�ðuÞ ¼ ðG02 þ G}2Þ1=2
u

; (1)

MSDðtÞ ¼ 4Dt; (2)
and

D ¼ kbT

3ph�d
; (3)

where kb is the Boltzmann constant, D is the diffusion coefficient, T is tem-

perature, t is time, and d is the diameter of the particle being used. It should

be noted that ƞ* in this equation is frequency dependent when measured in

viscoelastic fluids, and can be derived by applying a Fourier transform to

the measured shear modulus (26).
Biochemical mucus analysis

By measuring the scattering angle and intensity of a laser-illuminated mucus

sample, biochemical properties such as molecular weight, total sample mass,

and radius of gyration were determined. 10 mL of the mucus samples were

mixed as a 20% solution in 6 M GuHCL at 25�C for 20 min, to break non-

covalent bonds leaving large mucin protein complexes. These samples were

then diluted further at a ratio of 1:10 or 1:40 in light scattering buffer (pH 7.0).

Proteins and mucins in this solution were then separated using high-pressure

liquid chromatography (CL2B column). Light scattering was performed us-

ing the Optilab t-REX refractometer (Wyatt Technology, Santa Barbara,

CA) and Dawn Heleos II multiangle laser photometer (Wyatt Technology).
Immunohistochemical staining and imaging

Mucus samples (both scrapings and apical washings) were pipetted onto

positively charged microscope slides and dried at 25�C for 1 h. The samples

were then fixed with 10% neutral buffered formalin for 5 min and washed

with 1� PBS three times for 5 min and then blocked with 3% bovine serum

albumin (BSA) in 1� PBS for 1 h at 25�C. After blocking, the 3% BSA so-

lution was replaced with a primary antibody solution of MUC2 antibody

(Mouse Anti-Human MUC2; BD Biosciences, San Jose, CA). This primary

antibody was diluted 1:1000 in 3% BSA solution. After incubating 16 h at

4�C, protected from light and kept moist using wet paper towels in a slide

box, the samples were washed three times with 1� PBS for 5 min each and

incubated in secondary antibody solution at 25�C for 1 h. The secondary

antibody solution was composed of Alexa Fluor 594 donkey anti-mouse

IgG (mouse red, Fisher Scientific, Fremont, CA), diluted 1:1000 in 3%

BSA solution. After 1 h, the secondary antibody solution was replaced

with 4’,6-diamidino-2-phenylindole (DAPI) diluted 1:1000 in 1� PBS

for 5 min at 25�C. The samples were then washed with 1� PBS three times

for 5 min each, aspirated, and the slides were mounted using FluorSave

(Sigma-Aldrich, St. Louis, MO) mounting oil and 24 � 50 mm, #1.5 cov-

erslips and sealed with clear nail polish. The samples were imaged using the

Olympus VS120 virtual microscope (slide scanner) and the Olympus Fluo-

View FV1000 (confocal) microscope (Olympus Microscopy, Shinjuku,

Japan). For quantification, MATLAB R2019b (The MathWorks, Natick,

MA) was used to outline individual mucus complexes using pixel threshold-

ing and calculate their size.
Weight percent solids measurements

50–100 mL of mucus was aliquoted on a preweighted foil square and the

combined mass of the mucus sample and foil square was measured. The

sample and foil were incubated for 16 h at 80�C. The final mass of the
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sample and foil were measured, followed by calculation of the percent

solids remaining after liquid evaporation.
Transepithelial electrical resistance
measurements

Using the cell culture technique described above, cells were cultured on

three transwell inserts to confluence and then cultured under the ALI þ
VIP for 5 days to accumulate mucus. The apical and basal reservoirs of

these inserts were washed two times with 1� PBS. Additionally, a transwell

insert without any cells was washed two times with 1� PBS. The transepi-

thelial electrical resistance (TEER) of each insert was measured using a

Millicell ERS-2 Voltohmmeter (MilliporeSigma, Burlington, MA). This

measurement was conducted three times per well, with the probe placed

at different locations within each well for each measurement.
pH measurement of apical and basal reservoirs of
transwell inserts

Using the cell culture technique described above, cells were cultured on

nine transwell inserts to confluence and then cultured under the ALI þ
VIP for 5 days to accumulate mucus. pH was measured using a Mettler

Toledo S220 SevenCompact Benchtop pH/ISE Meter (Mettler Toledo, Co-

lumbus, OH) at 25�C. The pH was measured in the basal and luminal reser-

voir within a time span of 3 min. To control for temperature-dependent

changes in pH, the pH of the basal reservoir was tested again directly after

testing of the apical reservoir.
Statistics

To determine statistical significance, two-tailed, two-mean t-tests were con-

ducted using the mean and standard deviation of each variable of interest

and comparing between in vitro and ex vivo sample data. Statistical signif-

icance was defined using 95% confidence intervals, with p values < 0.05.

For power-law analysis, power-law equations were fit to gathered data using

OriginPro 2020 (OriginLab, Northampton, MA).
RESULTS AND DISCUSSION

Characterization of mucus generation and
collection

Our primary objective was to establish whether the ALI cul-
ture system of colonic epithelial cells could generate a phys-
iologically relevant in vitro colonic mucus (Fig. 1). Human
colonic epithelial cells were cultured to confluence (5 days
in expansion medium rich in growth factors) followed by
removal of this medium and replacement with differentia-
tion media (devoid of growth factors) containing VIP (21).
Mucus accumulated in the luminal reservoir for 2–7 days
and was then harvested and used in biochemical and bio-
physical characterization assays. The integrity of the mono-
layer beneath the accumulating mucus was characterized by
measurement of the TEER (Fig. 2 a). Cultures were grown
in triplicate for 10 days (5 days in an expansion, 5 days
cultured at ALI þ VIP) for TEER measurements. A blank
transwell containing no cells was prepared as a control.
Colonic monolayers exhibited a statistically significantly
(p < 0.05) greater resistance compared with that of the con-
trol. The measured monolayer resistance of 364–422 U.cm2

is similar to that predicted for in vivo colonic epithelium
(27). Thus, this in vitro system was successful at generating
a contiguous monolayer of colonic epithelial cells.

It must be acknowledged that there are a few potential
drawbacks to this ALI culture system and the comparative
analysis with ex vivo mucus scrapings. This is a monolayer
system rather than a physiological crypt system, so mucus
generation and anchoring may be affected. It is also a sterile
in vitro system, so mucus interactions and behavior related
to both bacteria and antimicrobial peptides are likely absent.
Finally, regarding the ex vivo samples, the collection pro-
cess could prove disruptive to the native mucus structure
and properties. Although these limitations must be consid-
ered, the data presented in this section regarding the pres-
ence and collectable volume of mucus gives evidence that
the ALI culture system can prove useful for initial analyses
of the properties of native versus in vitro gut mucus.

The concentration of the mucus layer produced by the
cultures, as measured by percent solids dry weight, was hy-
pothesized to increase as a function of the time the mucus
layer was allowed to accumulate. To test this hypothesis,
mucus from cultures was harvested after 2–7 days of accu-
mulation, and the concentration of solids was measured us-
ing the dry weight method (22). Human colonic cells from
donors of both genders and ages ranging from 12 to 65
were used. The percentage of solids significantly increased
with the number of culture days (Fig. 2 b), with 2.45 0.3%
after 7 days of accumulation and 1.3 5 0.5% after 2 days
(p ¼ 0.029). Percentage of solids has been established as
a marker of mucus concentration when cells are grown in
an ALI culture system, due to secreted mucins not being
removed and thus being allowed to accumulate on the apical
side of the culture (22). We take advantage of this marker to
connect an increased percentage of solids with increased
mucus accumulation. These data also coincide with data
collected inWang et al. 2019 (21), showing increased mucus
accumulation over time on ALI culture. Thus, it was estab-
lished that longer duration of culture with ALI þ VIP sup-
ported continuous mucus secretion and accumulation, and
supported collection of large volumes (200–300 mL, on
average) of mucus. This level of mucus was useful for con-
ventional rheological and biochemical testing of in vitro
mucus as a function of solids concentration.

One unexpected phenomenon was that the pH of the
mucus layer and luminal fluid was more basic than that of
the basal media after 5 days of mucus accumulation (p <
0.05), with pH values measured in the apical and basal res-
ervoirs in nine transwells (Fig. 2 c). The increased alkalinity
was likely due to secretion of basic compounds (e.g., so-
dium bicarbonate) through cell-based ion channels into the
luminal reservoir (28). These data suggest that it may be ad-
vantageous for the gut to produce an alkaline mucus layer to
protect the underlying cells from acidic conditions, which
has been observed in native mucus (28). Future studies are
Biophysical Journal 120, 5384–5394, December 7, 2021 5387



FIGURE 1 Schematic of ALI þ VIP culture of

colonic cells followed by mucus collection. (a)

Cells (green) are seeded on a microporous insert

(gray) with expansion medium (orange) in both

the apical and basal reservoirs. (b) Cells are grown

into a confluent monolayer over the course of 3–

5 days. (c) After confluence is achieved, both the

apical and basal media are aspirated. Differentia-

tion medium with VIP (red) is placed in the basal

reservoir underneath the microporous insert. No medium is added to the apical reservoir. A hydrated continuous mucus layer (yellow) forms on the surface

of the epithelial cells. (d) After 2–7 days of culture, the mucus layer is collected.

Howard et al.
needed to determine which ion channels are being activated
during culture with an ALI. Our system would also allow for
monitoring of daily pH changes with regards to variables of
interest within the colon, such as infection, CO2 concentra-
tion, etc.
Macrorheological analysis of intestinal mucus
using oscillational rheometry

Bulk rheological properties of in vitro and ex vivo mucus
(storage modulus, G0; loss modulus G00; and complex vis-
cosity, h*) were characterized using cone-and-plate oscilla-
tional rheometry. We hypothesized that higher percentage
solids would correlate with increased mechanical properties
in mucus. Additionally, we hypothesized that ex vivo sam-
ples would display greater viscoelastic moduli than
in vitro samples due to exposure to intestinal bacteria in
native conditions, facilitating more interactions within the
mucus network and increasing mucus’s rheological proper-
ties. Whether these increased interactions arise from oxida-
tion (29), inflammation (30), pH (31), or other factors
remains to be determined. First, an amplitude sweep of
increasing strain rates was conducted at two constant fre-
quencies, 1 and 5 Hz, representative of native in vivo intes-
tinal contraction rates to determine the LVR as previously
described (16). The LVR represents a range of strains, or de-
formations, where a viscoelastic material displays rheolog-
ical properties that behave independently of the applied
strain, allowing for comparison between samples without
FIGURE 2 Properties of the VIPþALI epithelial monolayers. (a) TEER was

on microporous inserts. Additionally, a microporous insert with no cells (submerg

layers (n ¼ 3 per day) over 2–7 days and the weight percentage of solids was me

measured (n ¼ 9). *p < 0.05.
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accounting for the nonlinear properties of mucus (32). A
strain of 1% was applied in a frequency sweep to determine
macroscopic storage modulus, G0 and loss modulus, G00, as
this strain fell within the LVR for both in vitro and ex vivo
samples. Storage and loss moduli were then evaluated as a
function of the concentration of solids (Fig. 3, a and b).

For all samples, G0 was greater than G00 (Fig. 3 c), indi-
cating an elastic-dominant effect called gelation (16). Of
note, the ratio of G0/G00 did not change as a function of
percent solids for the in vitro samples. The ex vivo mucus
displayed larger G0 and smaller G00 values than in vitro sam-
ples at similar concentrations, suggesting that ex vivo sam-
ples are more solid-like than in vitro samples. The elastic-
dominant effect is likely due to the increased presence of
cells and other debris trapped in the ex vivo mucus samples,
where the foreign matter acts as a cross-linker of the mucus
network. As expected, the rheological properties of both
in vitro and ex vivo mucus samples were positively
correlated with percent solids. For in vitro samples, these
correlations were statistically significant (p <<< 0.01),
which agrees with the literature of power-law scaling
below a threshold concentration of mucins/solids (33–35).
Here, our samples displayed power-law correlations of
G0�c0.1595 and G00�c1.599. The ex vivo samples similarly
displayed a concentration-dependent increase in both G0

(�c0.802) and G00 (�c1.916), but did not display as strong of
a power-law correlation, with p values of 0.222 and 0.154,
respectively. It is important to note that, because of the small
range of concentrations, it is possible a power-law
measured across confluent layers of colonic epithelial cells (n¼ 3), cultured

ed in PBS) was measured as a control. (b) Mucus was collected frommono-

asured. (c) The pH of the apical and basal reservoirs of cell monolayers was



FIGURE 3 Bulk rheology of mucus samples.

In vitro mucus samples grown from three separate

transverse colon donors were collected from 2 to

7 days for each sample. Similarly, ex vivo mucus

samples were collected from five separate samples

of surgical resection tissue from noninflamed trans-

verse colons. These samples were measured in 40

mL aliquots using cone-and-plate oscillational rhe-

ometry, measuring the storage modulus (a) and loss

modulus (b) of the mucus. To demonstrate gelation,

which is indicated when G0 > G0 0, G0/G0 0 was

plotted for each sample (c). The complex viscosity

at 1 Hz was calculated and plotted for each sample

against the weight percentage of solids (d). Power

laws are plotted for both in vitro and ex vivo data

for (a), (b), and (d).
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correlation would not remain at concentrations outside of
this range (between 0 and 1% solids, and above�2.5%
solids). However, the collected ex vivo samples demon-
strated a tight grouping of concentrations, and the in vitro
samples had a similar (though slightly larger) grouping;
this would indicate that a power-law concentration can be
observed in physiologically relevant concentration ranges
at this time.

The combined magnitude of the viscoelastic moduli of a
hydrogel can be expressed as one variable, the complex vis-
cosity (ƞ*) via Eq. 1 (Materials and methods) (36). Samples
were analyzed at 1 Hz due to its physiological relevance
(i.e., intestinal contraction rates) (16). The complex viscos-
ities of both sample types were plotted as a function of their
concentration of solids (Fig. 3 d). Similar trends were
observed for ƞ* as were measured in G0 and G00. The
in vitro samples displayed a strong concentration-dependent
power-law correlation (h*�c1.492, p <<< 0.01) and the
ex vivo samples displayed a more modest correlation
(h*�c2.082, p ¼ 0.199). Additionally, ex vivo samples ex-
hibited more robust mechanical properties than in vitro sam-
ples with comparable concentrations of solids.
Particle tracking microrheology of in vitro and
ex vivo gut mucus

Although microrheology yields a robust characterization of
the bulk properties of mucus that are associated with clear-
ance, particle tracking microrheology (PTMR) is able to
characterize mucus on a length scale that is associated
with pathogen motility (37,38). Additionally, unlike micro-
rheology, PTMR is able to analyze the inherent heterogene-
ity of mucus (39,40). Using these advantages of PTMR,
multiple individual slide samples (n> 50 for in vitro mucus,
n> 15 for ex vivo mucus) with a range of mucus concentra-
tions from�1 to 4% solids were incubated with beads, re-
corded over time via microscopy, and tracked via PTMR
to generate rheological data. Consistent with our previous
observations (25,41,42), greater mucus concentrations are
associated with decreased particle mobility (Fig. 4 a).
1-mm beads in 1.2% mucus are able to traverse a much great
area than a similar bead in 3.2% mucus.

Converting particle mobility into rheological properties
via the generalized Stokes-Einstein relationship (see Mate-
rials and methods), PTMR confirms our earlier observation
(Fig. 3 d) that the complex viscosity (h*) of ex vivo mucus is
greater than that of in vitro mucus at similar concentrations
(�1–2% solids; Fig. 4 b). The mean viscosity at 1 Hz of
ex vivo mucus samples was greater than that of in vitro sam-
ples, 0.42 5 0.59 and 0.02 5 0.20 Pas, respectively.
Although not statistically significant (p ¼ 0.169), this trend
suggests that the ex vivo samples have a slightly stiffer un-
derlying matrix compared to the in vitro counterparts. It
should also be noted that the large variance in the ex vivo
samples agrees with the hypothesis that the native mucus
samples form more heterogeneous complexes. As with our
macroscopic results, we speculate the increased viscosity
in ex vivo mucus arises from intramucus interactions result-
ing from oxidation (29), inflammation (30), pH (31), or
other factors.

To ascertain the degree of heterogeneity of the mucus
samples, we applied Gaussian mixture modeling to the dis-
tributions of h* measured at 1 Hz for both ex vivo and
in vitro specimens (Fig. 4 c). This method has been
Biophysical Journal 120, 5384–5394, December 7, 2021 5389



FIGURE 4 Mucus microrheology via microbead

tracking. Collected mucus samples from both

in vitro and ex vivo donors were tested for weight

percentage of solids, and samples within the range

of 1.4–2.0% solids were separated into 40 mL ali-

quots. These aliquots were loaded with fluorescent

beads, and the movement of these beads was

tracked for 30 s, with 30 videos/image sequences

per sample. (a) Representative trajectories of indi-

vidual beads from in vitro mucus comprised of 1%

solids and 3% solids were tracked and plotted in the

x-y plane. (b) Complex viscosities were calculated

from the average MSD of all beads in the in vitro

and ex vivo mucus samples. These viscosity mea-

surements record average h of individual tracked

beads for a given u, across all videos tracked via

PTMR for a given sample. (c) The log of the com-

plex viscosity at 1 Hz of each individual bead in

each set of samples was calculated, and these

values were plotted based on their frequency of

occurrence. These histograms displayed two

distinct peaks, one close to the viscosity of water,

and the other representing beads stuck in mucus

complexes via our PTMR tracking software. (d)

The frequency-dependent range of complex viscos-

ities was calculated and plotted only for beads

embedded in a mucus complex.
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demonstrated to effectively categorize beads that are either
trapped in mucus or effectively free-floating in water using
PTMR (40). The in vitro samples displayed a greater overall
percentage of beads in water (55%) compared with beads in
water (blue peak) in the ex vivo samples (29%), which sug-
gests that cultured samples may accumulate less mucus than
is present ex vivo. The second peak (green) found in the
10�2–10�1 Pa∙s range was measured by beads within the
mucus gel. Analysis of beads from these secondary peaks
alone shows the ex vivo samples exhibited an average vis-
cosity of 0.28 5 0.61 Pa∙s, whereas the in vitro samples
had an average viscosity of 0.245 0.16 Pa∙∙s at 1 Hz. These
data suggest that the mucus components of the samples dis-
played statistically indistinguishable (p ¼ 0.85) microrheo-
logical properties. The ƞ* of beads in the mucus gel was
tracked over a range of angular frequencies (Fig. 4 d). The
observed trends gave evidence that the ex vivo samples
were more heterogeneous mucus complexes, whereas the
in vitro samples indicate a more diffuse mucus layer with
a lower degree of heterogeneity. However, these observa-
tions also show that although the mucus may form different
types of complexes in ex vivo and in vitro samples, they
display similar rheological properties on the microscale.
Thus, in vitro gut mucus cultured at ALI is a potential model
for native gut mucus and exhibits physiologically relevant
biophysical properties.
Biochemical characterization of mucins

It is essential for in vitro mucus model systems to replicate
both the rheological and biochemical properties of native
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mucus. We therefore characterized the mass, molecular
weight, and radius of gyration of mucins in each mucus
type using size-exclusion chromatography with multiangle
laser light-scattering and refractometry. The data represented
in this article were collected from diluted, but not intention-
ally denatured (i.e., with DTT or GuHCL), mucus samples.
The first notable difference observed between the samples
was found in their total mass of mucins (Fig. 5 a), where a
significantly greater mass of covalently-bound complexes
was measured in the ex vivo samples compared with
in vitro (p ¼ 0.013). Further biochemical characterization
demonstrated differences in mucus phenotypes between the
mucus samples, particularly in the average molar mass of
the analyzed mucus complexes (Fig. 5 b). Ex vivo samples
exhibited a statistically significant greater (p < 0.001) molar
mass (2.6 � 103 5 8.1 � 102 MDa) compared with the
in vitro molar mass (6.9 � 102 5 4.6 � 102 MDa).
This�4-fold increase in molar mass would suggest that larger
mucin complexes are produced in native tissue, whereas the
in vitro samples produce a looser, more diffuse layer of
mucus. This hypothesis is further supported by the average
radii of gyration of mucins (Fig 5 c) from the two samples
where mucins from the ex vivo samples displayed a statisti-
cally larger radius of gyration compared to the in vitro sam-
ples (p ¼ 0.018). The presence of additional debris in the
ex vivo samples could contribute to this phenomenon and
allow for mucus network nucleation rather than primary
mucin complex bonding. It is likely that the overall size of
the mucin polymers is smaller in vitro due to differences in
growth conditions. These theories will be further evaluated
using a stronger dilution liquid and with analysis via SDS



FIGURE 5 Biochemical properties of mucus samples via size-exclusion chromatography with multiangle laser light-scattering and refractometry (SEC-

MALS). Mucus was separated by size exclusion chromatography and detected by multiangle light scattering, measuring the total mass of mucins in the sam-

ple (a), average molar mass (b), and average radius of gyration (c). *p < 0.05; ***p < 0.001.

Using air-liquid interface gut mucus
(sodium dodecyl sulphate) gel electrophoresis to characterize
the mucin molar mass heterogeneity within the samples.
FIGURE 6 Staining of DNA and MUC2 in in vitro and ex vivo samples.

Confocal microscopy images were acquired of the in vitro apical washings

and ex vivo mucosal scrapings after staining DNA (blue) and MUC2 (red).

Scale bar in all images represents 50 mm.
Staining and analysis of in vitro and ex vivo
mucus samples

To further characterize mucus samples, collected samples
were immunostained and imaged using confocal microscopy.
Using an anti-MUC2 antibody for intestinal mucus (red) and
DAPI for DNA (blue), both in vitro and ex vivo mucus were
immunolabeled and imaged via confocal microscopy
(Fig. 6). Compared with the ex vivo samples, DNA signal
was minimally detected in the in vitro samples, suggesting
that fewer cells shed into the apical cell washings than cells
detaching from biospecimens. In addition, DNA signal in
the ex vivo samples revealed the presence of clumps of cells
that colocalized with mucus, indicating that the epithelial cell
layer was scraped during collection. By contrast, in vitro
mucus collection by washing is a gentler process. It is impor-
tant to note that the minimal presence of DNA/cells in the
in vitro mucus samples leads us to believe that cell-binding
minimally influenced rheological properties of the collected
mucus. Mucus staining provides evidence that ex vivo mucus
tends to form larger complexes, whereas the organization of
in vitro mucus is looser in appearance. Likely, the larger com-
plexes observed in ex vivo samples are caused by the physical
scraping of the submucosa during surgical collection.

After staining, the differences in mucus complex size and
coverage were quantified between the two sample types.
Using MATLAB, the outline of each individual mucus com-
plex in each image was determined (Fig. 7, a and b). To pro-
vide quantitative analysis, these images with outlined mucus
complexes had background fluorescence subtracted, to allow
for image-to-image comparison. These images were then
used to calculate the average size of a mucus complex
(Fig. 7 c) and the overall surface coverage of mucus
(Fig. 7 d) for each sample type. Although only the average
mucus complex size yielded statistically significant results
(p < 0.05), the overall trends measured were consistent
with other data found in this study, particularly the Gaussian
mixture modeling results (Fig. 4). Ex vivo samples displayed
a larger average mucus complex size and greater overall sur-
face coverage that in vitro samples. This suggested that the
ex vivo samples form larger gel matrixes and that more
mucus was present in these samples. It is worth noting that
this could potentially be caused by a larger cell presence
within the ex vivo samples, with nearly 40-fold more cells
per image (detected via DNA staining) in these samples
compared with images of the same size of in vitro samples
(Fig. 7 e). Also, the large variability in average complex
size in the ex vivo samples was consistent with the hypothesis
that mucus in those samples was more heterogeneous than
the diffuse mucus layer in in vitro samples. This observation
is in keeping with previous results showing high variability in
mucus complex size in native samples of lung mucus
compared withmucus collected from in vitro lung cell culture
(42). Overall, these results provide evidence that the mucus
formed in ALI in vitro culture is of similar composition but
different structure than harvested native mucus.
CONCLUSIONS

In summary, we utilized a VIP-assisted ALI culture of pri-
mary human colonic epithelial cells to generate a thick,
Biophysical Journal 120, 5384–5394, December 7, 2021 5391



FIGURE 7 Quantifying the complex size and

surface coverage of in vivo and ex vivo. DNA

and MUC2 in mucus complexes were stained and

their size quantified. Representative images of

this result are shown for both in vitro (a) and

ex vivo (b) samples. The mean size of these com-

plexes in mm2 was calculated (c), and the average

surface coverage of mucus over the entire image

relative to the background was calculated (d). The

number of cells in each image included in this

data set was also calculated from the presence of

DNA clusters within each image (e). Scale bar for

all images is 50 mm. Statistical significance was de-

tected in 7C and 7D (p < 0.01 for each) but not in

7D (p ¼ 0.13).
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contiguous mucus layer that could be harvested in sufficient
quantities for measurement of macro- and microbiochemi-
cal and biophysical attributes. As the duration of cell culture
or mucus formation lengthened, the percent solids within
the mucus increased suggesting that the mucus matured
over time. The macro- and microrheological properties of
the in-vitro-formed mucus were compared with that of
ex vivo and mucus samples collected from surgical speci-
mens. On the macroscale, ex vivo mucus displayed stronger
mechanical properties than the in vitro mucus with a larger
G0 and ƞ*. Additionally, in vitro mucus displayed a measur-
able power-law relation between the percentage of solids in
the sample and the viscoelastic moduli. On the microscale,
once heterogeneity was accounted for, there was no signifi-
cant difference in rheological properties between the ex vivo
and in vitro samples. The ex vivo samples demonstrated a
greater degree of heterogeneity in composition relative to
the in vitro samples, likely due to intermixing of cell debris
with the ex vivo mucus. In contrast, the in vitro samples
formed a looser mucus network relative the ex vivo mucus
because of the absence of contaminating cellular material.
This hypothesis was supported by the larger molar mass
and radius of gyration of the ex vivo mucins relative to
the in vitro samples. Finally, measurement of mucus particle
size demonstrated physically larger mucin complexes in the
ex vivo samples compared with the in vitro samples.
Although not identical, the in vitro mucus was remarkably
similar in the measured biophysical properties and biochem-
ical attributes to that of ex vivo mucus. The VIP-assisted
5392 Biophysical Journal 120, 5384–5394, December 7, 2021
ALI culture of primary colonic epithelium is a powerful
model system for both the harvest of human intestinal
mucus and the study of its rheological behavior and
biochemical properties. Now that the relevance of the cul-
ture system has been validated, it could be used for a number
of potential experimental pathways in the future. Of partic-
ular interest would be generating mucus with in vitro crypts,
rather than monolayers, to increase physiological relevance;
also of interest would be bacterial coculture, as well as anal-
ysis of the distribution of mucin types within the collected
samples. Although the system as it stands does not produce
mucus identical to native mucus, it is more successful than
other systems at providing a high volume of mucus with
similar physical properties to native mucus for substantial
biophysical analysis. As such, it provides a useful tool for
future studies of colonic mucus.
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