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Colonic mucus is a key biological hydrogel that protects the gut
from infection and physical damage and mediates host–microbe
interactions and drug delivery. However, little is known about
how its structure is influenced by materials it comes into contact
with regularly. For example, the gut abounds in polymers such as
dietary fibers or administered therapeutics, yet whether such poly-
mers interact with the mucus hydrogel, and if so, how, remains
unclear. Although several biological processes have been identified as
potential regulators of mucus structure, the polymeric composition of
the gut environment has been ignored. Here, we demonstrate that
gut polymers do in fact regulate mucus hydrogel structure, and that
polymer–mucus interactions can be described using a thermodynamic
model based on Flory–Huggins solution theory. We found that both
dietary and therapeutic polymers dramatically compressed murine
colonic mucus ex vivo and in vivo. This behavior depended strongly
on both polymer concentration and molecular weight, in agreement
with the predictions of our thermodynamic model. Moreover, expo-
sure to polymer-rich luminal fluid from germ-free mice strongly com-
pressed the mucus hydrogel, whereas exposure to luminal fluid
from specific-pathogen-free mice—whose microbiota degrade gut
polymers—did not; this suggests that gut microbes modulate mucus
structure by degrading polymers. These findings highlight the role
of mucus as a responsive biomaterial, and reveal a mechanism of
mucus restructuring that must be integrated into the design and
interpretation of studies involving therapeutic polymers, dietary
fibers, and fiber-degrading gut microbes.
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Biological hydrogels (including mucus, blood clots, and the
extracellular matrix) provide critical functions, yet little is

known about how their structure is influenced by materials they
come into contact with regularly. For example, the environments
of many hydrogels abound in polymers, such as dietary fibers (1, 2)
or administered therapeutics (3–5) in the gut and soluble glyco-
proteins in tissues. Whether such polymers interact with these
hydrogels, and if so, how, remains unclear. An important example
is the case of colonic mucus, which protects the gut from infection
and physical damage (6–8), mediates drug delivery (9), and me-
diates host–microbe interactions (10) in a structure-dependent
manner; for example, a “tighter” mesh could impede the in-
filtration of microorganisms from the intestinal lumen (6, 11–13).
Mucus restructuring is typically attributed solely to changes in
secretion (14–16), or to the activity of specific enzymes (8, 17),
detergents (18), or dextran sulfate sodium-induced inflammation
(19). However, the physicochemical properties of the gut envi-
ronment itself—particularly its polymeric composition—have not
been considered as a potential regulator of mucus structure. We
therefore sought to characterize the structure of the colonic mucus
hydrogel in the absence and in the presence of polymers.

Results
In Vivo Thickness of the Colonic Mucus Hydrogel. To probe the
in vivo thickness of murine colonic mucus, we developed a label-
free technique that eliminates evaporation and avoids the use of
any washing, fixative, labeling, or dehydrating agents that could

alter mucus structure (SI Materials and Methods). We used freshly
excised colon explants obtained from mice at least 8 wk old—
whose mucus hydrogel has been found to be fully developed and
stable (20)—and gently removed the luminal contents using FC-40
oil, a fluorocarbon fluid that is immiscible with, and denser than,
water. We opened each explant along the intestinal axis and
mounted it flat, with its luminal surface facing upward and
coated with FC oil. We then used an upright confocal microscope
equipped with a dry objective lens to image, in three dimensions,
the exposed epithelial surface and the oil overlying the adherent
mucus hydrogel (Fig. 1A).
We first identified both the epithelial surface (Fig. S1 A and B)

and the oil–mucus interface using confocal reflectance micros-
copy (Fig. 1 B and C); the distance between the two provided
a measure of the mucus hydrogel thickness. We measured a
comparable mucus thickness of 67 ± 7 μm or 55 ± 5 μm (mean ±
SEM, n = 6 or 3, P = 0.3) for control mice fed a standard chow
diet or a sucrose solution (Fig. 1D), consistent with previous
measurements (8). To investigate the role of polymers in altering
mucus structure, we then fed mice the same sucrose solution,
with added PEG, an uncharged polymer that is well-character-
ized, is often used as a therapeutic in the gut (3, 4), and has
minimal chemical interactions with biomolecules (21). We used
PEG of an average molecular weight ∼200 kDa and average
radius of gyration Rg,p ∼ 22 nm, denoted as PEG 200k. Un-
expectedly, the mucus hydrogel was significantly thinner for
these mice, 14 ± 2 μm (mean ± SEM, n = 6, P = 2 × 10−4; Fig.
1D). This finding demonstrates that such polymers can in fact
alter the structure of mucus.

Significance

Hydrogels are critical components of biological systems; how-
ever, how these structures are affected by polymers abundant
in their environments (e.g., dietary fiber in the gut and soluble
glycoproteins in tissues) remains unknown. Here we find that
the colonic mucus hydrogel (a protective barrier and mediator
of microbe–host interactions) is compressed by gut polymers.
Surprisingly, the predictions of a simple thermodynamic model
are able to describe our experiments on this complex biological
system, providing insight into the underlying physics. More-
over, we find that gut microbes modulate mucus structure
by degrading dietary polymers into smaller, noncompressing
fragments. These findings reveal a mechanism of mucus re-
structuring and illustrate an unexpected interplay between
diet, gut microbiota, and the biological structures that protect
a host.
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Ex Vivo Characterization of Colonic Mucus Hydrogel. To better un-
derstand this phenomenon, we modified our imaging approach
so we could directly image the mucus hydrogel ex vivo while
simultaneously controlling the physicochemical composition of
the aqueous solution to which mucus is exposed (SI Materials and
Methods). We again used freshly excised murine colon explants,
cut open along the intestinal axis and mounted flat; instead of
using FC oil as the test solution, we cleared the luminal contents
and coated the luminal surface with cold saline to remove sol-
uble components, including any polymers. We used a water-
immersion objective lens to identify the epithelial surface (Fig. 2A)
and corroborated this with lectin staining (Fig. S1 C and D). To
identify the luminal surface of the mucus hydrogel, we deposited
a solution of 1-μm-diameter microparticle probes onto the ex-
plant surface. These probes did not penetrate, but instead settled
on top of, the mucus hydrogel, indicating that they were larger
than its mesh size (Fig. 2C). Previous studies have validated that
this region of probe exclusion corresponds to the adherent mu-
cus hydrogel (11, 19, 22, 23); we further confirmed this using
lectin staining (Fig. S2). Measuring the distance between the
excluded probes (Figs. S3 and S4) and the underlying epithelial
surface thus provided a measure of the mucus thickness, 75 ±
30 μm (mean ± SD), consistent with the distance measured when
we imaged using FC oil and consistent with other reported
measurements (8). Hydrogel thickness did not change appre-
ciably over an observation time of 2.5 h. We found similar results
using probes of other sizes (Fig. S5 A and B): All probes 250 nm
in diameter or larger were excluded from the mucus and yielded
comparable mucus thickness values (Fig. 2E). By contrast, probes
100 nm in diameter or smaller (Fig. S5 C and D) penetrated the
mucus and reached the underlying epithelium, indicating that they
were smaller than the mesh size (Fig. 2 B and E). We concluded
that the mesh size of the adherent mucus hydrogel was between
100–250 nm, in good agreement with measurements of the mesh
size of other mucus hydrogels (24, 25).
Having established a method for characterizing mucus hydrogel

structure ex vivo, we next tested the influence of polymers. We
placed a solution of the same PEG onto the explant surface,
continually monitoring the mucus hydrogel thickness using the
deposited microparticles. The PEG penetrated the mucus and
reached the underlying epithelium (Fig. S6) and this penetration
was reversible, suggesting that strong PEG–mucus chemical in-
teractions—such as complexation, which can play a role under
different conditions than those explored here (SI Materials and
Methods)—were absent (Fig. S7). Nevertheless, the mucus hydrogel
compressed by ∼50–60% of its initial thickness within ∼5–20 min
(Fig. 2E), and the level of compression seemed to be stable over an
observation time of at least ∼100 min. We verified that any optical
effects induced by the polymer solution did not appreciably affect
the z measurements (Fig. S8). Interestingly, compression was at
least partly reversible; the mucus hydrogel reexpanded to ∼90%

of its original thickness after PEG was removed by washing the
explant. These findings suggest that the polymer-induced com-
pression observed in the FC oil experiments could be reproduced
and investigated further ex vivo.

Flory–Huggins Theory of Polymer-Induced Compression. Large non-
penetrating polymers have been used to osmotically compress
synthetic hydrogels (26) and even the periciliary brush after
mucus removal in the mammalian lung (27). However, the pos-
sibility that even polymers small enough to penetrate a hydrogel
could compress it was first recognized by Brochard in 1981 (28)
and was subsequently investigated both theoretically and exper-
imentally (29, 30) (further references are provided in SI Materials
and Methods). In this case, hydrogel compression arises from a
combination of enthalpic and entropic effects. For example, the
polymers can reduce the effective solvent quality of the hydrogel
environment, due to enthalpic interactions with the hydrogel
network strands, forcing the hydrogel to reduce its hydrated
volume and compress. Another effect arises from the free energy
penalty associated with penetrating the hydrogel mesh: This can
lead to an elevated polymer concentration, and therefore an
elevated osmotic pressure, outside the hydrogel, which similarly
forces the hydrogel to compress. Clarifying the role of these,
and other, different effects remains unresolved, even for the case
of synthetic hydrogels; however, such effects can be described
collectively using the classic Flory–Huggins theory of polymer
solutions (29, 30). We therefore asked whether this physical
framework could also describe polymer-induced compression of
the colonic mucus hydrogel. Indeed, although the predictions of
this theory have been experimentally verified using a few model
synthetic hydrogels (30, 31), its applicability to the more complex

Fig. 1. Polymers compress colonic mucus hydrogel in vivo. (A) Schematic
depicting visualization of adherent colonic mucus hydrogel. (B) Side-view confocal
micrograph showing FC oil–mucus interface (magenta) separated from the epi-
thelial surface (green) by the adherent mucus hydrogel (depicted in black). (Scale
bars, 30 μm.) (C) Schematic of side view shown in B. (D) FC oil mucus thickness
measurements for colonic explants taken from SPFmice given ad libitum access to
food on either a standard chow diet, 5% (wt/vol) sucrose in 1× PBS, or 5% (wt/vol)
sucrose with 7% (wt/vol) PEG 200k in 1× PBS. Data show means ± SEM.

Fig. 2. Polymers compress colonic mucus hydrogel ex vivo. (A) Bright-field
(Left), confocal reflectance (Middle), and two-photon (Right) micrographs of
epithelial surface. Image levels were adjusted for clarity (SI Materials and
Methods). (Scale bars, 30 μm.) (B, C, and F) (Left) Schematics. (Right) Side-
view confocal micrographs. (Scale bars, 10 μm.) (B) Penetration of mucus by
low concentration [0.05% (wt/vol)] of mPEG-FITC 200k. (C) Exclusion from
mucus of 1-μm microparticle probes. (D) Schematic depicts mucus mesh
structure, with penetrating probes on the left and larger nonpenetrating
probe on the right. (E) (Top) Probe size distributions measured using dy-
namic light scattering (left axis, arrows to the left) or optical microscopy
(right axis, arrows to the right). (Bottom) Minimal probe separation from
epithelial surface. Horizontal positions and error bars show geometric mean ±
geometric SD of lognormal fits to size distributions. Vertical positions and
error bars show mean ± SD. Gray bar shows mean of FC oil measurements of
in vivo thickness for mice fed chow. Penetration measurements used fluo-
rescently labeled polymers at concentrations below those that cause mucus
compression. (F) Compression of colonic mucus by 3.5% (wt/vol) PEG 200k.
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case of biological hydrogels such as colonic mucus is unclear.
One signature of this form of compression is its tunability: More
concentrated polymer solutions should induce more hydrogel
compression (29, 30). Consistent with this prediction, we found
that mucus compression was tunable by PEG concentration
(green points in Fig. 3B).
To test the applicability of Flory–Huggins theory, we used the

same theoretical framework (30) to describe our experimental
system (details and limitations of this theory are described in SI
Materials and Methods). We first modeled the mucus as a swol-
len, cross-linked hydrogel. We then considered how the addition
of polymers changes the extent to which the mucus hydrogel is
swollen and its equilibrium thickness. We made the simplifying
assumption (30, 31) that the mucus behaves as an elastic gel on
the timescale of our experiments, even though hydrogels, in-
cluding colonic mucus, are known to be viscoelastic—they relax
stresses over long times. This assumption is supported by our
observations that the hydrogel thickness remained stable in ei-
ther the uncompressed or polymer-induced compressed states
(over observation times of at least ∼100 min). It is further sup-
ported by the reversibility of the observed compression. We
therefore calculated the total free energy of the ternary solvent–
mucus–polymer system, G, as the sum of the elastic free energy,
which accounts for deformations of the individual mucus net-
work strands, and the free energy of mixing the polymer and the
solvent with the mucus hydrogel. We then used this total free
energy to calculate the chemical potentials of both the added
PEG and the solvent, μP ≡ ∂G/∂nP and μS ≡ ∂G/∂nS, respectively,
both inside and outside of the mucus network; nP and nS are the
respective numbers of moles:
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Here, R is the gas constant, T is the temperature, νi is the volume
fraction of species i, ν0M is the mucus hydrogel volume fraction in
its initial preparation state, ϕ≡ νoutP is the volume fraction of the
free polymer in external solution, NM is the average number of
segments in a mucus network strand, y is the number of segments
in a polymer molecule, and χij is the Flory–Huggins interaction
parameter, which quantifies enthalpic interactions, between spe-
cies i and j; we denoted solvent, mucus, and free polymers as i =
S, M, P, respectively. At thermodynamic equilibrium, μinS = μoutS
and μinP = μoutP ; these equalities enabled us to numerically calculate
the equilibrium mucus thickness for a given PEG concentration (de-
tails of calculations, parameters used, and sensitivity to parameters
are described in SI Materials and Methods). Consistent with our
experimental observations, the Flory–Huggins model predicted that
exposure to PEG compresses the adherent mucus hydrogel. More-
over, the model predicted (green curve in Fig. 3A) a similar depen-
dence of mucus compression on PEG concentration as we measured
in our experiments using microparticles (green points in Fig. 3B).
Another key prediction of the model is that the extent of

mucus compression should depend on the polymer molecular
weight: For a given PEG concentration, smaller polymers should

compress the mucus hydrogel less (Fig. 3A). One intuitive ex-
planation for this is the free energy penalty paid by PEG to
penetrate the mucus, which is smaller for smaller polymers; thus,
even though they can exert a larger osmotic pressure, smaller
polymers are less likely to be excluded from the mucus hydrogel
(Fig. S9E) and are expected to compress it less (Fig. 3C). To test
this prediction, we measured the extent of mucus compression
induced by two smaller polymers, PEG 6k and PEG 400, char-
acterized by Rg,p ∼ 3 nm and 0.7 nm, respectively. These poly-
mers again compressed the mucus hydrogel within 5 min, and the
compression level seemed to be stable over an observation time
of up to several hours. Despite the mean-field nature of the
Flory–Huggins model, which is not expected to capture the full
complexity of the experiments, we observed qualitative similari-
ties between the calculations (Fig. 3A) and the experimental data
(Fig. 3B). We also found similar results for varying values of the
model parameters (Fig. 3A and Fig. S9 A–D). Moreover, the
observed compression was similar for mice of different sexes and
strains, for washed explants originating from germ-free or microbe-
colonized mice, for different buffers, in the presence and the
absence of Mg2+ ions, for buffers also containing protease in-
hibitor, for polymer solutions prepared using the liquid fraction
of specific-pathogen-free (SPF) mice colonic contents instead of
buffer, for experiments performed at 22 °C or 37 °C, and for a
similar, but charged, polymer, demonstrating that our results
were not an artifact of the choice of the animal model or details
of experimental conditions. The similarity between the theoretical
predictions and the experimental data suggests that Flory–
Huggins theory provides a physical description of the concen-
tration and molecular weight dependence of the polymer-induced
compression of colonic mucus and provides a foundation for
more sophisticated modeling to better characterize the full com-
plexity of this phenomenon (SI Materials and Methods).

Fig. 3. Tunable compression of colonic mucus hydrogel can be qualitatively
described by Flory–Huggins theory. (A) Theoretically predicted and (B) ex-
perimentally measured (using 1-μm microparticles) mucus compression for
varying polymer concentrations and molecular weights. Bold curves in A
show model results for parameter values (SI Materials and Methods) χSM =
0 and χMP = 0.3; less opaque and dashed curves show sensitivity to variations
in these parameters (upper and lower less opaque curves, χSM = 0.1 and −0.1;
upper and lower dashed curves, χMP = 0.2 and 0.4). All mice, except for those
indicated by upward triangles, were male. Symbols in B indicate different
mouse types and experimental conditions: squares, C57BL/6 mice; circles,
BALB/c mice; upward triangles, female C57BL/6 mice; vertical diamond, washed
explants from GF mice; downward triangles, all solutions have added 2× Roche
protease inhibitor mixture; pentagons, all solutions have added 5 mM MgSO4;
horizontal diamonds, experiments performed at 37 °C instead of 22 °C using a
heated microscope stage; stars, polyacrylic acid of ∼8-kDa average molecular
weight instead of PEG; hexagons, Hepes buffer instead of PBS for all solutions.
Each data point represents the mean of a series of five measurements on a
single explant; error bars represent measurement uncertainty. (C) Schematic
showing one effect potentially underlying mucus compression: molecular
weight-dependent partitioning of the polymer.
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Microbes Can Modulate Mucus Compression. Given the diversity of
polymers abundant in fruits, vegetables, and food additives, we
next asked whether dietary polymers could also compress colonic
mucus. We tested three common dietary polymers: dextrin, pectin,
and pullulan. Exposure to each of these polymer solutions caused
the colonic mucus hydrogel to compress in a concentration-
dependent manner (Fig. 4A). Moreover, as with PEG, for a given
polymer concentration, the larger polymers, pectin and pullulan,
compressed the mucus more than the smaller polymer, dextrin.
These observations demonstrate that, similar to the case of PEG,
dietary polymers present in the gut can also induce mucus com-
pression in a manner that depends on the physical properties of
the polymers themselves.
Given our results indicating that mucus compression can de-

pend on the polymer molecular weight, we hypothesized that
microbial degradation of polymers into smaller fragments (1, 2)
may actively modulate compression in vivo. Indeed, we found
that whereas pectin strongly compressed the colonic mucus
hydrogel (Fig. 4A, blue points), a small molecule, acetate—a
typical product of pectin degradation and fermentation by gut
microbes—did not (500 mM acetate compressed the mucus only
by ∼10%). Moreover, using the wash-free FC oil methodology as
in Fig. 1, we found that the adherent mucus of germ-free (GF)
mice was only ∼25% as thick as that of SPF mice in vivo (Fig. 4B),
consistent with previous observations (8, 32). Thicker SPF mucus
was previously attributed solely to altered mucus secretion by the
host in response to the presence of microbes, and not to the dif-
ference in polymeric composition of the gut fluid. Given our results,
however, we hypothesized that mucus compression by intestinal

polymers may also contribute to this phenomenon: These polymers
remain intact in GF mice, which lack the gut microbiota that nor-
mally degrade these polymers into smaller noncompressing frag-
ments. In agreement with this hypothesis, washing the GF explant
with excess cold saline, which should dilute out any polymers pre-
sent in the sample, restored the mucus to the thickness observed in
SPF mice (Fig. 4B). This result was surprising, because it could not
have been the result of a host response to the presence of microbes.
To further test the effect of intestinal polymers on mucus com-
pression, we isolated and analyzed the liquid fractions of the colonic
contents of GF and SPF mice. As expected (Fig. S10), the GF
contents were enriched in higher-molecular-weight polymers com-
pared with the SPF contents, reflecting polymeric degradation by
the SPF gut microbiota. We therefore predicted that the GF con-
tents would compress colonic mucus more than the SPF contents.
In agreement with this prediction, whereas SPF contents did not
appreciably compress colonic mucus, the GF contents compressed
colonic mucus by ∼70% of its initial washed thickness, for washed
explants obtained from either SPF or GF mice (Fig. 4C). This
finding indicates that gut microbes, by modifying the polymeric
composition of intestinal contents, can actively modulate the com-
pression state of the colonic mucus hydrogel (Fig. 4D).

Discussion
This work highlights the role of mucus as a dynamic biomaterial
that responds to the polymeric composition of its environment.
Our experiments reveal a previously unknown mechanism by
which polymers in the gut—including dietary fibers abundant in
our diet and therapeutic polymers ingested to relieve intestinal
distress—alter the structure of the colonic mucus hydrogel. We
speculate that this phenomenon may play a role in studies in-
volving dietary fibers or therapeutic polymers, or their metabolism
by microbes, in the gut. This could potentially have considerable
physiological consequences (e.g., altering the access of pathogens
or endotoxins to the epithelium). Investigating these effects will be
a valuable direction for future work.
The work presented here focused on mucus compression in-

duced by PEG, an uncharged polymer that has minimal chemical
interactions with biomolecules and is often used as a therapeutic
in the gut. We also observed similar behavior for several dietary
polymers, suggesting that exploring a wider range of gut poly-
mers will be a useful direction for future experiments. Polymers
are also commonly used for the fundamental characterization of
mucus itself, with the assumption that they do not alter the
hydrogel structure. For example, a polymer solution [e.g., optimal
cutting temperature (OCT) compound] is frequently used in cry-
osection experiments that seek to preserve mucus structure (e.g.,
refs. 33–36). The polymer-induced compression that we describe in
this paper may affect such experiments; indeed, in preliminary ex-
periments, we have found that OCT compound actually alters
mucus structure considerably. Our work thus highlights the impor-
tance of understanding polymer–mucus interactions, and their re-
sultant biological effects, in experimental design and interpretation.
Our data show that the extent of compression is strongly de-

pendent on polymer concentration and molecular weight; this be-
havior is remarkably similar to the compression of synthetic
hydrogels, which is known to arise from a combination of enthalpic
and entropic effects. The role played by these different effects re-
mains to be elucidated, even for the case of simple synthetic
hydrogels. However, our data suggest that, similar to the synthetic
case, polymer-induced compression of mucus—a complex biological
hydrogel—can be described using Flory–Huggins theory. Our results
thus motivate further work studying the physics underlying hydrogel
compression, and the theoretical description presented here provides
a basis for more sophisticated biophysical modeling that could in-
corporate effects such as nonisotropic structure of the mucus network
(37), viscoelastic relaxation of the mucus hydrogel, or electrostatic
interactions (further outlined in SI Materials and Methods). This
could lead to new strategies for designing polymer-based therapeu-
tics to controllably and predictably alter the morphology of gut
mucus. Moreover, this work provides a general biophysical

Fig. 4. Gut microbes can modulate mucus compression by modifying the
polymeric composition of intestinal contents. (A) Mucus compression induced
by dietary polymers, determined using the ex vivo microparticle method. Each
data point represents the mean of a series of five measurements on a single
explant; error bars represent measurement uncertainty. (Inset) Data for pectin
and pullulan with semilogarithmic axes. (B and C) Mucus (B) thickness or (C)
compression measurements determined using (purple) ex vivo microparticle
method or (gray) FC oil method, for explants from SPF or GF mice. Last bar in B
shows measurements for washed GF explants. Data are presented as means ±
SEM. We also found using our ex vivo method that SPF contents only com-
pressed mucus on a GF explant by 5 ± 2% (n = 1). (D) Schematic depicting how
microbial degradation of polymers alters mucus compression.
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framework for investigating similar, previously overlooked, polymer-
induced effects in other biological hydrogels, such as airway mucus,
cervico-vaginal mucus, or extracellular matrix in tissues.

Materials and Methods
Details of Animals Used. Except where otherwise noted, all mice were male or
female SPF or GF C57BL/6 mice between 2–6 mo of age, fed a standard solid
chow diet and given water for ad libitum consumption. The mice given only
sucrose or only sucrose + PEG were first raised on a standard solid chow diet
and given free access to water then maintained on a restricted diet consisting
only of 5% (wt/vol) sucrose or 5% (wt/vol) sucrose + 7% (wt/vol) PEG 200k in 1×
PBS (pH 7.4, without calcium and magnesium; Corning) given for ad libitum
consumption for the 24-h period preceding euthanasia. All animal experi-
ments were approved by the California Institute of Technology (Caltech) In-
stitutional Animal Care and Use Committee (IACUC). Mice were euthanized via
CO2 inhalation as approved by the Caltech IACUC in accordance with the
American Veterinary Medical Association Guidelines on Euthanasia (38).

Details of Microscopy. All imaging was performed using a Zeiss LSM 510
upright confocal microscope or a Zeiss LSM 880 upright confocal microscope,
using either bright-field microscopy, confocal fluorescence microscopy (543-nm
excitation/560-nm long-pass filter, or 488-nm excitation/505-nm long-pass
filter), confocal reflectance microscopy (514-nm excitation/505-nm long-pass
filter), or two-photonmicroscopy (800-nm excitation/650-nm long-pass filter).
We collected 3D stacks consisting of multiple xy slices at different z positions.

Imaging of Unwashed Tissue.We euthanized each mouse, removed the colon,
and immediately flushed it gently with Fluorinert FC 40 oil (3M), which is im-
miscible with the aqueous contents of the colon. We then immediately cut the
colon segment open along the longitudinal axis and mounted the opened tissue
(luminal surface facing upward) onto a glass slide or a Petri dish using GLUture
topical tissue adhesive (Abbott). We then gently deposited ∼0.5–2 mL of addi-
tional FC 40 oil onto the exposed luminal surface. The FC 40 is immiscible with
water and with the mucus hydrogel; this procedure thus retained the adherent
mucus in its in vivo “unwashed” state and prevented it from dehydrating.

Imaging of Washed Tissue. We euthanized each mouse, removed the colon,
and immediately flushed it gently with ice-cold 1× PBS and placed ∼1-cm-
long segments of the midcolon in ice-cold PBS. We then cut and mounted
the colon segments as described for unwashed tissues, always ensuring the
explant surface was covered in PBS to prevent any dehydration. We then
gently deposited the test solution onto the explant.

Thickness Measurements of Washed Mucus Hydrogel. In each experiment, after
placing a suspension of 1-μm-diameter microparticles onto the exposed luminal
surface, we incubated the tissue at 4 °C for 1–2 h.We simultaneously imaged both
the epithelium and the deposited microparticles using confocal or two-photon

reflectance microscopy and determined the mucus thickness by measuring the
distance between the epithelial surface and the deposited microparticles.

Quantifying Polymer-Induced Compression of Washed Mucus Hydrogel. After
measuring the initial washed mucus thickness, we gently deposited ∼0.2–2 mL
of the test polymer solution onto the exposed luminal surface then collected
the same 3D stacks at the same xy fields of view and remeasured the distance
between the epithelial surface and the deposited microparticles.

Flory–Huggins Model of Compression. We used the Flory–Huggins theory of
polymer solutions to describe polymer interactions with the mucus hydrogel,
treating the mucus as a cross-linked hydrogel swollen in a good solvent. First,
we calculated the total free energy of the ternary solvent–mucus–polymer
system, G, given by the sum of the elastic free energy, Gel, which accounts for
deformations of the individual mucus network strands, and the free energy of
mixing the polymer and the solvent with the mucus hydrogel, Gm. The total
change in free energy is then ΔG=ΔGm +ΔGel, where ΔGm is given by the
Flory–Huggins (30, 39, 40) free energy of mixing and ΔGel is given by rubber
elasticity. At equilibrium, the chemical potentials of both the solvent and the
free polymer, μS ≡ ∂G/∂nS and μP ≡ ∂G/∂nP, must be equal inside and outside of
the mucus network; these equalities provided Eqs. 1–4, which represent the
central result of the Flory–Huggins model and have been successfully used to
describe polymer-induced compression of synthetic hydrogels (30).

Experiments Using Liquid Fraction of Colonic Contents. Immediately after a
mouse was euthanized, we collected its colonic contents in a polypropylene
spin column with a 30-μm-pore-size filter (Thermo Scientific Pierce), always
kept on ice, and centrifuged at 17,000 × g for 100 min at 4 °C. We then
collected the liquid supernatant from the collection tube. For each of the
experiments shown in Fig. 4C, we incubated a washed explant with 1-μm
microparticles and used two-photon microscopy to first measure the initial,
washed mucus thickness. We then gently deposited 100 μL of the liquid
fraction of colonic contents on the exposed luminal explant surface and
reimaged to measure the change in mucus thickness.
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SI Materials and Methods
Details of Animals Used. Except where otherwise noted, all mice
were male or female SPF or GFC57BL/6 mice between 2–6mo of
age, fed a standard solid chow diet and given ad libitum access to
water. The GF chow was autoclaved and was formulated to have
a nutritional profile after autoclaving similar to that of the SPF
chow. The mice given only sucrose or only sucrose + PEG were
first raised on a standard solid chow diet and given ad libitum
access to water then maintained on a restricted diet consisting
only of 5% (wt/vol) sucrose or 5% (wt/vol) sucrose + 7% (wt/vol)
PEG 200k in 1× PBS (pH 7.4, without calcium and magnesium;
Corning) available for ad libitum consumption for the 24-h pe-
riod before they were euthanized. Four hours after we started
administering each of the restricted liquid diets we moved each test
mouse to a new, clean cage to minimize the effects of coprophagy.

Details of Microscopy. All imaging was performed using a Zeiss
LSM 510 upright confocal microscope or a Zeiss LSM 880 upright
confocal microscope, using either bright-field microscopy, con-
focal fluorescence microscopy (543-nm excitation/560-nm long-
pass filter or 488-nm excitation/505-nm long-pass filter), confocal
reflectance microscopy (514-nm excitation/505-nm long-pass filter
or 505- to 735-nm detection), or two-photon microscopy (800-nm
excitation/650-nm long-pass filter). We collected 3D stacks con-
sisting of multiple xy slices at different z positions.

Imaging of Unwashed Tissue.We euthanized each mouse, removed
the colon, and immediately flushed it gently with Fluorinert FC 40
oil (3M), which is immiscible with the aqueous contents of the
colon.We then immediately cut the colon segment open along the
longitudinal axis and mounted the opened tissue (luminal surface
facing upward) onto a glass slide or a Petri dish using GLUture
topical tissue adhesive (Abbott). We then gently deposited ∼0.5–
2 mL of additional FC 40 oil onto the exposed luminal surface.
The FC 40 is immiscible with water and with the mucus hydrogel;
this procedure thus retained the adherent mucus in its in vivo
“unwashed” state and prevented it from dehydrating. We imaged
the explant with two-photon microscopy. For some mice, we
took multiple explant samples and for some explant samples we
collected multiple 3D stacks at different fields of view.
We determined the mean mucus thickness (gray bars in Figs. 1

and 4) for each stack obtained from an explant by measuring the
distance between the epithelial surface (Fig. S1 A and B) and the
FC oil–hydrogel interface at five random positions in xy. In some
cases this was repeated for multiple fields of view. When mul-
tiple colonic explants were obtained from a single mouse, we
calculated the mean mucus thickness of an individual mouse. In
Figs. 1 and 4, the thickness values reported are the mean values
of the individual mice thicknesses. The error bar on each value
reported in Figs. 1 and 4 is the SEM, calculated by taking the SD
of mucus thickness for a single mouse and dividing by √n (n,
number of different mice).

Imaging of Washed Tissue. We euthanized each mouse, removed
the colon, and immediately flushed it gently with ice-cold 1× PBS
and placed ∼1-cm-long segments of the midcolon in ice-cold
PBS, ensuring that the ionic composition was homogenized
throughout the mucus hydrogel environment. We then cut and
mounted the colon segments as described for unwashed tissues,
always ensuring the explant surface was covered in PBS to pre-
vent any dehydration or ionic imbalance, and surrounding (but
not contacting) the tissue with >10 ∼10-μL drops of water to

maintain a humid environment. The measured mucus hydrogel
thickness was consistent with the distance measured when we
imaged using FC oil and consistent with other reported mea-
surements (8), did not change appreciably over an observation
time of 2.5 h, and was similar for probes of other sizes (250 nm in
diameter or larger), as discussed in the main text, further con-
firming the validity of our approach. We then gently deposited
an additional ∼10- to 200-μL drop of test solution containing the
fluorescent probes onto the explant. We imaged the explant with
confocal reflectance or two-photon microscopy. For some mice,
we took multiple explant samples and for some explant samples
we collected multiple 3D stacks at different fields of view. The
levels of the images in Fig. 2A were nonlinearly adjusted in
Adobe Illustrator for clarity in print using the following input
and output levels: 82, 1, 246/0, 255 (bright field), 34, 0.78, 172/0,
205 (confocal reflectance), and 51, 0.91, 140/0, 255 (two-photon).

Thickness Measurements of Washed Mucus Hydrogel. In each ex-
periment, after placing a suspension of 1-μm-diameter micropar-
ticles onto the exposed luminal surface, we incubated the tissue at
4 °C for 1–2 h, longer than the time required for the microparticles
to diffuse across the vertical extent of the mucus in free solution
(40 min). This ensured that the microparticles deposited onto the
mucus hydrogel surface. We simultaneously imaged both the ep-
ithelium and the deposited microparticles using bright-field, con-
focal reflectance, or two-photon reflectance microscopy.
To determine the mean mucus thickness for tissue obtained

from a single mouse (green, light blue, dark blue, and pink points
in the bottom graph of Fig. 2D), for each stack on a washed explant
we measured the distance between the epithelial surface and the
center of the deposited microparticles at five random positions in
xy spanning the entire field of view. In some cases this process was
repeated for multiple fields of view. If multiple colonic explants
were obtained from the same mouse, the thickness was measured
in the same way. We then took each of these individual thickness
measurements at each xy position from all of the individual mice,
explants, and fields of view and calculated the mean and SD. The
thickness values reported in Fig. 2D are these mean values, and
the error bars are the associated SD. The washed values and error
bars reported Fig. 4 (purple bars), were determined as described in
Materials and Methods, Imaging of Unwashed Tissue.

Experiments with Probes of Different Sizes.We used (all in 1× PBS)
methoxyl polyethylene glycol-FITC (mPEG-FITC; Nanocs),
weight-averaged molecular weight 350, 1.2 × 10−2 mg/mL;
mPEG-FITC (Nanocs), weight-averaged molecular weight 5 kDa,
3.3 × 10−2 mg/mL; mPEG-FITC (Nanocs), weight-averaged mo-
lecular weight 200 kDa, 0.6 mg/mL; FITC–dextran (Sigma-Aldrich),
average molecular weight 2 MDa, 0.1 mg/mL; and fluorescent
polystyrene microparticles (micromer; micromod Partikeltechnologie
GmbH), coated with PEG 300 to render them chemically inert (41),
0.02–0.2% volume fraction of manufacturer-reported average
diameters 100 nm, 250 nm, 500 nm, 1 μm, or 5 μm. Penetration
measurements used fluorescently labeled polymers at concen-
trations below those that cause mucus compression.
We characterized probes or polymers 500 nm or smaller using

dynamic light scattering performed on 200–500 μL of each
sample with a Wyatt Dynapro NanoStar instrument. The data
were collected and analyzed using Wyatt DYNAMICS software
7.1. Hydrodynamic radii were determined by fitting the data
using a regularization analysis. The wavelength of the laser was
658 nm and the scattering angle was 90°. The microparticle
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solutions were unfiltered, whereas we filtered the polymer solu-
tions using either a 0.2-μm Fisherbrand (PEG 400, PEG 6 kDa,
PEG 200 kDa, fluorescent PEG 200 kDa, fluorescent dextran
2 MDa, and fluorescent PEG 5 kDa) or a 0.45-μm Puradisc
(pullulan and dextrin) syringe filter. All samples were dispersed in
1× PBS, and we used the following concentrations or volume
fractions: 3 mg/mL (fluorescent PEG 200 kDa), 1 mg/mL (fluorescent
dextran 2 MDa), 0.1% (vol/vol) (100-nm particles), 0.01% (vol/vol)
(250-nm particles), 0.02% (vol/vol) (500-nm particles), 100 mg/mL
(PEG 400), 10 mg/mL (PEG 6 kDa), 0.5 mg/mL (PEG 200 kDa),
10 mg/mL (pullulan), 10 mg/mL (dextrin), and 0.25 mg/mL
(fluorescent PEG 5 kDa). The acquisition time was 5 s, and 10–20
acquisitions were taken for each sample. We characterized the
1-μm and 5-μm microparticles using optical microscopy.

Polymers Used for Compression Measurements. We used (all in 1×
PBS) PEG 400, weight-averaged molecular weight 380–420 Da
(Acros Organics); PEG 6k, weight-averaged molecular weight
5.6–6.6 kDa (Acros Organics); PEG 200k, viscosity-averaged
molecular weight 200 kDa (Sigma-Aldrich); dextrin, average
molecular weight between ∼1–70 kDa (42–45) (Walgreens); pul-
lulan from Aureobasidium pullulans, average molecular weight
between ∼50 kDa and 4 MDa (46–50) (Sigma-Aldrich); and pectin
from apple, weight-averaged molecular weight ∼100 kDa (51)
(Sigma-Aldrich). We estimated the average radius of gyration, Rg,p,
of the PEG 400, 6k, and 200k as ∼0.7, 3, and 22 nm, respectively,
using published measurements (52) and our own dynamic light
scattering measurements.

Quantifying Polymer-Induced Compression of Washed Mucus Hydrogel.
After measuring the initial washed mucus thickness, we gently de-
posited ∼0.2–2 mL of the test polymer solution onto the exposed
luminal surface and then collected the same 3D stacks at the same
xy fields of view. To measure the “percent compression,” or the
overall percentage change in the thickness, of the colonic mucus
after exposure to the polymer solution, we measured the thickness
before and after exposure to the solution at the same five xy posi-
tions, using the distance between the epithelial surface and the
deposited microparticles in the 3D stacks. To calculate the per-
centage compression, we calculated the percentage change in the
thickness measured, as well as the measurement uncertainty (using
the optical slice thickness as the experimental uncertainty in the
measured thickness), at each of these five xy positions. We then
calculated the percentage compression as the mean of these five
measured values. The error bars show the uncertainty in the per-
centage compression measurement, which was calculated using the
experimental uncertainty in each of the five strain measurements.
To explore the generality of the observed compression, we

tested a number of different conditions and found similar be-
havior (as shown in Fig. 3B) for mice of different sexes and
strains, for washed explants originating from GF or microbe-
colonized mice, for different buffers (PBS or Hepes), for buffers
also containing protease inhibitor, for polymer solutions pre-
pared using the liquid fraction of SPF mice colonic contents
instead of buffer, for experiments performed at 22 °C or 37 °C,
for a similar, but charged, polymer, and in the presence and the
absence of Mg2+ ions. We note that other multivalent cations
(e.g., Ca2+) have been found to induce additional structural
changes in mucins, although no measurable changes were re-
ported for Mg2+ (53). We also note that, in vivo, water may be
absorbed from the lumen into the epithelium depending on the
delivery medium (e.g., as reported in ref. 54). We speculate that
this could concentrate the polymer in the lumen, possibly en-
hancing the mucus compression we measured ex vivo.

Flory–Huggins Model of Compression. We used the Flory–Huggins
theory of polymer solutions to describe polymer interactions with
the mucus hydrogel. The adherent mucus is a hydrogel with a

network (10, 37, 55) composed of MUC2 proteins having alter-
nating hydrophilic, densely glycosylated regions, which make up
the strands of the hydrogel network, and hydrophobic, non-
glycosylated regions, which help to cross-link the network, which
is also cross-linked via physical entanglements, electrostatic in-
teractions, and chemical cross-links such as disulfide bonds (56,
57). We therefore modeled the mucus as a cross-linked hydrogel
swollen in a good solvent. For simplicity, we treated this hydrogel
as being structurally isotropic; our model does not incorporate
any possible supramolecular structuring of the colonic mucus
hydrogel (37). We made the simplifying assumption that the
mucus behaves as an elastic gel; although hydrogels, including
colonic mucus, are known to be viscoelastic—they relax stresses
over long times—the reversibility of the observed polymer-in-
duced compression, and the observed unchanging thickness of
the hydrogel after compression, suggest that the colonic mucus
is elastic on the timescale of our experiments. This idea is
supported by rheological measurements on a scraped porcine
colonic mucus hydrogel, which exhibits elastic behavior for
timescales of at least ∼100 s (58). Moreover, this assumption has
been successfully used to describe the compression of synthetic
hydrogels that also contain chemical cross-links (30, 31). How-
ever, we note that the exact details of mucus hydrogel rheology
remain unknown; we therefore chose to describe the mucus
hydrogel as “viscoelastic” in the text for the sake of generality,
thereby including any possible elastic or viscous response. In-
corporating further details of mucus hydrogel rheology into our
theoretical model, such as any possible viscous relaxation at long
timescales and the relative importance of the different forms of
cross-linking in the network, will be an important direction for
future work.
First, we calculated the total free energy of the ternary solvent–

mucus–polymer system, G, given by the sum of the elastic free
energy, Gel—which accounts for deformations of the individual
mucus network strands, thus inhibiting the unphysical case of full
mixing of the mucins and solvent—and the free energy of mixing
the polymer and the solvent with the mucus hydrogel, Gm. The
buffered aqueous solutions are characterized by a high ionic
concentration (ionic strength ∼70 mM) and therefore a Debye
screening length ∼0.7 nm, over two orders of magnitude smaller
than the hydrogel mesh size, suggesting that electrostatic inter-
actions may not play a significant role in our system. Indeed,
theoretical predictions for charged semidilute polymer solutions
reduce to those for uncharged semidilute polymer solutions
when the solvent has a high ionic concentration such as ours
(e.g., ref. 59). This idea is also supported by experimental mea-
surements of charged particle diffusion in a mucus hydrogel,
which show results similar to the case of uncharged particles at
high ionic concentrations similar to ours (60). We therefore did
not consider electrostatic effects (59, 61–64) in our work; consid-
ering these effects will be an interesting direction for future work.
The total change in free energy can thus be written as

ΔG=ΔGm +ΔGel [S1]

and ΔGm is given by the Flory–Huggins (30, 39, 40) free energy
of mixing,

ΔGm =RT

 X
i

ni   lnνi +
X
i<j

niνjχij

!
, [S2]

where R is the gas constant, T is the temperature, ni is the
number of moles of species i, νi is the volume fraction of species
i, and χij is the Flory–Huggins interaction parameter between
species i and j; here, we denote solvent, mucus, and free poly-
mers as i = S, M, P, respectively. To describe the free energy of
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elastic deformation we used rubber elasticity, assuming affine
deformation of the network (30, 39):

ΔGel =
3
2

RT
NMVS

"�
ν0M
νM

�2=3

− 1− ln
�
ν0M
νM

�1=3
#
, [S3]

where νM is the mucus hydrogel volume fraction, ν0M is the mucus
hydrogel volume fraction in its initial preparation state, VS is the
molar volume of the solvent, and NM is the average number of
mucin Kuhn segments, the stiff segments making up each mucin
network strand, between cross-links of the network. More so-
phisticated forms of the elastic free energy would be interesting
to explore in future work; we note that the exact choice of the
elastic energy may not affect the calculated hydrogel compres-
sion trends considerably (29, 30).
At equilibrium, the chemical potentials of both the solvent and

the free polymer, μS ≡ ∂G/∂nS and μP ≡ ∂G/∂nP, must be equal
inside and outside of the mucus network:

μinS = μoutS [S4]

μinP = μoutP . [S5]

By substituting Eqs. S2 and S3 into Eq. S1, and differentiating
with respect to the number of moles of solvent and free polymer,
we obtained Eqs. 1–4 shown in the main text, which represent
the central result of the Flory–Huggins model and have been
successfully used to describe polymer-induced compression of
synthetic hydrogels (30). These equations are also subject to
the constraints νinS + νM + νinP = 1 and νoutS +ϕ= 1.
We first treated the polymer-free case (ϕ= 0), which describes

the initial swollen state of the mucus hydrogel. The system is
described by Eq. 1 with μinS = μoutS = 0 and νinP = 0; this provided us
with a relationship between ν0M, χSM, NM, and the mucus volume
fraction in this initial swollen state, which we denote as νsM. Di-
rect measurements of νsM are lacking; we chose a value of
νsM = 0.01, well within in the range of estimates (65–69) of the
volume fraction of swollen mucus, and tested the sensitivity of
our results to variations in the numerical parameters used, with
the constraint relating ν0M, χSM, NM, and νsM (Fig. S9). As a
simplifying assumption, we took ν0M to be approximately equal to
the mucin volume fraction when initially packed in secretory
granules, before being released into the intestinal lumen to form
the swollen, cross-linked adherent hydrogel. We found in our
sensitivity analysis (Fig. S9) that our results are only weakly
sensitive to the choice of the value of ν0M. We therefore chose a
value ν0M= 0.13, within the range of published measurements
(70–72) for mucin and other similar secretory granules. How-
ever, more work is required to quantitatively determine the exact
value of ν0M. We expect water to be a good solvent for the mucin
network strands, due to the preponderance of hydroxyl, carboxyl,
and sulfate groups in the glycosylated domains; we therefore
chose χSM = 0. We estimated NM using published measurements
in two different ways. In the first approach, we used measured
values (65, 73–76) of the MUC2 radius of gyration, Rg,M, and
Kuhn length, bM, combined with the relationship for mucus
strands swollen in a good solvent (40, 68, 77, 78), Rg,M ≈ bMN

3=5
M .

In the second approach, we used our direct measurements of the
mucus hydrogel mesh size, combined with the published mea-
surements of bM, to estimate NM. In both cases, we found
NM ≈ 20− 10,000. The values of ν0M, χSM, and νsM, together with
Eq. 1, yielded NM ≈ 1,000, in this estimated range; we therefore
chose NM = 1,000. Again, we found qualitatively similar results
for different values of NM (Fig. S9).
We next investigated how added polymer (ϕ> 0) changed the

extent to which the mucus hydrogel is swollen, and therefore its

equilibrium thickness. We numerically solved Eqs. S4 and S5 for
νM and νinP , varying ϕ; this yielded the curves presented in Fig. 3A.
We focused on the case in which the added polymer is PEG 400,
6k, or 200k, as used in our experiments. We took the number of
segments of each PEG, y, to be the number of PEG Kuhn seg-
ments, and estimated this (40) using the relationship Rg,P ≈ bPyα,
where Rg,P and bP are the PEG radius of gyration and Kuhn
length, respectively, choosing α= 0.58, consistent with the mea-
sured range (40, 52, 79–82) α= 0.537− 0.588. Published mea-
surements (83–85) yield bP ≈ 0.76− 1.8 nm; we therefore chose
bP = 1.28 nm, in this range. We estimated Rg,P using our measure-
ments of the PEG 400, 6k, and 200k hydrodynamic radii and con-
verted these to radii of gyration using the Kirkwood–Riseman
relationship (86–88). The relationship between Rg,P, bP, and y thus
yielded y = 1, 4, and 146 for PEG 400, 6k, and 200k, respectively,
which we used for the main simulations (Fig. 3A). Based on pub-
lished measurements for PEG (30, 89), we set χSP = 0.45. The
chemical interactions between PEG and mucins are thought to be
slightly attractive or neutral. We therefore estimated χMP to be
between 0 and 0.5, and chose χMP = 0.3.
This Flory–Huggins framework has been successfully applied

to qualitatively describe polymer-induced compression of a
number of synthetic hydrogels (30, 31, 90–94). However, it is a
simple mean-field theory, does not take into account correlations
between monomers, and assumes affine deformation of a ho-
mogeneous gel. We therefore did not expect strong quantitative
agreement between the experiments and numerical calculations.
However, we observed similar behavior between the two, using
parameters that are consistent with experimentally measured
values. In particular, the Flory–Huggins calculations showed that
the free polymer does induce compression of the network, even
though in the calculations the polymer could penetrate into the
mucus hydrogel, and the trends we observed experimentally are
qualitatively similar to those predicted by the model. Moreover,
we found that polymers of higher molecular weights required a
lower monomer volume fraction to compress the network, con-
sistent with our experimental observations. One reason for this is
the entropic penalty paid by PEG to penetrate the mucus; be-
cause this penalty is larger for larger polymers, they are more
likely to be excluded from the mucus hydrogel, and therefore can
compress it more by elevating the difference between external
and internal osmotic pressure. Consistent with this expectation,
we found that the higher-molecular-weight PEG was more likely
to be excluded from the mucus hydrogel (Fig. S9E).
More sophisticated modeling could build on the work pre-

sented here by incorporating effects such as structuring of the
colonic mucus hydrogel (37), viscoelastic relaxation of the mucus
network, chemical adhesion (41) or electrostatic interactions, or
polymer complex formation. For example, PEG has been ob-
served to form complexes with polycarboxylic acids (30, 95–99),
via hydrogen bonding between the ether oxygen of PEG and
undissociated carboxylic groups; similar effects could play a role
in our experimental system. We note, however, that at the
physiological pH explored in our work the carboxyl groups found
on the sialic acid residues of mucins are negatively charged (55,
57) and complexation is unlikely (Fig. S7).

Experiments Using Liquid Fraction of Colonic Contents. Immediately
after euthanizing a mouse, we collected its colonic contents in a
polypropylene spin column with a 30-μm-pore-size filter (Thermo
Scientific Pierce), always kept on ice, and centrifuged at 17,000 × g
for 100 min at 4 °C. We then collected the liquid supernatant
from the collection tube. We combined the liquid fraction thus
obtained from multiple mice, both male and female, 3–4 mo of
age, to obtain enough sample for the experiments, and stored
aliquots at −20 °C until experimental use.
To test whether luminal contents could affect the polymer-

induced mucus compression reported here, we used our ex vivo
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approach to also test compression induced by polymer solutions
prepared in the thawed liquid fraction of SPF mice colonic
contents instead of buffer. We tested both 3.1% (wt/vol) PEG
200k and 48.5% (wt/vol) dextrin, using the SPF liquid fraction as
the solvent in both cases. In both cases, we verified that addition
of the polymer to the SPF liquid fraction did not result in the
formation of precipitates. In each case, we incubated a washed
explant with 1-μm microparticles and used confocal reflectance
microscopy to first measure the initial, washed mucus thickness.
We then gently deposited 65–75 μL of the test solution on the
exposed luminal explant surface and reimaged to measure the
change in mucus thickness. We found that the mucus hydrogel
compressed by 55 ± 2% in the case of PEG 200k and 52 ± 2% in
the case of dextrin, similar to the compression measured for the
same polymers in saline (as shown in Figs. 3B and 4A). This
result suggests that additional luminal contents do not mask the
effect of polymers in the gut. Further investigations along these
lines will be an interesting extension of our work.
For each of the experiments shown in Fig. 4C, we incubated a

washed explant with 1-μm microparticles and used two-photon
microscopy to first measure the initial, washed mucus thickness.
We then thawed the frozen liquid fraction of colonic contents,
gently deposited 100 μL of it on the exposed luminal explant
surface, and reimaged to measure the change in mucus thickness.
We then obtained successive 3D stacks to verify that the thick-
ness did not change in time over a time period of ∼10–30 min.
We also collected multiple 3D stacks at different fields of view
on the same tissue explant, and for different tissue explants
obtained from multiple mice. The difference between the SPF
and GF chromatograms in Fig. S10 suggested that, as expected
(100–104), the GF contents were enriched in polymers of higher
molecular weight compared with the SPF contents, and that
these polymers were comparable in size to ∼200- to 700-kDa

pullulan standards. As described in the main text, we found that
the SPF contents did not appreciably compress colonic mucus,
indicating that any residual polymers present in the SPF contents
(after microbial degradation) were insufficient to compress the
hydrogel; this result is also consistent with our observation that
SPF mice and mice maintained on a sucrose diet had colonic
mucus hydrogels of comparable thickness (Fig. 1, P = 0.3). By
contrast, we found that the GF contents compressed colonic
mucus by ∼70% of its initial washed thickness, for washed ex-
plants obtained from either SPF or GF mice (Fig. 4C). This
finding indicates that gut microbes, by modifying the polymeric
composition of intestinal contents, can actively modulate the
compression state of the colonic mucus hydrogel (Fig. 4D).

Fig. S1. Images of murine epithelium in the xy and xz planes. (A) Two-photon and (B) bright-field micrographs of unwashed epithelium from a mouse fed
standard chow, imaged under FC oil. (C and D) Side views of lectin-stained epithelium washed with saline and imaged under aqueous solutions. Staining was
performed by incubating a colon explant with 200 μL of a test solution of 2 mg/mL Rhodamine Ulex Europaeus Agglutinin I (Vector Laboratories), which stains
α-L-fucose residues on the surface of epithelial cells, in Hepes buffer in a sealed Petri dish for 10 min at 4 °C, then washing the exposed luminal side with several
milliliters of ice-cold 1× PBS. We then immediately imaged the explant surface using (C) confocal fluorescence microscopy (543-nm excitation/560-nm long-pass
filter) and (D) confocal reflectance microscopy (514-nm excitation/505-nm long-pass filter). Epithelial surface is indicated by green arrows, confirming that the
position of the epithelium agrees between the different imaging modalities. The adherent mucus hydrogel overlies the epithelium in the direction of in-
creasing z above the green arrows. (All scale bars, 30 μm.)

Detailed contributions from noncorresponding authors:

A.P.S. codesigned all experiments and coanalyzed all experimental results; codeveloped
theoretical tools and coperformed the experiments and calculations; performed some of
the FC oil measurements and analyzed some of the results in Figs. 1 and S1; performed
some of the ex vivo experiments and analyzed some of the results in Figs. 2–4 and S3–S7;
codeveloped the theoretical model; cooptimized and coperformed calculations for the
theoretical model and coanalyzed results in Fig. 3; performed a sensitivity analysis for the
theoretical model shown in Fig. S9; performed dynamic light scattering measurements of
polymers and probes; designed and performed GPC measurements in Fig. S10; cowrote
the paper.

S.S.D. coplanned the project; codesigned all experiments and coanalyzed all experimental
results; codeveloped theoretical tools and coperformed the experiments and calculations;
set up polymer-fed animal experiments (Fig. 1); performed some of the FC oil measure-
ments and analyzed some of the results in Figs. 1 and S1; developed the ex vivo exper-
imental approach; performed the ex vivo experiment of WGA-stained mucus (Fig. S2);
performed some of the ex vivo experiments and analyzed some of the results in Figs. 2–4
and S3–S7; tested optical properties of test solutions (Fig. S8); codeveloped the theoretical
model; developed a computational approach for the theoretical model calculations; coopti-
mized and coperformed calculations for the theoretical model and coanalyzed results in
Fig. 3; developed an approach to extract liquid fraction of murine colonic contents; cow-
rote the paper.
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Fig. S2. False-color side view showing wheat germ agglutinin (WGA)-stained adherent mucus hydrogel. We first deposited 1-μm-diameter microparticles onto
the explant surface of a freshly excised, washed, and mounted colonic explant. After incubating for 1 h at 4 °C, we then stained the colonic mucus with WGA, a
fluorescent lectin that specifically binds to sialic acid sugar residues in the mucins. We prepared 10 μg/mL of WGA-Oregon Green (Invitrogen) in 1× PBS, placed
a ∼0.5-mL drop on the exposed surface of the explant, and incubated the sealed Petri dish for 5 min at room temperature. We then washed the exposed
surface with several milliliters of ice-cold 1× PBS and immediately imaged the explant surface (lower magenta surface) and the deposited 1-μm microparticles
(upper magenta circles) using confocal reflectance microscopy and the stained mucus hydrogel using confocal fluorescence microscopy (488-nm excitation/505-nm
long-pass filter). Image is a superimposition of two separate, parallel side views taken at two neighboring positions in the xy plane. We observed that the position
of the deposited microparticles agrees with the top of the stained mucus hydrogel. (Scale bars, 30 μm.)

Fig. S3. Colocalization of signal from microparticle probes and epithelium from different imaging modalities. (A) Bright field, (B) fluorescence excitation, and
(C) reflectance images of 1-μm probes of the same xy slice. (D) An xz side view of fluorescence signal from 1-μm probes. (E) The same xz side view as in D but of
the reflectance signal from 1-μm probes and epithelial surface. (F) Bright-field and (G) reflectance images of the epithelial surface of the same xy slice. The
arrow linking C to E indicates the vertical position of the xy slice shown in A–C. The arrow linking G to E indicates the vertical position of the xy slice shown in F
and G. This confirms that the positions of the microparticles given by confocal reflectance and confocal fluorescence microscopy agree. (Scale bars, 30 μm.)
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Fig. S4. Overview of image processing of confocal side views. To eliminate artifacts associated with staining and accelerate image acquisition, we used label-
free confocal reflectance microscopy to simultaneously image the underlying epithelium (lower surface) and the microparticles deposited on the adherent
mucus hydrogel (upper bright spots). To obtain the false-color side views, we first thresholded each side view; A shows a representative xz side view before
processing and B shows the image after thresholding, with uniform enhancement of brightness and contrast across the entire image. The image was then split
into two parts, and the epithelium was false-colorized green (C) and the deposited microparticles or oil–mucus interface (for imaging of unwashed tissues with
FC oil) were false-colorized magenta (D). Dashed lines indicate where images (C and D) were split. Merging these two channels produced the side-view images
shown, exemplified by E. Unless otherwise noted, all of our experiments mapped z ranges spanning from below the epithelial surface to well above the mucus
hydrogel surface. Each of the side-view images presented in this paper was cropped and scaled in xz for clarity (indicated by the x and z scale bars), to focus on
the region corresponding to the mucus hydrogel. (Scale bars, 30 μm.)

Fig. S5. False-color side views (xz plane) of 3D stacks showing probes excluded from (top row) or penetrating (bottom row) the mucus hydrogel. (A) Mixture
of both 250-nm and 1-μm microparticles and (B) 500-nm particles were excluded from the adherent mucus hydrogel. The probes (magenta) were unable to
diffuse through the mucus and instead deposited on top of the hydrogel. The probes and the epithelium were simultaneously imaged using (A) 514-nm
excitation/505-nm long-pass filter and (B) 800-nm excitation/650-nm long-pass filter. (C) Fluorescent PEG 200 kDa, (D) fluorescent dextran 2 MDa, (E) fluo-
rescent 100-nm microparticle probes all penetrate the hydrogel. Note that polymers in A and B were used at concentrations below those that cause mucus
compression. The probes (magenta) diffused through the mucus and reached the underlying epithelium (green), except for some isolated regions immediately
adjacent to the epithelium observed in some experiments (dark patches). The probes were imaged using confocal fluorescence microscopy (488-nm excitation/
505-nm long-pass filter) and the epithelium was imaged using confocal reflectance microscopy. The adherent mucus hydrogel overlies the epithelium in the
direction of increasing z above the green arrows; solid and dashed white lines in C indicate the approximate average and maximal positions of the top of the
mucus, measured using 1-μm microparticles. In each experiment using probes of different sizes, after placing the test solution onto the exposed luminal
surface, we incubated the tissue at 4 °C for 1–2 h before imaging the explant. We estimated the time required for probes 100 nm or smaller to diffuse through
the mucus as being <10 min, and the time required for the 250-nm probes to diffuse across the vertical extent of the mucus in free solution as being ∼10 min,
both much shorter than the incubation time. We thus deduce that the fluorescent probes smaller than the measured mucus mesh size had sufficient time to
diffuse through the mucus to the underlying epithelium, and that the measured exclusion of the larger probes reflects the presence of the adherent mucus
hydrogel. (Scale bars, 30 μm.)
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Fig. S7. Fluorescence profiles of test solutions deposited on mucus hydrogel, before and after washing. We expect that the carboxyl groups on the mucin sialic
acid residues were negatively charged in our experiments (pH ∼7), and therefore complexation between the added PEG and the mucins is minimal. Moreover,
we took care not to expose PEG solutions to light and keep them at low temperatures when not in use, to minimize oxidation. To confirm that labeled PEG
molecules were not chemically cross-linked to the mucus hydrogel as they diffused through the hydrogel, we performed four sets of fluorescence measure-
ments, using as test solutions (A) 5 μM fluorescein, (B) 15 μM FITC-PEG 350, (C) 6 μM FITC-PEG 5k, and (D) 15 μM FITC-PEG 350 in 60% (wt/vol) PEG 400. Four
different explants were incubated with 1-μm microparticles for >1 h then imaged using confocal reflectance (to identify epithelial surface and microparticles
on mucus) and confocal fluorescence (to quantify fluorescence of deposited test solution). Curves show fluorescence profiles of test solutions: horizontal axis
shows measured fluorescence, averaged over a 450-μm × 450-μm xy field of view, and the vertical axis shows z position. Green and magenta arrows show
average positions of epithelial surface and probes deposited on the mucus hydrogel surface. We first used PBS as the test solution to provide a measure of
background fluorescence (blue curves). We then deposited dyed test solution on the mucus (orange curves). We then washed the explant with saline (green
curves). Fluorescence profiles returned to background levels after washing, suggesting that strong chemical interactions (such as covalent reactions) between
the labeled PEG and the mucus hydrogel do not occur. We used the same gain settings before and after.

Fig. S8. Optical properties of polymer solutions do not appreciably affect z measurements. (A) Schematic showing setup of control experiments, measuring
separation between two parallel glass plates using the same confocal reflectance microscopy approach. The test solution infiltrated the open gap between the
two plates. (B) We first quantified separation using PBS as the test solution filling the space between the two plates, and then used either 10% (wt/vol) PEG
200k (test case 1), or 60% (wt/vol) PEG 400 (test case 2) as the test solution. Introduction of the polymer solution did not change the measured z separation
appreciably, indicating that optical effects due to the presence of the polymer solution did not significantly affect the z measurements.
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Fig. S9. Sensitivity of model predictions to variations in numerical parameters. Each panel shows numerical calculations (Materials and Methods) of the mucus
hydrogel compression for different concentrations of PEG 400 (orange), 6k (blue), and 200k (green). Note that due to the constraint derived in the initial
polymer-free case, some of the parameters are coupled and cannot be varied independently. (A) ν0M values are varied and corresponding values of NM are
adjusted to satisfy the initial polymer-free constraint. Light, solid traces correspond to ν0M = 0.07 and NM = 628, and light, dashed traces correspond to ν0M =
0.35 and NM = 2,026. Note the overlap between the solid and dashed traces. (B) χSM values are varied and corresponding values of NM are adjusted to satisfy the
initial polymer-free constraint. Light, solid traces correspond to χSM = −0.2 and NM = 715, and light, dashed traces correspond to χSM = 0.45 and NM = 9,425.
Upper and lower less opaque curves in Fig. 2A, which correspond to χSM = 0.1 and −0.1, were characterized by NM = 1,247 and NM = 833. (C) The number of
Kuhn segments y for each PEG molecule is varied. Light, solid traces correspond to y = 1, 2, and 76, and light, dashed traces correspond to y = 1, 11, and 611 for
PEG 400, 6k, and 200k, respectively. (D) χMP is varied. Light, solid traces correspond to χMP = 0 and light, dashed traces correspond to χMP = 0.5. In each panel,
the dark solid traces are the simulations presented in Fig. 2A. In all cases, we observed similar trends of compression with polymer concentration and molecular
weight as in the experiments. (E) Numerical calculations showing the partitioning between the hydrogel and solution phase for PEG 400 (orange), 6k (blue),
and 200k (green). The ratio of PEG inside and outside the hydrogel (νinP =ϕ, denoted “Partitioning”) is plotted against the PEG concentration outside the hy-
drogel. Consistent with our expectation, the higher-molecular-weight polymer is more likely to be excluded from the mucus hydrogel.
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Fig. S10. Gel permeation chromatography of luminal contents from SPF and GF mice. We used an Agilent 1100 HPLC with a binary pump and autosampler,
which was connected to a Tosoh TSKgel G3000SWxl column equilibrated with 1× PBS, pH 7.4, flow rate 0.7 mL/min. For detection of the polymers, a Wyatt
DAWN HELEOS light scattering instrument with a Wyatt Optilab Rex refractive index detector was used. Detected peaks were analyzed using ASTRA V
software. For the pullulan standards, the Agilent PL 2090-0101 Pullulan polysaccharide calibration kit (Agilent) was used. An injection volume of 50 μL was used
for each. All samples were prepared in 1× PBS and run through a sterile syringe filter (polyvinylidene fluoride, 13-mm diameter, pore size of 0.22 μm; Fish-
erbrand) before injection. For luminal contents, on the day of the experiment, frozen liquid fractions were warmed to room temperature for 10–20 min then
diluted twofold with 1× PBS. Samples were centrifuged at 12,000 × g at 4 °C for 2 h in sterile centrifugal filters (polyvinylidene fluoride, pore size 0.22 μm; EMD
Millipore). After centrifugation, samples were allowed to equilibrate to room temperature for 30 min before injection. For all liquid fraction samples, an
injection volume of 10 μL was used. If multiple runs were performed on the same sample, the remaining sample volume was stored at 4 °C until prior runs were
complete. (A) Chromatograms of luminal contents from four 3-mo-old SPF males (purple) and two male and one female, 4-mo-old GF (green) mice. Differential
refractive index (dRI) is plotted against time (minutes). Both runs were run on the same day. (B) Chromatograms of luminal contents of GF mice (green) and
pullulan standards (gray). dRI is plotted against time (minutes). Concentrations and peak average molecular weights of the standards used were (i) 5 mg/mL
180 Da, (ii) 8 mg/mL 667 Da, (iii) 4 mg/mL 6,100 Da, (iv) 4 mg/mL 9,600 Da, (v) 1 mg/mL 47,100 Da, (vi) 1 mg/mL 107,000 Da, (vii) 1 mg/mL 194,000 Da, 344,000 Da,
and 708,000 Da.
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