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ABSTRACT: Mucus, a biopolymer hydrogel that covers all wet epithelia of the body, is a potential site for infection by
pathogenic bacteria. Mucus can bind small molecules and influence bacterial physiology, two factors that may affect the efficacy
of antibiotics. In spite of this, the impact of mucus on antibiotic activity has not been thoroughly characterized. We examined
the activity of polymyxin and fluoroquinolone antibiotics against the opportunistic pathogen Pseudomonas aeruginosa in native
mucus and purified mucin biopolymer environments. We found that mucus reduces the effectiveness of polymyxins and
fluoroquinolones against P. aeruginosa. Mucin biopolymers MUC5AC, MUC2, and MUC5B are primary contributors to this
reduction. Our findings highlight that the biomaterial environmental context should be considered when evaluating antibiotics
in vitro.
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Treatment of antimicrobial-resistant infections is a major public
health challenge that makes accurate in vitro evaluation of
antibiotic activity critically important. Many studies have
investigated how alterations in microbial genomes and tran-
scriptomes reduce the activity of antibiotics.1,2 However, fewer
studies have explored the contributions of the microbial
environment to antimicrobial activity. Although previous studies
have examined the impact of environmental factors such as
oxygen availability,3 microbial byproducts,4 negatively charged
bacterial polysaccharides,5 and culture media6 on efficacy, we
focus on the fact that antibiotics used to treat bacterial infections
in the human body must frequently act in the mucus layer.
Mucus is a hydrogel that coats and protects all wet epithelia

including the eyes and the respiratory, gastrointestinal, and
cervicovaginal tracts (Figure 1A). It is a selectively permeable
layer that permits the passage of some substrates while
restricting others, protecting the underlying epithelial surface.
The primary gel-forming components of mucus are high-
molecular weight polyanionic glycoprotein polymers called
mucins (Figure 1B). Purified mucins exhibit important features
of native mucus, including characteristic viscoelastic and
selective barrier properties7,8 and specific interactions with
mucosal microbes.9,10 Hence, purified mucins may serve as a
simplified model environment for the study of mucus. Mucins
present an abundance of potential electrostatic and hydrophobic

binding sites for small molecules;11,12 mucin-antibiotic binding
may reduce the activity of antibiotics by sequestering them.
Mucin can also modulate the physiology of bacteria,13−16 which
may alter their susceptibility to antibiotics (Figure 1C). These
considerations suggest that includingmucins in the evaluation of
antimicrobial activity may improve the predictability of in vitro
analysis of antibiotic function.
Reduction of antimicrobial activity in sputum17,18 or mucin,19

and antibiotic-mucus/mucin binding19−23 have been observed
for a limited number of antibiotics. These previous studies
provide an important but incomplete picture of the role played
by mucus and mucin on antibiotic efficacy, and that of mucin-
antibiotic binding. In order to properly evaluate the relationship
between mucin-antibiotic binding and antibiotic activity in
mucus, the two must be tested in the same conditions. In the
work presented here, we examined the impact of native mucus
frommucosal layers across the body on the activity of antibiotics
against themodel mucosal bacterium Pseudomonas aeruginosa. P.
aeruginosa is an opportunistic pathogen that colonizes the
respiratory and gastrointestinal mucosa of immune-compro-
mised individuals as well as the mucosa of individuals with
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diseases such as chronic obstructive pulmonary disease and
cystic fibrosis.24 We focused on two clinically relevant
antipseudomonal antibiotic classes: fluoroquinolones and
polymyxins. After observing that mucus inhibited the efficacy
of these antibiotics, we evaluated the ability of purifiedmucins to
mimic the effects of native mucus by comparing antibiotic
activity in both environments. Our experimental design enabled
direct comparison of native mucus with mucins purified from
the same native mucus source. Finally, we explored the
mechanism by which mucus influences antibiotic efficacy of
polymyxin and fluoroquinolone antibiotics by examining mucin-
antibiotic binding in the same experimental conditions.
We first evaluated antibiotic activity in native mucus using a

modified minimum bactericidal concentration for planktonic
bacteria (MBC-P) assay.25 For each antibiotic tested, the MBC-
P was determined in phosphate-buffered saline (PBS) after 2h of
antibiotic exposure. P. aeruginosa cells were exposed to one-half
the MBC-P in phosphate-buffered saline (PBS) alone or in
native mucus, and the number of surviving cells was quantified
by colony forming units (CFUs) after 2 h. Porcine intestinal and
gastric mucus, which are easy to source and routinely employed
in studies of drug delivery,26,27 were used to model the human
gastrointestinal environment. Native human saliva and cervical
mucus were tested in order to measure the effects of these
environments on antibiotic activity. All mucus types significantly
reduced the effectiveness of polymyxin and fluoroquinolone
antibiotics relative to the buffer-only controls (Figure 2A−D).
When cells were exposed to polymyxin antibiotics in gastric
(Figure 2A) or intestinal (Figure 2B) mucus, we observed at
least a 49,000-fold increase in cell survival compared to
antibiotic exposure in PBS alone. For fluoroquinolones, gastric
(Figure 2A) and intestinal (Figure 2B)mucus provided a 75-fold

or greater increase in cells surviving antibiotic exposure versus
PBS alone. Native human saliva (Figure 2C) and cervical mucus
(Figure 2D) reduced P. aeruginosa killing by all antibiotics tested
relative to buffer alone, with at least 50-fold and 180-fold
increases in cell survival for polymyxin and fluoroquinolone
antibiotics, respectively. For all mucus samples tested, cells
incubated for 2 h in mucus alone (Figure 2A−D, no antibiotic
control condition) showed no difference in cell counts between
the buffer-only and mucus conditions, confirming that the
increase in bacterial survival observed with mucus present was
due to a reduction in antibiotic activity rather than an increase in
bacterial growth stimulated by mucus. These data suggest that
the reduction in antibiotic efficacy in its presence may be a
general property of mucus, independent of anatomical source.
We hypothesized that the increased survival of bacteria after

antibiotic exposure in mucus environments may be due to a
component of mucus common across all these niches: mucin
proteins. We tested whether three distinct mucins, MUC2,
MUC5AC, andMUC5B, also reduced the activity of polymyxins
and fluoroquinolones against P. aeruginosa, as observed in native
mucus samples. MUC2 is the predominant mucin in the
intestines and thus may serve as a simplified model of the human
intestinal mucus environment.28 MUC5AC is predominant in
the stomach and lungs;28 although MUC5B is the primary
mucin found in the oral cavity and female reproductive tract, it is
also found in the lungs.28,29 MUC2 and MUC5AC were first
purified from native porcine intestinal and gastric mucus
samples, which were used to evaluate antibiotic efficacy.
Similarly, MUC5B was purified from human saliva. Purification
of mucins directly from these sourcesrather than using
commercially available mucinsenabled meaningful compar-
isons with the results from native mucus. Additionally, it has

Figure 1. (A) Mucus covers all wet epithelia including the eyes, respiratory tract, gastrointestinal tract, and female reproductive tract, and is one of the
primary arenas for microbes in the body. (B)Mucus contains mucins: glycoprotein polymers composed of densely glycosylated domains, hydrophobic
cysteine rich domains, von Willebrand factor (VWF)-like domains and cysteine knots, with the number and spatial distribution of each of these
domains varying depending on the specific mucin (MUC5AC,MUC2, MUC5B) (C)Mucins may interact with antibiotics or bacteria via electrostatic
and/or weak hydrophobic interactions to alter antibiotic effectiveness.
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Figure 2.Mucus and mucins reduce the efficacy of polymyxin and fluoroquinolone antibiotics against P. aeruginosa. PAO1 was exposed to polymyxin
or fluoroquinolone antibiotics (polymyxin B, 8 μg/mL; colistin, 8 μg/mL; ofloxacin, 1 μg/mL; ciprofloxacin, 0.25 μg/mL; or levofloxacin, 0.25 μg/
mL) in mucin-free buffer (PBS), and in native mucus from different surfaces in the body: (A) native gastric mucus, (B) native intestinal mucus, (C)
saliva, and (D) native cervical mucus. Cells were also exposed to antibiotics in purified mucins (0.5% w/v dissolved in PBS): (E) MUC5AC, the
primary mucin present in the human lungs and stomach; (F) MUC2, the primary mucin found in the intestines; and (G) MUC5B, a mucin primarily
found in saliva and the cervix. Cells were exposed to antibiotics for 2 h at 37 °C and surviving cells were quantified by serial dilution and plating. All
mucus and mucin samples increased the number of surviving cells. No antibiotic control condition for each mucus and mucin type demonstrated that
the presence of mucus or mucin does not lead to a substantial increase in PAO1 growth. All error bars represent standard deviation of biological
replicates (n ≥ 3). (*) indicate a significant increase in the number of surviving cells after antibiotic exposure in mucus/mucin compared to that in
mucus/mucin-free buffer (PBS), as determined by the t test (P < 0.05).
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been reported that compared to commercially available mucins,
proteins purified in this manner better recapitulate the
properties of native mucus.30

Purified MUC5AC (Figure 2E), MUC2 (Figure 2F), and
MUC5B (Figure 2G) reduced the efficacy of all antibiotics
tested relative to mucus-free buffer controls. When cells were
exposed to polymyxin antibiotics in MUC5AC (Figure 2E) or
MUC2 (Figure 2F), we observed a 10,000-fold or greater
increase in cell survival compared to antibiotic exposure in PBS
alone and a 140-fold increase for fluoroquinolone antibiotics
(Figure 2E,F). In MUC5B, we observed a 30-fold or greater
increase in cells surviving polymyxin antibiotic exposure (Figure
2G) versus buffer. For fluoroquinolones in MUC5B, we
measured 30-fold, 4-fold, and 12-fold increases in cells surviving
exposure to ofloxacin, ciprofloxacin, or levofloxacin, respectively
(Figure 2G). Cell counts after incubation for 2 h without
antibiotics in buffer or mucin solution were not substantially
different (Figure 2E−G, no antibiotic control condition),
demonstrating that the presence of mucins does not increase
cell growth but reduces antibiotic activity. Our data suggest that
mucins are primary, though not necessarily singular, contrib-
utors to the reduction in antibiotic efficacy observed in mucus.
These data also highlight the potential for purified mucins as a
three-dimensional model biomaterial for more accurate
evaluation of antibiotic activity.
We were further interested in understanding the mechanism

by which mucins and mucus affect antibiotic efficacy.
Methylcellulose, a polymer often used as a mucin mimetic
because of similarities in its viscoelastic properties,31 did not
impact antibiotic activity to the same degree for all antibiotics
tested (Figure 3A), suggesting that the mucin-mediated
reduction in antibiotic efficacy is not due to macromolecular
crowding. Alternatively, we hypothesized that mucin−antibiotic
binding could reduce the free concentration of antibiotic
available to kill bacterial cells. We performed equilibrium dialysis
to evaluate whether mucins were binding antibiotics. We
prepared two chambers separated by a 12 kDa molecular weight
cutoff membrane that permitted the passage of antibiotics, but
not mucins (Figure 3B). One chamber contained mucins (0.5%
w/v dissolved in PBS) and the other PBS; the initial
concentration of antibiotic was equal in both. The system
equilibrated for 4 h before the final concentration of free
antibiotic in the buffer chamber was quantified by mass
spectrometry. Buffer composition and mucin concentration
were maintained between the antibiotic efficacy experiments
and these assays to ensure consistency in ionic strength, pH, and
the number of potential mucin binding sites, which are
experimental conditions expected to affect binding. It was
expected that if an antibiotic bound to mucin, the relative
concentration of antibiotic would increase in themucin chamber
and decrease in the buffer chamber. This was quantified by
calculating the uptake ratio, defined as the mucin chamber:-
buffer chamber antibiotic concentration ratio. Uptake ratios
greater than one indicate binding. For MUC5AC and MUC2,
we found that the average uptake ratios for colistin and
polymyxin were greater than or equal to 2.4, and for MUC5B,
1.4 or more. These data suggest that polymyxin antibiotics bind
mucins in the conditions used to evaluate antibiotic efficacy
(Figure 3C), with stronger binding to MUC5AC and MUC2
compared with MUC5B. This binding is likely electrostatic in
nature (cationic polymyxins and polyanionic mucins) and may
account for the reduction in polymyxin activity in mucus and
mucins (Figure 2).

Despite the reduction in activity observed for fluoroquinolone
antibiotics in mucus and mucins (Figure 2), we found that the
uptake ratios for levofloxacin, ciprofloxacin, and ofloxacin were
close to 1, suggesting weak or no binding of fluoroquinolones to
mucins in the conditions used to evaluate antimicrobial efficacy
(Figure 3C). This is consistent with the fact that fluoroquino-
lones, with no net charge and moderate hydrophobicity, are
unlikely to bind to mucin through electrostatic or hydrophobic

Figure 3. Evaluating the mechanism of mucus/mucin reduction of
antibiotic efficacy. Although MUC5AC (0.5% w/v) protected bacterial
cells from killing compared to buffer alone, (A) methylcellulose (0.5%
w/v) did not, suggesting that neither mechanical cues nor macro-
molecular crowding are responsible for the protection observed. All
error bars represent standard deviation of biological replicates (n ≥ 3).
(*) indicates a significant increase in the number of surviving cells after
antibiotic exposure in mucus compared to that in mucin-free buffer
(PBS), as determined by the t test (P < 0.01) (B) Schematic illustration
of experimental set up for equilibrium dialysis experiments to evaluate
polymyxin and fluoroquinolone binding to mucin (C) Uptake ratio
from equilibrium dialysis for each antibiotic with MUC5AC, MUC2,
MUC5B and methylcellulose, in the conditions used to evaluate
antibiotic efficacy. Ratios greater than 1 (red dotted line) indicate
binding. Colistin and polymyxin B both bind toMUC5AC,MUC2, and
MUC5B but not to methylcellulose. Uptake ratios of fluoroquinolone
antibiotics to biopolymers are close to 1, consistent with weak or no
binding. Error bars represent standard error of biological replicates (n≥
3) (see Methods for standard error calculation).
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means. These results suggest that mechanisms other than
mucin−antibiotic binding contribute to the reduction in
fluoroquinolone activity observed in mucus/mucins. To pursue
this hypothesis, we performed a modified antibiotic efficacy
assay in which we exposed P. aeruginosa to antibiotics in a system
with two connected chambers separated by a 12 kDa MWCO
membrane that allowed the selective diffusion of only antibiotics
between them. As in the equilibrium dialysis experiments, we
first added mucin, buffer, and antibiotic to the chambers and
allowed the system to equilibrate for 4 h before adding the
bacteria. Cells were exposed to antibiotic for 2 h and then
quantified by serial dilution and CFU counting (Figure S1).
This modified assay enabled us to compare antibiotic efficacy

in two conditions with mucins: one in which cells and mucin
were in the same chamber (Figure 4ii), and one in which cells

were separated frommucins by amembrane (Figure 4iii). Figure
4 shows that exposure to ciprofloxacin with mucin and cells in
the same chamber (Figure 4ii) significantly increased bacterial
survival relative to a mucus-free buffer control (Figure 4i),
consistent with our initial efficacy experiments (Figure 2).
However, when cells were separated frommucin by a membrane
and exposed to ciprofloxacin, no such increase was observed
(Figure 4iii). For a mucin-binding antibiotic, we would expect to
see a reduction in antibiotic activity even when mucins are
separate from the cells, because mucin−antibiotic binding

would reduce the free antibiotic concentration. Indeed, for
colistin, which binds mucin strongly, this is exactly what was
observed (Figure S2). These data support our hypothesis that
for fluoroquinolone antibiotics such as ciprofloxacin, mucin may
bemediating the reduction in antibiotic efficacy via a mechanism
other than mucin−antibiotic binding. We hypothesize that
possible mechanisms include mucin modulation of bacterial
physiology or mucin reduction of antibiotic uptake by the cells;
however, further studies will be required to elucidate the exact
mechanism(s).

■ CONCLUSION
We examined the impact of native mucus from surfaces
throughout the body on the efficacy of antibiotics against
P.aeruginosa, a formidable opportunistic pathogen. Our data
show that mucus substantially diminishes the activity of
polymyxin and fluoroquinolone antibiotics against P. aeruginosa.
Mucin biopolymers, the gel-forming components of mucus, are
primary contributors to this effect and are strong candidates for
the construction of a model environment that would enable
more accurate in vitroantimicrobial evaluation. We determined
that antibiotic binding bymucin likely plays a role in the reduced
effectiveness of polymyxin antibiotics, but that mucin may
reduce the activity of fluoroquinolones via alternative mecha-
nisms. While this work focused on two relevant classes of
antibiotics and P. aeruginosa, mucus and mucins are likely to
impact other antibiotic classes and other mucosal microbes. Our
findings highlight the importance of considering the biomaterial
environment for in vitro evaluation of antibiotics, particularly for
mucosal pathogens. Understanding the mechanism(s) by which
mucus reduces antibiotic activity is important for devising
strategies to maximize therapeutic effect. Thinking broadly, this
work highlights important considerations for the future design of
antimicrobial releasing polymers and materials, as our data
suggest that researchers should consider not only the ability of
these polymers and materials to bind and release antimicrobials
but also whether interactions between bacteria and the polymer/
material may reduce the efficacy of the antimicrobial.
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