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Abstract
Mucus is a hydrogel that covers all wet epithelia in the human body including the eyes,
respiratory, gastrointestinal and female reproductive systems. While mucus is sometimes
characterized as a waste product, it actually has essential roles in the human body and complex
impacts on health. Mucus is the habitat for many of the trillions of microbes in the human body,
and has been shown to impact the physiology and virulence of its microbial residents. Mucus is
also a selectively permeable barrier, which protects the underlying epithelium by binding and
restricting the passage of harmful particles, while simultaneously permitting the passage of
essential particles like nutrients and oxygen. Unfortunately, this protective ability can also limit
the effective delivery of therapeutics, which are prevented from reaching their intended targets
or inactivated. Despite the widespread impacts on human health outlined above, there exist
many gaps in our understanding of mucus permeability.
In this thesis, I first considered the impact of mucus selectivity, examining the effect of mucus
selective permeability on the efficacy of antibiotics used to treat bacterial pathogen
Pseudomonas aeruginosa, which forms serious infections within mucus. We found that mucus
reduced the efficacy of multiple classes of antibiotics, due in some cases to mucus-antibiotic
binding. This result motivated further studies to understand the detailed molecular properties
that distinguish particles that bind and are rejected by mucus barrier from those that permeate,
as this knowledge will enable us to predict which therapeutics may be impacted by mucus, and
rationally design therapeutics that are effective in mucus. I investigated this question first at the
length scale of peptides and found that spatial arrangement of charge and hydrophobicity can
be used to tune the accumulation and penetration of a peptides within a mucus layer, creating a
continuum of transport behaviors. I then built on this understanding to ask a similar question for
nanoparticles, examining the transport of libraries of surface-modified phage through mucus.
Finally, I considered how passively diffusing particles that can be found within mucus, like nonmotile mucosal bacteria S. aureus, may harness the active motility of bacteria in the same
community as a strategy to transport long distances.
Thesis Supervisor: Katharina Ribbeck
Title: Associate Professor of Biological Engineering.
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Introduction
Parts of the work in this chapter were published in:
Witten, J.; Samad, T.; Ribbeck, K. Molecular Characterization of Mucus Binding.
Biomacromolecules 2019, 20 (4), 1505-1513
Hydrogels as selectively permeable barriers in biology
Selectively permeable barriers, which control the exchange of material between a
particular compartment and the space outside of that compartment, are ubiquitous across
biology. At the sub-cellular length scale, the selectivity of organelle membranes creates distinct
compartments with specialized

functions.'

Moving up in scale, the plasma membrane is a

selective barrier that controls the exchange of ions, proteins and even other cells into cells. 2 At
the length of scale of whole organ systems, skin is a selectively permeable barrier that is
composed of keratinized cells embedded in a lipid matrix, which tightly regulates the passage of
water and material into and out of the human body.3 The diversity of these examples illustrates
that while selective barriers share a high-level function, they can vary greatly in composition and
form.
Several important examples of selective barriers in biology take the form of hydrogels,
which are highly hydrated, three-dimensional materials that are composed of polymers. These
polymers, which in biological gels are usually composed of proteins and carbohydrates,
physically or chemically cross-link to form an intricate network. Selective biological hydrogels
play various important roles in the context of human health. For example, the nuclear pore is a
selective hydrogel that which governs the exchange of proteins and DNA between the
cytoplasm and nucleus of cells, regulating the biological programs of cells. Dysfunction in
nuclear selectivity has been associated with cardiovascular and neurological diseases. 4 In
another example, communities of pathogenic bacteria that form infections in the human body
can secrete extracellular polymeric substances (EPS) which form selective hydrogels that have
been shown to reduce the efficacy of antibiotics against these pathogens.

This thesis will

focus on a third example, mucus, which is a selectively permeable hydrogel that has diverse
roles in human health.
Mucus and mucins
Mucus is a hydrogel gel that covers all wet surfaces in the human body, including the
respiratory, gastrointestinal and urogenital tracts.8 On these surfaces, the mucus layer can
range from from 1 to 100s pm thick depending on the location within the body, and the function
of mucus in that location.9 For example, mucus in the eyes is estimated to be approximately
1um thick, serving as a lubricant that allows us our eyelid to pass over the surface of the eye
easily when we blink. In the stomach, where the mucus layer plays a role in protecting the
stomach epithelium from the harsh acid that digests our food, the mucus layer is much thicker,
ranging from 200-400 pm thick. 10 In total, mucus is estimated to cover a surface area of about
2000 ft 2 in the human body.

Mucus is primarily composed of water, as well as a mixture of salts, lipids, nucleic acids,
and a variety of proteins.

81-14

Key proteins within mucus and a focus of this thesis are mucins,

high molecular weight glycoproteins. Mucins are the main gel-forming polymers of mucus.
Ranging from 0.5 to 50 MDa in molecular weight, mucins are composed of core protein domains
which are densely grafted with O-linked oligosaccharide chains that confer negative charge to
the mucins through carboxyl and sulfate groups.1 5 Up to 80% of mucin weight is accounted for
by these oligosaccharides.',1 6 Moreover, mucins also contain hydrophobic domains which
mediate self-assembly of mucin polymer networks.17 Purified mucins have been found to
capture important features of native mucus, including characteristic viscoelastic and selective
barrier properties1

3,1 9

including commensa

Mucus is also one of the primary arenas for microbes in the body,

20

-2 2

and pathogenic species,2 3 2 4 and has been shown to influence the

physiology of these microbes. Hence, purified mucins may serve as a simplified model
environment for mucus.

The impact of mucus selectivity
Mucus is selectively permeable, permitting the passage of some particles, while
restricting or rejecting the passage of others. This selectivity enables mucus to permit the
passage of essential nutrients and oxygen down to the epithelium, while restricting access of
harmful particles like viruses,8 and therefore in health, mucus selectivity has critical roles in
protecting the underlying epithelia. It then follows that alterations in mucus permeability are
associated with a number of pulmonary, gastrointestinal and urogenital conditions. For example,
cervical mucus changes naturally during pregnancy to form a thickened plug, suggesting a
strengthening of the mucus barrier toward microbial ascension, thereby maintaining a relatively
sterile environment in the intrauterine cavity. Experimentally, cervical mucus from pregnant
women is less permeable to both nanoparticles and small charged peptides than from nonpregnant women 25

indicating an increase in the barrier function through a reduction in

permeability.
While the example above illustrates a change in mucus permeability that is beneficial to
health, altered mucus permeability is often associated with disease. In the lung diseases cystic
fibrosis (CF) and chronic obstructive pulmonary disease (COPD), for example, lung mucus is
thickened, resulting in decreased permeability.
hyperconcentration of mucus components

29

26-28

Mucus is thickened due to the

including mucins, filamentous actin, bacterial DNA

and polysaccharides ", but also due to increased intermolecular disulfide cross-linking of
mucins 30 and impaired secretion of bicarbonate, which sequesters calcium to prevent calciummediated mucin

compaction.

Increased mucus permeability can also result in disease. For

example, an unstirred inner colonic mucus layer is thought to prevent contact between the
colonic epithelium and bacteria. However, in ulcerative colitis (UC), bacteria penetrate to the
epithelium, which is likely mediated by a compromised mucin network.3 2 During pregnancy,
women at high risk for preterm birth have cervical mucus plugs that exhibit compromised barrier
integrity compared to women undergoing healthy pregnancies.25 The causes of increased

permeability in these cases are not understood in molecular detail, but some possibilities
include altered mucin glycosylation,3 3 mucin cleavage,

34

pH changes,

and microbiome

composition.36
While these examples illustrate how alterations in mucus permeability away from a
healthy baseline can impact human health, even in cases where mucus permeability is not
altered, mucus selectivity is an important consideration because in addition to restricting the
transport of harmful particles, mucus can also restrict the transport of therapeutics. Because of
this, mucus is considered to be a significant barrier to drug delivery, blocking the penetration of
therapeutic small molecules, 3 7 proteins, 3 ',3 9 therapeutic DNA 40 and nanoparticles 8 , and/or
inactivating these therapeutics by binding and sequestering them. As a bioengineer, addressing
this challenge is what motivates the work presented in this thesis.
Several strategies have been developed to modify therapeutics such that they are not
impacted by mucus selectivity (mucopenetration),, summarized in recent reviews.8'1-14,41 For
small molecules, peptides, and proteins, a few studies have been reported for strategic designs
to reduce drug binding to mucus. In Du et al., the authors PEGylated the aminoglycoside
tobramycin, which slightly reduced its net charge and potentially shielded it from electrostatic
interactions. As a result, PEGylated tobramycin bound less strongly to bacterial biofilms, which
are frequently present in CF mucus,

42

and we expect that it would also bind less strongly to

mucins. Another example is the cationic antimicrobial protein lysozyme, which is inhibited by
polyanions in CF lung mucus.

43 44

An engineered charge-reduced lysozyme mutant reduces this

inhibition while maintaining antimicrobial activity and has shown increased efficacy in mouse
models of lung infection. 45

46

These two examples support the idea that the rational design of

molecules may improve their mucosal function.
The primary strategy for achieving mucopenetration for nanoparticles is a hydrophilic but
net-neutral surface that prevents both hydrophobic and electrostatic interactions. The most welldeveloped method for achieving such a surface is a dense brush coating of the neutral but

hydrophilic polymer PEG. 4 7- 4 9 Recent applications of this technology in mouse models include
nanoparticle penetration through cervical mucus for anti-cancer drug delivery, 50 inhaled gene
therapy, 51 and PEGylated nanoparticles for sustained anti-inflammatory drug release.

52

With

the exception of current clinical trials for treatment of ocular diseases, however, PEGylated
mucopenetrating particles have not yet reached the clinic.
Other recent experimental strategies to build hydrophilic but net-neutral surfaces include
using zwitterionic coatings 53 and formulating nanoparticles from polycations complexed with
polyanions. 54' 55 The latter approach was further improved through combination with
PEGylation. 56 Coating nanoparticles with neutral hydrophilic polymers other than PEG 57-60 has
also been recently demonstrated to increase mucopenetration. For applications requiring
nanoparticle uptake by cells, the Huang group has demonstrated that a balance of
mucopenetrating properties and properties such as hydrophobicity and positive charge that
assist in cell uptake may be possible to achieve. 61-63 Other approaches balancing the
competing interests of mucopenetration and cell uptake are to include negative charges
removable by intestinal alkaline phosphatase, allowing for a zeta potential increase following
mucus penetration ,64-66, and making the mucoinert coating dissociable. 60
Certain drug delivery applications take advantage of mucus attachment, or
mucoadhesion, for extended-release drug formulations in sites of the body where mucus is
regenerated and shed slowly, such as in the eye, and when the encapsulated therapeutic can
itself penetrate mucus.

67.

These strategies involve the formulation of drug-loaded micro or

nanoparticles composed of polymers that can engage in hydrogen bonding, hydrophobic, or
electrostatic interactions with mucus, as well as physical entanglement or even the formation of
disulfide bonds. However, mucoadhesion can become limiting in sites where mucus is shed
rapidly, such as in the lungs and intestine,
strategies for mucopenetration.

67

and current research is largely focused on

Finally, in addition to serving as barrier to drug delivery, mucus selective permeability
also has the potential to influence microbes that are found within the mucus layer. Mucus is one
of the primary arenas for microbes in the body, striking a delicate balance by housing many
species of bacteria, while preventing these bacteria from accessing the epithelial surface.
Mucosal microbial niches include the oral cavity,68 nasal passage, 69, middle and inner ear,70
lungs,22 gastrointestinal tract,7 1 and cervicovaginal tract.21 Mucus can also be a site of infection

by a variety of microbes including Staphylococcus aureus and Pseudomonas aeruginosa. P.
aeruginosa, a motile, gram-negative bacterium, is a significant cause of hospital acquired
infections and is frequently multi-drug resistant. One of the primary contexts in which these
infections occur is the lung mucus of individuals who are immune compromised, have chronic
obstructive pulmonary disease (COPD) or have cystic fibrosis (CF).23 72 73 S. aureus is a
classically non-motile gram positive bacterium that similarly forms infections within the lung,
frequently co-occurring with P. aeruginosa, especially in the context of cystic fibrosis. 7 4 In
patients with CF, these chronic infections, especially P. aeruginosa, are a significant cause of
morbidity in mortality. Both species are considered to be among the most formidable
opportunistic pathogens, and the infections they form are frequently multidrug resistant.
Selectivity also has the potential to impact small molecule and peptide therapeutics used
to treat bacteria within mucus. Indeed, while antibiotics are frequently developed and tested in
highly simplified solutions in vitro,'76 antibiotics used to treat bacterial infections in the eyes,
respiratory, gastrointestinal, and cervicovaginal tracts must act within mucus. We address this
gap in Chapter 1, exploring the impact of mucus and mucins on antibiotic efficacy against P.
aeruginosa with a focus on the role of mucus-antibiotic binding. Additionally, many mucosal
bacteria communicate and coordinate community or virulence behaviors via extracellular small
molecule and peptide signals 77, which may interact with mucus, potentially influencing these
processes in ways that have yet to be studied extensively.
Additionally, proteins in mucus like ZG16, and secretory IgA can restrict the transport of

bacteria in mucus. 78'

798 0

,

In light of this, some enteric pathogens employ different strategies to

penetrate through mucus and colonize the epithelium. Flagellar motility is considered important
for several bacterial species

81,82

to move and penetrate through the mucus layer. While it

seems reasonable to hypothesize that the motility of bacteria would be reduced in mucus, this is
not always the case.

83

An especially well characterized example is Helicobacter py/ori, which

hydrolyzes of urea to locally change the viscoelasticity of mucus in the stomach, in order to
swim more easily.1 8 8 4 In Chapter 4, we consider how S. aureus, a non-motile pathogen can
utilize the flagellar motility of Pseudomonas aeruginosa to transport long distances. While this
work was conducted in liquid media, it will serve as the foundation for studies in mucus.
Mucus selectivity arises from its structure and biochemistry
Considering the critical role of mucus selectivity in health, it is important to understand
the mechanisms that underlie mucus selectivity. Mucins within mucus are cross-linked both
through reversible, hydrophobic interactions and disulfide bonds to form a polymer network with
a mesh size ranging from 100-2000 nm, depending on the location in the body. The mesh size
of mucus is typically heterogeneous, even within a given site in the body.

8

For particles that are

larger than the mesh size, mucus presents a steric filter that physically blocks and hinders
passage regardless of surface chemistry. 5 However, particles that are smaller than the mesh
size of mucus are not necessarily able to freely pass through mucus. Mucus impacts the'
diffusion of particles of any size via interaction filtering, in which binding interactions with
components inside the mucus slow diffusion and inhibit transport

86,87

The polyanionic mucin

polymers are major contributors to interaction filtering, so net positively charged particles are
generally considered to bind with mucus. Mucin-associated lipids and proteins can modulate the
detailed interaction capacity of the mucins.8'89 Other polyanions in mucus, such as DNA and
bacterial polysaccharides, which are particularly prevalent in CF, and shed epithelial cells, also
contribute to interaction filtering.839 The impact of interaction filtering on the transport of a

particle depends on the specific biochemistry, but also, how many binding sites on the particle
can interact with mucus. Specifically, mucus typically reduces the diffusivity of small molecules
by no more than an order of magnitude.9" However, for nanoparticles of -100nm in size or
larger, mucus can reduce the diffusivity by several thousand fold, even if the particle is still
below the mesh size. 91 This dramatic effect on diffusion arises when a particle presents multiple
binding sites for mucus; because multiple sites engage in mucus binding simultaneously, even if
each individual interaction is weak, the net effect is substantial.
The biochemical mechanisms that are likely involved in mucus selectivity are shared by
particles across length scales, and particle types (small molecules, peptides, nanoparticles,
bacteria, viruses). Studies to understand mucus selectivity largely focus on the role of the role of
charge and hydrophobicity on particle transport within mucus. Particles that are positively
charged are found to bind with mucin, inhibiting transport; polyanionic mucins as well as other
negative charged components of mucus are thought to be responsible for this binding.
Specifically, electrostatic interactions between mucus and cationic antibiotics, antimicrobial
peptides, and nanoparticles have all been documented.9 2

3 While

higher positive charge often

correlates with tighter binding, net charge is not a reliable predictor for mucus binding because
different molecules with the same net charge may interact very differently with mucus. For
example, Li et al. showed that a peptide with separated blocks of positive and negative charge
interacted with mucin, while a peptide with the same sequence composition but alternating
charges did not. These experiments suggest that reducing large clusters of positive charge,
such as by interspersing anionic groups, can ablate cation-mucin binding.19 Hydrophobic
interactions within mucus are thought to primarily occur with hydrophobic domains of mucins or
mucus-associated lipids. 94 Correlations between mucus binding and quantitative estimates of
hydrophobicity of small molecules such as the octanol-water partition coefficient can be found in
the literature, (although these studies limited in their interpretability) and exposed hydrophobic

surfaces results in polyvalent hydrophobic interactions for nanoparticles 47'95 Specific receptorligand interactions between mucus components including mucins, IgA .96 and ZG-16 78 (a lectin' or pathogenic bacteria can also reduce or halt the diffusion of these
like protein) and viruses 97 98
particles.
Open questions and challenges related to mucus selectivity
The work described above provides a foundation for our understanding of mucus
permeability. While sized based filtering of mucus is quite intuitive and well understood, we have
a more limited understanding of selectivity mediated by binding. This is partially because we do
have a full grasp of what features of particles lead them bind or not bind mucus, and addressing
this gap in knowledge makes up a significant part of this thesis. Existing studies have provided a
solid foundation by broadly outlining the role of charge in mucus selectivity; a few separate
studies have provided limited information about the role hydrophobicity as well. The limitations
of these studies are that they largely have examined the passage of uniformly functionalized
nanoparticles or small molecules within mucus. These particles lack the biochemical
heterogeneity of particles that may interact with mucus, for example, viruses and peptide
therapeutics, which have surfaces that present complex spatial arrangements of charge and
hydrophobicity. Understanding of mucus selectivity is further limited by the low throughput of
techniques that are routinely used to evaluate transport through mucus.
Advancing understanding of mucus selectivity will involve interrogating mucus
permeability with probes which are charged and hydrophobic and which have spatial
heterogeneity, as well as increasing the throughput of permeability measurements. In Chapter
2, we explore the combined influence of charge, hydrophobicity and spatial configuration on
transport in mucus, by quantifying the transport of a small peptide library in mucus. In this
library, amino acid identity and sequence are used to create particles with systematic variations
of charge, hydrophobicity and spatial configuration. Building on this work with peptides, we

develop a platform that will enable high-throughput measurements of permeability with particles
that are spatially and biochemically heterogeneous.

Chapter 1: Mucus and mucin biopolymers impact
the efficacy of antibiotics
The work in this chapter was published in:
Samad, T.; Co, J. Y.; Witten, J.; Ribbeck, K. Mucus and Mucin Environments Reduce the
Efficacy of Polymyxin and Fluoroquinolone Antibiotics against Pseudomonas Aeruginosa.
ACS Biomater. Sci. Eng. 2019, 5 (3), 1189-1194.

Summary
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.

Introduction
Treatment of antimicrobial-resistant infections is a major public health challenge which
makes accurate in vitro evaluation of antibiotic activity critically important. Many studies have
investigated how alterations in microbial genomes and transcriptomes reduce the activity of
antibiotics. 99'0 0 However, fewer studies have explored the contributions of the microbial
environment to antimicrobial activity. While previous studies have examined the impact of
environmental factors like oxygen availability'1 , microbial byproducts1 0 2 , negatively charged

bacterial polysaccharides1 0 3 and culture media' 0 4 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 (Fig. 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 (Fig. 1B). Purified mucins exhibit
important features of native mucus, including characteristic viscoelastic and selective barrier
properties8 1' 9 and specific interactions with mucosal microbes.

3

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;106107 mucinantibiotic binding may reduce the activity of antibiotics by sequestering them. Mucin can also
modulate the physiology of bacteria, 10 8-1 11 which may alter their susceptibility to antibiotics (Fig.
1C). These considerations suggest that including mucins in the evaluation of antimicrobial
activity may improve the predictability of in vitro analysis of antibiotic function.
Reduction

of antimicrobial

activity in

sputum11,1

or mucin,'

and

antibiotic-

mucus/mucin binding 1 4-1 18 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 from mucosal layers across the body on the activity of antibiotics against the model
mucosal bacterium Pseudomonas aeruginosa. P. aeruginosa is an opportunistic pathogen that
colonizes the respiratory and gastrointestinal mucosa of immune-compromised individuals as

well as the mucosa of individuals with diseases such as chronic obstructive pulmonary disorder
and cystic fibrosis. 11 9 We focused on two clinically relevant anti-pseudomonal antibiotic classes:
fluoroquinolones and polymyxins. After observing that mucus inhibited the efficacy of the
antibiotics, we evaluated the ability of purified mucins 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.

Results
We first evaluated antibiotic activity in native mucus using a modified minimum
bactericidal concentration for planktonic bacteria (MBC-P) assay.1 20 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,

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 (Fig. 2A-D). When cells were exposed to polymyxin antibiotics in gastric (Fig. 2A) or
intestinal (Fig. 2B) mucus, we observed at least a 49,000-fold increase in cell survival compared
to antibiotic exposure in PBS alone. For fluoroquinolones, gastric (Fig. 2A) and intestinal (Fig.
2B) mucus provided a 75-fold or greater increase in cells surviving antibiotic exposure versus
PBS alone. Native human saliva (Fig. 2C) and cervical mucus (Fig. 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 (Fig. 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, and MUC5B 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.1 2 3 MUC5AC is predominant in
the stomach and lungs12 3 and while MUC5B is the primary mucin found in the oral cavity and
female reproductive tract, and is also found in the lungs.12 3 1 24 MUC2 and MUC5AC were first

purified from the 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 comparisons with the results from native mucus. Additionally, it has been reported
that compared to commercially available mucins, proteins purified in this manner better
recapitulate the properties of native mucus.

125

Purified MUC5AC (Fig. 2E), MUC2 (Fig. 2F), and MUC5B (Fig. 2G) significantly reduced
the efficacy of all antibiotics tested relative to mucus-free buffer controls. When cells were
exposed to polymyxin antibiotics in MUC5AC (Fig. 2E) or MUC2 (Fig. 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 (Fig. 2E-F). In MUC5B, we observed a
30-fold or greater increase in cells surviving polymyxin antibiotic exposure (Fig. 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 (Fig. 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, contributors 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 due
to similarities in its viscoelastic properties,
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did not impact antibiotic activity to the same degree

for all antibiotics tested (Fig. 3A), suggesting that the mucin-mediated reduction in antibiotic
efficacy is not due to macromolecular crowding. Alternatively, we hypothesized that mucinantibiotic 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 cut-off membrane that
permitted the passage of antibiotics, but not mucins (Fig. 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 in

order 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 the mucin
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 (Fig. 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 (Fig. 2).
Despite the reduction in activity observed for fluoroquinolone antibiotics in mucus and
mucins (Fig. 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 (Fig. 3C). This is consistent with the fact that the
fluoroquinolones, with no net charge and moderate hydrophobicity, are unlikely to bind to mucin
through electrostatic or hydrophobic 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 (Fig Si).

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 (Fig. 4, ii), and one in which
cells were separated from mucins by a membrane (Fig. 4, iii). Figure 4 shows that exposure to
ciprofloxacin with mucin and cells in the same chamber (Fig. 4, ii) significantly increased
bacterial survival relative to a mucus-free buffer control (Fig. 4, i), consistent with our initial
efficacy experiments (Fig. 2). However, when cells were separated from mucin by a membrane
and exposed to ciprofloxacin, no such increase was observed (Fig. 4, iii). For a mucin-binding
antibiotic we would expect to see a reduction in antibiotic activity even when mucins are
separate from the cells, since mucin-antibiotic binding would reduce the free antibiotic
concentration. Indeed, for colistin, which binds mucin strongly, this is exactly what was observed
(Fig

S2).

These data

support our hypothesis that for fluoroquinolone

antibiotics like

ciprofloxacin, mucin may be mediating 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).

Discussion
We examined the impact of native mucus from surfaces throughout the body on the
efficacy of antibiotics against Pseudomonas 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 vitro antimicrobial evaluation. We determined
that antibiotic binding by mucin likely plays a role in the reduced effectiveness of polymyxin
antibiotics, but that mucin may reduce the activity of fluoroquinolones via alternative
mechanisms. 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 the 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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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 pg/ml ; colistin, 8 pg/ml;

ofloxacin, 1 pg/ml;

ciprofloxacin, 0.25 pg/ml,; or

levofloxacin, 0.25 pg/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 370C 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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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

macromolecular crowding are responsible for the protection observed. All error bars represent
standard deviation of biological replicates (n 2 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 to MUC5AC,
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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Figure 4. Two chambers were separated by a 12 kDa MWCO membrane that allowed for the
free diffusion of antibiotics, but not mucin or cells, between the chambers. As in the equilibrium
dialysis experiments, mucin, buffer, and antibiotic were added to the chambers (Fig. S1) and the
system was left to equilibrate for 4 h before adding P. aeruginosa cells. Bacteria were exposed
to ciprofloxacin for 2 h in three different conditions: (i) buffer with no mucin, (ii) mucin, and (iii)
buffer with mucin in the connected chamber, separated from the cells by the membrane. In
condition iii, mucin was not in direct contact with the bacteria, but could still interact with the
antibiotic. Ciprofloxacin efficacy was reduced relative to the mucin-free control in condition ii,
recapitulating the result from Figure 2 in this modified system. However, in condition iii (bacteria
were separated from mucin by a membrane and exposed to ciprofloxacin in buffer), no increase
in surviving cells was observed. This suggests that mucin is not able to bind and reduce the
antibiotic concentration of ciprofloxacin and that a mechanism other than mucin-antibiotic
binding accounts for the observed reduction in ciprofloxacin efficacy. Dotted red line marks the
number of surviving cells in the mucin free control (i) . All error bars represent standard
deviation of biological replicates (n 2 3). (*) indicates a significant increase in the number of
surviving cells after antibiotic exposure compared to that in mucin-free buffer, as determined by
the t-test (P< 0.0001).

Materials and Methods
Bacterial strains and growth conditions
P. aeruginosa laboratory strain PAO1 was used for all experiments. Strains were
maintained in Luria Broth (Difco, BD Falcon) and grown at 37

0C

with shaking at 250 rpm.

Collection and Preparation of Porcine Intestinal and Gastric Mucus
Intestinal mucus was collected from porcine intestines within 24 h of slaughter and kept
on ice before and during collection. The intestines were cut open and the mucus was gently
scraped out using sterile glass slides. Native gastric mucus was collected from porcine
stomachs, which were frozen until use and kept on ice during collection. Stomachs were
thawed, cut open, emptied of contents before mucus was gently scraped out using sterile glass
slides. All mucus was stored at -80

0C

until use.

Collection and Preparation of Human Saliva
Saliva was collected from human volunteers as previously described. 09 Briefly, saliva
was collected from the sublingual gland using a vacuum, and kept on ice during collection.
Saliva was then kept on ice until use, and used within an hour or less of collection.

Collection and Preparation of Human Cervical Mucus
Mucus samples were collected from 3 ovulating non-pregnant individuals as previously
described
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, as part of the same study. Briefly, after informed consent, cervical mucus was

collected from three patients aged 18-45 years, during a sterile speculum exam with a 1-mL
insulin syringe. Samples were collected from the external cervical os after clearing the area of
vaginal discharge. Mucus was immediately snap-frozen in liquid nitrogen and stored at -80 °C.

Purification of MUC5AC and MUC2 from native mucus
MUC5AC and MUC2 were purified as previously

described."°

Briefly, mucus was gently

scraped from pig stomachs and intestines, as described above. Native mucus samples were
then solubilized in sodium chloride with sodium azide (Sigma Aldrich), benzamidine HCI
(Sigma Aldrich), dibromoacetophenone (Sigma Aldrich), phenylmethlysulfonylfluoride (Sigma
Aldrich), and ethylenediaminetetracetic acid (Sigma Aldrich), to prevent bacterial growth and
protease degradation. After solubilization with stirring at 4 °C, the solution was ultracentrifuged
to remove insoluble contents. MUC5AC and MUC2 were then purified by gel filtration
chromatography on a Sepharose (CL-2B) column. Fractions containing mucin were identified
using Periodic Acid Schiff (PAS) assay, and UV 28 0 measurements. Mucin fractions were
dialyzed, concentrated and lyophilized. Lyophilized mucins were stored at -80°C until use. For
experiments using purified MUC5AC and MUC2, lyophilized mucins were added to PBS and
solubilized at 40C overnight with gentle shaking.

Purification of MUC5B from saliva
MUC5B was purified from saliva as previously described. 09 Saliva was collected as
described above and then solubilized at 40C with stirring in sodium chloride with sodium azide
(Sigma Aldrich), benzamidine HCI (Sigma Aldrich), dibromoacetophenone (Sigma Aldrich),
phenylmethlysulfonylfluoride (Sigma Aldrich), and ethylenediaminetetracetic

acid (Sigma

Aldrich), to prevent bacterial growth and protease degradation. The solution was then
centrifuged to remove insoluble contents. MUC5B was then purified by gel filtration
chromatography on a Sepharose (CL-2B) column. Fractions containing mucin were identified
using Periodic Acid Schiff (PAS) assay and UV 28 0 measurements. Mucin fractions were
dialyzed, concentrated and lyophilized. Lyophilized mucins were stored at -80°C until use. For
experiments using purified MUC5B, lyophilized mucins were added to PBS and solubilized at
4 0C overnight with gentle shaking.

Antibiotic Efficacy Assay
To accommodate the small volumes of native mucus, especially from human volunteers,
a single antibiotic concentration was tested for comparisons between efficacy in mucus/mucin
and buffer alone. This antibiotic concentration was determined using a modified MBC-P
protocol.1 20 PAO1 was grown overnight in LB, diluted to 1:100 into fresh LB and then grown to
mid-log (OD60 0 0.7-1). Cells were gently pelleted to remove supernatant, (removing media, salts,
and secreted microbial products), washed once with phosphate buffered saline (PBS), (Lonza,
Rockland, ME, USA) and then suspended in PBS. Cells were exposed to a two-fold dilution
series of each antibiotic for 2 h at 37C in static conditions and surviving cells were quantified by
plating serial dilutions and counting colony forming units (CFUs). Two-fold less than the MBC-P,
defined as the minimum concentration to kill all cells, (8 pg/mL colistin, 8 pg/mL polymyxin B, 1
pg/mL ofloxacin, 0.25 pg/mL ciprofloxacin, or 0.25 pg/mL levofloxacin), was used in the
antibiotic efficacy assay, so that quantitative comparisons between the number of cells surviving
treatment in mucin compared to buffer could be made.
To assess antibiotic efficacy in mucin and mucus gels compared to mucus/mucin free
conditions, PAO1 was grown overnight in LB, diluted 1:100 into fresh LB and then grown to midlog (OD600 0.7-1). Cells were gently pelleted to remove supernatant, (removing media, salts, and
secreted microbial products), washed once with phosphate buffered saline (PBS),(Lonza,
Rockland, ME, USA)

and then suspended in PBS. The OD600 of the washed cells was

measured and cells were diluted into PBS. 12.5 pl of cells were added to 25 pl of native mucus,
purified mucin (MUC5AC, MUC5B or MUC2; 1% w/v, dissolved in PBS) or methylcellulose (1%
w/v, dissolved in PBS) (Sigma Aldrich, 15cP). 12.5 pl of antibiotics diluted into PBS were then
added to mucus and cell mixture such that the final antibiotic concentration was 8 pg/mL
colistin, 8 pg/mL polymyxin B, 1 pg/mL ofloxacin, 0.25 pg/mL ciprofloxacin, or 0.25 pg/mL
levofloxacin. The final concentration of mucin and methylcellulose was 0.5% w/v and the total
number of cells was approximately between 5x10 6 and 1x107 .

Incubating microbes within

mucus in a closed system for extended periods may result in mucus degradation, and thus does
not likely reflect physiological mucus, which is constantly replenished. To avoid the loss or
degradation of mucus that may occur during long-term microbial culture, we evaluated antibiotic
efficacy after 2 h. Bacteria were exposed to antibiotics at 37

0C

in static conditions for 2 h.

Surviving cells were quantified by plating serial dilutions and counting colony forming units
(CFUs).

Equilibrium Dialysis for Evaluation of Mucin-Antibiotic binding (ED)
Equilibrium dialysis (ED) was performed with a 12 kDa cutoff Rapid Equilibrium Dialysis
device (Thermo Scientific) with 1OOpL of biopolymer solution or gel, or buffer control, in the
sample chamber and 300uL of matching buffer in the assay chamber. Each experiment began
with equal concentrations of the antibiotics loaded in both chambers ("1x concentration"). 1x
concentration was 8 pg/mL colistin, 20 pg/mL polymyxin B, 1 pg/mL ofloxacin, 0.5 pg/mL
ciprofloxacin, or 0.5 pg/mL levofloxacin. These concentrations were kept the same as the
concentrations used in the efficacy assay when possible. The concentration of polymyxin B,
ciprofloxacin and levofloxacin were increased slightly compared to what was used in the efficacy
assay for ease of detection by the mass spectrometer, but this change should not have an
impact on the result of the ED experiment. Equilibration took place over 4 h with shaking at 235
rpm and 37

°C,

at which point aliquots were collected from the assay chamber. HPLC

separation took place on an Acclaim PolarAdvantage column (3pm pores, 2.1x1OOmm, VWR).
The HPLC method is given in Table S1. The first 5 minutes of eluent were diverted to a waste
container to avoid salt contamination of the mass spectrometer (Agilent 6410 triple quadrupole),
and the rest of the eluent was analyzed using multiple reaction monitoring (MRM). Source
parameters were: temperature 350

°C,

gas flow 10 L/min, nebulizer 25 psi, capillary voltage

4000V, with molecular ions and fragments given in Tables S2. Multiple transitions were tracked
for each of the molecules as a consistency check; only one was used for analysis but they all

gave almost exactly the same results (not shown). Peak areas for each molecule's
chromatogram were compared to an external standard curve to measure concentrations of each
molecule.
The uptake ratio Ru of a compound was calculated by (see following section for
derivation):
RU = 1 + 4

(Si)
CE

CC

where CE is the concentration in the assay chamber of the experimental dialysis system
and cc is the concentration in assay chamber of the buffer-buffer dialysis control. CE and cc were
both scaled with respect to the 1x concentration. CE and cc were each averaged over at least 6
wells. To avoid bias, the experimenter was blinded to which wells contained mucin and which
contained only buffer for the duration of the ED experiment. Error bars for the uptake ratios
shown in Figure 3C were calculated by propagating the standard errors for measurements of CE
and cc to Ru.

Derivation of Equation S1
First, let us define our terms. We consider an ED system with some number of
molecules of interest, which can be in one of three states: in the assay chamber (state A), in the
sample chamber (state S), and nonspecifically bound to the ED system walls and thus
inaccessible to measurement (state B). Furthermore, we have two ED systems (see Figure 1): a
buffer-buffer control (BB) and a polymer-buffer experiment (PB). We therefore name the 6
variables of interest:
x: fraction of molecules in the assay chamber in the buffer-buffer control

y: fraction of molecules non-specifically bound to the ED system in the buffer-buffer control
z: fraction of molecules in the sample chamber in the buffer-buffer control
a: fraction of molecules in the assay chamber in the polymer-buffer experiment

b: fraction of molecules non-specifically bound to the ED system in the polymer-buffer
experiment
c: fraction of molecules in the sample chamber in the polymer-buffer experiment
Thus, what we seek, the uptake ratio, is given by:
Rv = 3c/a

(S2)

The factor of 3 corrects for the fact that the assay chamber contains 3 times the volume of the
sample chamber, and we are interested in the ratio of concentrations, not total number of
molecules.
We also assume that we have reached equilibrium, and that the biopolymer does not affect
equilibration between states A and B, since the assay chamber always only contains buffer and
the ED chamber has a constant architecture. Therefore, we have the relation:
b/a = y/x

(S3)

In the buffer-buffer control, clearly the concentrations of molecule in the sample and assay
chambers will be equal, therefore:
x=3z

(S4)

because the assay chamber has 3 times the volume of the sample chamber. Finally, we have
the normalization conditions:
x+ y+ z= 1

(S5)

a+ b +c = 1

(S6)

Returning to Equation S2, we use these equations to get:
Ru= 3c/a
=

3(1-a-b)/a

= 3/a - 3 - 3b/a
= 3/a - 3 - 3y/x

=3/a - 3 - 3(1 - x - z)/x

= 3/a - 3 - 3/x + 3 + 3z/x
= 3/a - 3/x + 1
= 1 + 3(1/a - 1/x)

(S7)

Now let us consider the relationship between a and CE and between x and CB. Since the
molecules were all added at 1x working concentration to both the assay and sample chambers,
that means that 1x corresponds to having 3/4 of the molecules in the assay chamber. Therefore,
we have:
CE=

4/3 a

(S8)

cB =

4/3 x

(S9)

Substituting these relations into equation S7 gives us:

Ru = 1 + 3(1/(3% CE)

Ru = 1

-

1/(/ cB))

+ 4 (1/CE - 1/CB)

(SIO)

As desired.
Two-Chamber Antibiotic Efficacy Assay
Two-chamber antibiotic efficacy assays were conducted with slight modifications to the
method described above for the antibiotic efficacy assay. Chambers for evaluating antibiotic
efficacy were assembled by placing a 12-14 kDa membrane (Spectrum Labs, Catalog No.
132480, Rancho Dominguez, CA, USA) between two PSA-coated, adhesive silicone isolator
wells (Grace BiosLabs Catology No. GBL666105; Sigma-Aldrich, St. Louis, MO, USA) and then
placing the membrane-separated chambers between glass slides (VWR, Catolog No. 16004422, Radnor, PA, USA). PSA coating on the silicone isolators was used to attach the isolators to
the glass slides. The membrane was attached to silicone isolators using a thin layer of Gorilla
glue adhesive (the Gorilla Glue Company, Cincinnati, OH, USA). Devices were cured for
approximately 24 h before use. PAO1 cells were prepared as described for the original antibiotic
assay.

To assess antibiotic efficacy in this split chamber, PBS or MUC5AC dissolved in PBS
was first added to chambers as depicted in Supplemental Fig. 2A. Antibiotic was added to
chambers on both sides of the membrane, such that the concentration of antibiotic in both
chambers was initially equal (Supplemental Fig. 2B). For no antibiotic controls, PBS rather than
antibiotic was added. Antibiotics were allowed to equilibrate between the chambers over 4 h
with shaking at 250 rpm and 370C. After 4 h, PA01 cells or PBS were added (Supplemental Fig.
2C). Cells, mucin and antibiotics were combined such that the final concentration of cells and
mucins were identical to the original efficacy assay and such that the final concentration of
antibiotic was 64 pg/mL colistin, and 0.25 pg/mL for ciprofloxacin. Bacteria were exposed to
antibiotic at 37

0C

in static conditions for 2 h. Surviving cells were quantified by plating serial

dilutions and counting colony-forming units (CFUs).
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Supplemental Figure 1 Schematic of the two-chamber antibiotic efficacy assay. (A) Mucin or
buffer were added to the chamber depending on the different conditions, which are illustrated in
Figure 4. (No antibiotic control, condition i, condition ii, and condition iii). (B) Antibiotic or buffer
were then added on each side of the membrane. The system was allowed to equilibrate for 4 h
at 37°C with shaking. (C) Bacteria, prepared as for the original efficacy assay, or buffer were
added to each side of the membrane. Once the bacteria were added, the chambers were
incubated at 370C for 2 h and then surviving cells were quantified.
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Supplemental Figure 2 Two-chamber antibiotic efficacy assay with colistin. Bacteria were
exposed to antibiotics in two different conditions: (i) in buffer with no mucin, (ii) in buffer, with
mucin in the connected chamber, separated from the cells by the membrane. In condition ii,
mucin is not in direct contact with the bacteria, but still should have the ability to bind and
reduce the free concentration of antibiotic available. When bacteria were separated from mucin
by a membrane and exposed to colistin in buffer, an increase in surviving cells relative to the
mucin-free control is observed, suggesting that mucin is able to bind and reduce the antibiotic
concentration of colistin. All error bars represent standard deviation of biological replicates (n
3). (*) indicates a significant increase in the number of surviving cells after antibiotic exposure
compared to that in mucin-free buffer, as determined by the t-test (P < 0.0001).

Supplemental Tables
Table S1: HPLC method. Solvent A: ultrapure water with 0.1% v/v glacial acetic acid (VWR),
solvent B: HPLC grade acetonitrile (VWR) with 0.1% v/v glacial acetic acid (VWR).
Time

Flow rate

(min)

% A

% B

(mL/min)

0

100

0

0.3

5

100

0

0.3

20

0

100

0.3

25

0

100

0.3

25.1

100

0

0.3

35.1

100

0

0.3

Table S2: MS settings for antibiotics
Precursor
Molecule

ion

Product ion

Polymyxin B

434.6

402

Polymyxin B

434.6

396.1

Colistin

385.9

380.1

Colistin

385.9

101.1

Levofloxacin/Ofloxacin

362.2

318.1

Levofloxacin/Ofloxacin

362.2

261.1

Ciprofloxacin

332.1

314.1

Ciprofloxacin

332.1

288.2

Ciprofloxacin

332.1
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CHAPTER 2: SPATIAL ARRANGMENT OF

CHARGE AND HYDROPHOBICITY TUNE
TRANSPORT IN MUCUS
Summary
Mucus is a selectively permeable barrier that coats all wet epithelia in the human body,
permitting the transport of some particles toward the epithelial surface while restricting others.
This selectivity has important consequences for human health, which motivates characterization
of the detailed biochemical features that determine which particles are permitted or restricted by
the mucus barrier. Existing studies have outlined the role of charge in mucus selectivity;
however, particles that encounter mucus are often charged and hydrophobic and display these
biochemical features heterogeneously. Using a microfluidic device that enables visualization
of transport into mucin layers, we quantified the transport of a library of peptides into mucin
hydrogels, systematically evaluating the importance of charge, hydrophobicity and spatial
configuration of these features. We found that spatial arrangement of charge and
hydrophobicity can be used to tune the accumulation and penetration of a peptide within a
mucus layer, creating a continuum of peptide transport behaviors. Comparison of transport
into mucin and carboxymethylcellulose, a polyanionic mucin mimetic, suggest that transport
of these peptides is not determined by peptide interactions with features that are specific to
mucin, but rather due to more general electrostatic and hydrophobic interactions. These
findings serve as a foundation for the rational design of particles with specific distributions
and activity within a mucus layer.

Introduction
Mucus is a selectively permeable hydrogel that covers all wet epithelia in the human
body, including the eyes, respiratory, gastrointestinal and urogenital tracts.9 In health, mucus
selectivity protects the underlying epithelial surface from pathogens and toxins while permitting
the transport of essential particles like oxygen and nutrients. Alterations in healthy mucus
permeability play a role in conditions like cystic fibrosis

1 28 12 9

'

and ulcerative colitis.1 30 Mucus can

also restrict the transport of therapeutic small molecules, peptides and nanoparticles;
consequently, mucus is considered to be a substantial barrier to drug delivery.°7 Despite the
critical role of mucus selective permeability in health and disease outlined above, the specific
biochemical determinants that promote or restrict particle transport in mucus are not well
understood.
As outlined in the introduction, mucus selectivity arises in part from interactions
between mucus and diffusing particles. Several studies have separately explored the role of
particle size86

net charge, and hydrophobicity 1 36 ,13 7 on particle transport within mucus.

132-134,

This work provides an important foundation for our understanding of mucus permeability;
however open questions remain. Prior studies consider the role of charge and hydrophobicity
separately, but particles that may interact with the mucus layer, including small molecules,
toxins, viruses, bacteria, therapeutic peptides and nanoparticles are frequently both charged
and hydrophobic. Studies in other scientific fields suggest that charge proximal to hydrophobic
groups can modulate binding interactions,

138139

underscoring the importance of considering the

combined influence of charge and hydrophobicity on transport within mucus. Additionally, the
majority of studies of mucus selectivity have examined the diffusion of uniformly modified
nanoparticles 86

,

1 32 1 3 3 14 0

,

,

or small molecules.37 1 41 These particles lack the rich biochemistry of

particles that may interact with a mucus layer, which have surfaces that present complex spatial
arrangements of charge and hydrophobicity. Indeed, previous work from our group has

demonstrated that spatial configuration of charge has a profound influence on the diffusion of
particles with the same net charge within mucin layers. 135
Building on these previous studies, our goal was to advance understanding of mucus
selectivity by evaluating the combined influence of charge and hydrophobicity on the transport
of peptides into mucus. To study this question, we use a microfluidic system previously
developed in our lab. 12 7 , 135 Briefly, the device is composed of a channel which is loaded with a
mucin gel, with continuous flow of fluorescently labeled peptide perpendicular to the interface of
the mucin gel. Diffusion of peptides into the mucin layer is monitored using time-lapse
microscopy. From these diffusion profiles, we quantify the accumulation of each peptide within
the mucin layer (Figure 1A) as well as the distance the peptide penetrates into the mucin layer.
We have found that penetration distance correlates with the effective diffusivity of a peptide
within mucin, and therefore serves as an indicator of the extent of binding interactions between
peptides and mucin (Fig. Si). The use of peptides enabled us to systematically vary charge,
hydrophobicity and spatial arrangement of these features through the ordered sequence and
identity of amino acids in a peptide. As our mucus model, we use hydrogels of purified mucin
MUC5AC, which is the predominant mucin found in the airways. Purified mucins have been
found to capture important features of native mucus, including characteristic viscoelastic and
selective barrier properties8'19 as well as specific interactions with mucosal microbes.3

°5

Hence, purified mucins may serve as a simplified model environment for mucus.

Results
Mucin interactions inhibit the activity of a charged and hydrophobic antimicrobial
peptide.
Building on our work examining the impact of mucus on antibiotics, we first evaluated the
impact of mucus on the efficacy of charged and hydrophobic peptide therapeutics. Using a
standard minimum inhibitory condition (MIC) assay, we evaluated the efficacy of positively

charged and hydrophobic antimicrobial peptide, F17-6K (Fig 1B), which is reported to have low
micromolar activity against microbial pathogen Escherichia coli 14 2 Comparing efficacy in Mueller

Hinton Broth (MHB) supplemented with mucin (0.5% MUC5AC) with MHB alone, we observed
that the efficacy of this peptide against E. coli was reduced by -100,000 fold in the presence of
mucin (Fig 1C). Mucin significantly reduced the penetration of F17-6K in mucin relative to in
buffer alone, which is consistent with binding between mucin and the peptide (Fig 1 D, Fig. S2).
This result illustrated how mucus selectivity can be a barrier drug efficacy and motivated the
importance of understanding mucus selectivity to charged and hydrophobic peptides.

Hydrophobicity can modulate the transport of positively charged peptides
In order to systemically understand mucus permeability to hydrophobic and charged
peptides, we began by quantifying the accumulation and penetration of a positively charged and
hydrophobic peptide modeled roughly after F17-6K, +Fblock (AKAKAKAKAKAKAKAFAFAF)
(Fig. 2A). +Fblock was composed of two domains, a positively charged domain with lysines (K),
and a hydrophobic domain with phenylalanines (F).
variant, +Nblock (AKAKAKAKAKAKAKANANAN),

We compared it with a compositional

which has the same charged domain as

+Fblock, but a hydrophilic rather than hydrophobic domain, due to the substitution of F for
asparagine (N). From previous studies, we understand that positively charged particles can
interact electrostatically within mucins, and that hydrophobic particles can also engage in
interactions with mucin. Therefore, we anticipated that if hydrophobicity can impact the transport
of a particle that is also positively charged, the transport of +Fblock would be altered relative to
+Nblock. In contrast, if hydrophobicity does not influence transport, we'd expect the transport
+Fblock and +Nblock to look the same, since they have identical net charge and spatial
configuration of charge. To further explore the potential contributions of hydrophobicity to
transport

within

mucin,

we

(AKAKAKAKAKAKAKAWAWAW),

also

quantified

the

transport

of

+Fblock,

+Wblock

in which F is exchanged with tryptophan (W), such that the

peptide has the same charge but altered hydrophobic character relative to +Fblock and
+Nblock.
Comparing the diffusion profiles of these peptides at 10 minutes in mucin (Fig. 2B), we
observe for all three peptides in mucin that is absent in buffer (Fig. S2). We found that both
positively charged and hydrophobic peptides (+Fblock, +Wblock) had significantly reduced
accumulation (Fig. 2C) and penetration (Fig.

2D) in mucin relative to hydrophilic +Nblock.

Comparing +Fblock and +Wblock, we found that the substitution of F for W further reduced
accumulation (Fig. 2C) and penetration (Fig. 2D).

These data show that the inclusion of

hydrophobic residues can have a substantial effect on transport of positively charged peptides
in mucin, reducing both penetration and accumulation. Considering the correlation between
penetration and effective diffusivity (Fig. S1), possible mechanisms for the reduction in
penetration of positively charged, hydrophobic peptides in mucin include an increase in peptidemucin binding affinity, mediated by the hydrophobic domain. Alternatively, penetration may be
reduced because charged and hydrophobic peptides interact with a greater number of binding
sites, binding hydrophobic sites within mucin in addition to the negatively-charged binding sites
that all three peptides would have access to.
After observing the substantial influence that inclusion of a hydrophobic domain had on
the transport of positively charged peptides in mucin, we investigated if hydrophobicity was
similarly influential for peptides that are negatively charged. Exchanging positively charged
lysine (K) for negatively charged glutamic acid (E), we measured the transport of -Fblock
(AEAEAEAEAEAEAEAFAFAF), -Wblock (AEAEAEAEAEAEAEAWAWAW), and -Nblock
(AEAEAEAEAEAEAEANANAN) (Fig. 2E) in mucin gels. In contrast to the positively charged
peptides, where inclusion of a hydrophobic domain significantly reduced accumulation and
-

penetration, we did not observe a significant difference in the accumulation and penetration of
Fblock, -Wblock and -Nblock in mucin (Fig 2F). This suggests that for negatively charged
peptides, inclusion of hydrophobicity does not measurably impact transport in our assay.

Considering the similarity of the diffusion profiles of the negatively charged peptides in mucin
compared with buffer (Fig S2), these data suggests that for negatively charged peptides,
electrostatic repulsion minimizes and potentially even precludes hydrophobic interactions
between a peptide and mucin. Taken together, our data for these six peptides suggests that
hydrophobicity can influence transport of particle, depending on the charge context of the
particle.
Charged polymers recapitulates or reverse transport trends in mucus
Mucins are biochemically complex, with a multi-domain protein structure, hydrophobic
cysteine-rich domains and dense regions of protruding-glycans all of which present a multitude
of potential electrostatic and hydrophobic interaction sites for peptides (Fig. 3A). To parse out
which features of mucin are responsible for its selective permeability, we measured the
transport of +Fblock, +Nblock, -Fblock and -Nblock in mucin compared with high molecular
weight carboxymethylcelluose (CMC) (Fig. 3E). Like mucins, CMC polymers, in particular those
with a with a low degree of substitution (DS=0.7)1 43 are negatively charged and hydrophobic;
however, CMC polymers lack mucin features like the glycans and the protein backbone.
Comparing the diffusion profiles of these peptides we qualitatively observe the same trends in
mucin (Fig. 3B) and CMC (Fig. 3F) for all four peptides. Just as in mucin (Fig. 3C, 3D), we see a
significant reduction in penetration and accumulation of +Fblock relative to +Nblock, but no
significant difference between -Fblock and -Nblock (Fig 3G, 3H). These data suggest that
mucus selectivity to the peptides is likely not due to peptide interactions with features that are
specific to mucins, for example mucin glycans or cysteine-rich domains, but instead arises more
generally from the polyanionic and hydrophobic character of mucin. Additionally, the similarity of
the transport trends in carboxymethylcellulose and mucin suggest that our conclusions about
selectivity could apply more broadly to other polyelectrolyte systems. To understand the extent
to which this might be the case, in addition to examining transport in mucin and CMC, which are

both polyanions, we repeated the same experiments in poly-l-lysine, a polycation. Monitoring
the diffusion of the same four peptides into poly-l-lysine, (PLL) (Fig. 31) a polymer that is
positively charged (opposite in charge to mucin and CMC) and hydrophobic, we observed that
the trends we see in mucin and CMC are reversed in PLL (Fig. 3J), with a significant reduction
in accumulation (Fig. 3K) and penetration (Fig. 3L) observed for -Fblock and -Nblock, rather
than +Fblock and +Nblock. This result further refines our conclusion from Figure 2, suggesting
that that hydrophobicity can influence the transport of not only positively charged particles, but
any charged particle, depending on the charge context of the particle and the gel. Our results
with CMC and PLL highlight the potential for broad applicability of conclusions we make with
regards to peptide transport in mucin to other biological hydrogels of interest that may restrict
the diffusion of particles including the extracellular matrix (ECM) of tumors and the extra
extracellular polymeric substances (EPS) of bacterial biofilms
Spatial arrangement of charge and hydrophobicity modulates peptide transport in a
mucin layer
Prior studies from our lab using this peptide system have demonstrated that spatial
arrangement of charge in particles with equal net charge influences the diffusion of particles
within mucus, data which is recapitulated in Figure 4A-D. We hypothesized that spatial
configuration of the charge and hydrophobicity within the peptide may similarly impact the
transport of charged and hydrophobic peptides. To evaluate this hypothesis, we measured the
diffusion of two different spatial rearrangements of +Fblock (Fig. 4A), one in which the
hydrophobic domain was centered between two charged domains (+Fcenter,
AKAKAKAKAFAFAFAKAKAK) and one in which the hydrophobic/hydrophilic residues were
maximally distributed amongst the charged residues (+Fdist, AKAKAFAKAKAFAKAKAFAK).
We observed that for peptides that were equally positively charged and hydrophobic,
(Fig. 3A), spatial arrangement of hydrophobicity modulates the accumulation and penetration of
the peptide in mucin (Fig 3C-E).

Moving the hydrophobic block to the center of the peptide

(+Fcenter) increased accumulation (Fig. 4C) and penetration (Fig. 4D) relative to +Fblock and
maximal distribution of the hydrophobic residues (+Fdist) further increased the penetration and
accumulation (Fig. 4C, 4D). Repeating the same experiment for the hydrophilic equivalents of
these

three

peptides

(+Nblock,

+Ncenter;

AKAKAKAKANANANAKAKAK,

(AKAKANAKAKANAKAKANAK)(Fig. 4E), we see that while

+Ndist;

+Ncenter has increased

accumulation and penetration relative to +Nblock, as we observed for +Fcenter and +Fblock,
maximal distribution of the hydrophilic residues (+Ndist) did not further increased accumulation
of accumulation and penetration (Fig, 4F-H). These data show that the position within the
peptide or length of both the charged and hydrophobic domain in a peptide influences peptide
transport in mucin.

Discussion
Spatial configuration of charge and hydrophobicity creates a continuum of transport
behaviors
Considering the diffusion profiles of all peptides described in Figures 2-4 (Fig. 5A) as
well as three mixed charge peptides (+Eblock; AKAKAKAKAKAKAKAEAEAE

+Ecenter;

AKAKAKAKAEAEAEAKAKAK, +Edist; AKAKAEAKAKAEAKAKAEAK), our data show that
systematic variation of the spatial arrangement of hydrophobicity and charge within peptides of
the same length creates a continuum of peptide penetration (Fig. 5A, C), and accumulation (Fig.
5A, B) within mucin, spanning between the extremes of a peptide that is only positively charged
(+; AKAKAKAKAKAKAKAK) and has minimal penetration/accumulation and a peptide that is
only negatively charged (-, AEAEAEAEAEAEAEAE) and has maximal
penetration/accumulation. Thinking from the perspective of drug delivery, these data suggest
spatial arrangement, hydrophobicity and charge, as three knobs that can be used to exquisitely
tune the accumulation and penetration of a peptide of interest within mucus or even another
biologically relevant hydrogel.

Penetration distance was especially interesting to us considering that these values
correlate nearly perfectly with effective diffusivity (Fig. Si), a value which captures how binding
between mucin and peptides can reduce diffusion. Considering our observation in Figure 1 that
that mucin peptide binding can reduce the efficacy of antimicrobial peptides, this work may
guide strategies to alter peptide sequence in order to reduce peptide-mucin binding and recover
activity within mucin. For peptides that are equally positively charged, our data show that
inclusion of hydrophobicity (F, W) decrease the penetration a peptide has within mucin relative
to a hydrophilic equivalent (N); in contrast to this, inclusion of a negatively charged amino acid
(E), can offset binding via electrostatic repulsion and increase penetration (Fig 5B, supplemental
figure 5). For a peptide that is charged and hydrophobic like F17-6K, our data suggest that
rearrangement of the hydrophobic residues within the peptide, substitution of the hydrophobic
residues for other hydrophobic residues, or inclusion of negative charge as strategies to reduce
binding. Evaluating these hypotheses will be an interesting avenue for future work!
Model to predict transport behavior
In light of the potential implications for drug delivery, we were interested to understand
how generalizable our observations regarding the impact of spatial arrangement of charge and
hydrophobicity on transport within mucus were, and to understand if our data set could be used
to predict the permeability of mucin to other charged and hydrophobic peptides. We generated a
linear model to predict penetration of a peptide in mucin, based on our data from the 12
peptides evaluated in Figures 2-4, The predictor variables of our model were net charge of each
peptide, net hydrophobicity, and three additional features that captured the position of positive
charge, negative charge and hydrophobicity within each peptide (see Methods for calculation).
Each of these predictors can be determined based on the sequence of the peptide alone, with
no experimental data. We then evaluated the ability of our model to predict the penetration and
accumulation of 2 additional charged and hydrophobic peptides, F17-6K, the antimicrobial
peptide from Figure 1, as well as F17, a spatial variant of F17-6K, in mucin. Comparing these

predictions with experimental values (Figure 6), we found that our model indeed predicted the
penetration for both peptides well, demonstrating the potential of our data to generalize to other
charged and hydrophobic particles. Future work will involve testing additional peptides to further
evaluate the predictive power of our model (Fig. 6), as well as development of a model that
predicts accumulation of a peptide within mucin.
Understanding the influence of charge and hydrophobicity on transport at the length
scale of nanoparticles
Having characterized the impact of charge, hydrophobicity and spatial configuration
on transport for peptides within mucus, in continuing work, we hope to move up in size
scale, and understand mucus selectivity to nanoparticles, which like our peptides, have
surfaces that are spatially and biochemically heterogeneous. Additionally, motivated by the
effort and time it took to test 12 peptides individually, we aim to increase the throughput of
mucus permeability measurements.
To address both of these goals, we have developed and optimized a 4-step platform
to interrogate the selective properties of mucin gels to libraries of nanoparticles (Fig. 7A). To
generate libraries of nanoparticles, we utilize phage-display technology, which allows us to
create ~10 5 different phage in a single reaction, each displaying a unique short peptide 415
times on the surface. In this way, phage (which are about 50 nm in diameter) function as
nanoparticles with genetically-encoded surface properties.
In this platform, we first generate a diverse library of phage nanoparticles that
display charged and hydrophobic peptides on the surface, and then screen the library
through mucin gels to separate populations of phage that pass through the mucin quickly
from phage that interact with and are retained in mucin. We then extract DNA from these
phage populations and sequence them. From these DNA sequences, we can determine the
peptide sequences displayed on the surfaces of phage in each population, and analyze

those sequences to look for common features (Fig. 7A). We envision that this platform could
be used to evaluate the selective permeability of not only mucus, but other selective
hydrogels as well, and we are excited to utilize the platform we have developed in upcoming
work.
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Figure 1 Binding with mucin reduces the activity of charged and hydrophobic antimicrobial
peptides (A) Top: a schematic of the microfluidic transport system. Mucin is loaded into the
main channel, and then flushed out of the upper part of the channel. At t=O, fluorescently
labeled peptide is flowed into the inlet channel, perpendicular to the mucin interface. Over
time, (t=n), peptide diffusion in the mucin layer is monitored using fluorescence microscopy.

Bottom: from these images, diffusion profiles are generated, assuming linearity between
concentration and fluorescence intensity and two parameters are calculated to compare the
behavior of different peptides: accumulation of the peptide in the gel, which is the average
peptide concentration accumulated inside the mucin barrier, and the penetration distance,
which is how far the peptide diffuses into the gel from the mucin interface (B) Amino acid
sequence and schematic representation of positively charged and hydrophobic antimicrobial
peptide F176K, which is reported to have low micromolar efficacy against E. coli. Positive
charge is depicted in red, hydrophobicity in two shades of green. (C) E. coli BL21 was
exposed to F176K (8 pM) in mucin-free media (MHB) or in purified mucins (0.5% w/v
dissolved in MHB). Surviving cells were quantified by serial dilution and plating after
exposure for 24 hours at 37 0C Mucin increased the number of surviving cells by, 10,000
fold. No antibiotic control condition for demonstrated that the presence of mucin does not
lead to a substantial increase in E. coli growth. (D) Transport of fluorescently labeled F176K into mucin gels after 10 m.
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Figure 2 Hydrophobicity modulates the permeability of positively charged peptides within
mucin (A) Amino acid sequence and schematic representation of positively charged and
hydrophobic peptides. Positive charged residues are depicted in blue, hydrophobic residues
in two shades of green, and hydrophilic residues in grey (B) Diffusion profiles of the three
peptides show that for positively charged peptides, inclusion of hydrophobic phenylalanine
(F) and tryptophan (W) residues changes the diffusion profile of the peptide relative to
equally positively charged,

hydrophilic peptide

(N),

significantly

reducing

the (C)

accumulation and (D) penetration of these peptides in a mucin layer. E) Amino acid
sequence and schematic representation of negatively charged and hydrophobic peptides,
with negative charge residues are depicted in red, hydrophobic residues in two shades of
green, and hydrophilic residues in grey F) In contrast to the positive and hydrophobic
peptides, the diffusion profiles of peptides that are negatively charged and hydrophobic are
qualitatively similar and significant differences in (G) accumulation and (H) penetration are
not observed. These data suggest that the influence of hydrophobicity on peptide
permeability in mucin is dependent on the charge of the peptide, with hydrophobic domains
influencing accumulation and penetration in the context of electrostatic attraction between
the peptide and mucin, but having minor or no role in the context of electrostatic repulsion.
At least three replicates were evaluated for each peptide (*) indicates a significant increase
as determined by a two-tailed t-test. Because the difference between multiple peptide
combinations was evaluated, the Benjamini-Hochberg correction was used to keep the false
discovery rate below 5%.
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Figure 3 Mucin-mimetic carboxymethylcelluose recapitulates features of mucin selective
permeability. (A) Schematic of mucin, highlighting domains that may play interact with
bypassing particles and therefore influence mucus permeability, (not necessarily to scale).
Mucins are considered to polyanionic and hydrophobic. B) Diffusion profiles, (C)
accumulation, and D) penetration +Fblock, +Nblock, -Fblock, -Nblock. This is the same data
as shown in Figure 2, repeated for easy comparison with carboxymethylcellulose. E)
Schematic of carboxymethylcellulose (DS=0.7), a polymer composed of cellulose
monomers that like mucin, is charged and hydrophobic, but is biochemically simpler (not
necessarily to scale). F) Diffusion profiles of +Fblock, +Nblock, -Fblock, -Nblock are
qualitatively similar to mucin, with significant differences in (G) accumulation and (H)
penetration between only +Fblock and +Nblock, as was observed in mucin. I) Schematic of
features of poly-l-lysine, a polycation (not necessarily to scale) (J) Diffusion profiles, (K)
accumulation and (L) penetration, are perfectly reversed relative to polyanions mucin and
carboxymethylcellulose, suggesting that observations made regarding the permeability of

a

mucin to charged and hydrophobic peptides may be applicable to other polymer contexts of
interest. (*) indicates a significant increase as determined by a two-tailed t-test. Because the
difference between multiple peptide combinations was evaluated, the Benjamini-Hochberg
correction was used to keep the false discovery rate below 5%.
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Figure 4 Spatial arrangement influences the transport of positively charged peptides in
mucin. The transport of peptides with the same amino acid composition, but different spatial
arrangements (block: AKAKAKAKAKAKAKAXAXAX; center: AKAKAKAKAXAXAXAKAKAK;
distributed: (AKAKAXAKAKAXAKAKAXAK), where compared with X= (F-phenylalanine,),
(N-asparagine), or (E, glutamic acid). (A) Amino acid sequence and schematic
representation of positively charged and hydrophobic peptides with positive charged
residues are depicted in blue, hydrophobic residues in green. (B) Spatial arrangement has a
pronounced impact on transport of positive and hydrophobic peptides, with altered C)
accumulation and D) penetration for the block, center and distributed arrangements. (E)
Amino acid sequence and schematic representation of positively charged and hydrophilic,
peptides with positive charged residues are depicted in blue, hydrophilic residues in grey.

(F) Spatial arrangement has a more limited impact on transport of positive and hydrophilic
peptides relative to the positive and hydrophobic peptides, with altered G) accumulation and
H) penetration for the block peptide relative to the center and distributed peptides. (l) Amino
acid sequence and schematic representation of mix positive and negative charge peptides
with positive charged residues are depicted in blue, negative charged in red. B) Spatial
arrangement impacts the transport of mixed positive and negative peptides, with altered (K)
penetration and accumulation (L) for the block peptide relative to the center and distributed
arrangements, consistent with previously reported data. 13 5
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Figure 5 (A) Left, schematic representation of the 14 peptides evaluated for transport
behavior in mucin, with positive charge is depicted in blue, hydrophobicity in two shades of
green and hydrophilicity in grey. Right, quantification of the diffusion profile in mucin at 10
minutes, for each peptide, showing concentration of peptide in the mucin gel as a function
of distance from the mucin interface, which is at x=O. Examining the (B) penetration of each
peptide in this library into a mucin layer and the (C) accumulation of each peptide in mucin
demonstrate that systematic variation of the spatial arrangement of hydrophobicity and
charge within a peptide creates a continuum of peptide transport behaviors in mucin,
between the extremes of a peptide that is uniformly positively charged (+) and a peptide
that is uniformly negatively charged (-).
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Figure 6 Model to predict the penetration of peptides (A) Amino acid sequence and
schematic representation of charged and hydrophobic antimicrobial peptides F17-6K and
F17, with positive charged residues are depicted in blue, hydrophobic residues in two
shades of green. Using the data from Figures 2-4, a linear model was created to predict the
penetration of these peptides into mucin using net charge, net hydrophobicity, and three
features that capture the position of charge and hydrophobicity within the peptide (see
Methods for calculation) as predictor variables. (B) Predicted penetration plotted against
experimentally measured penetration for the 13 peptides used to build the model (grey),
F17 (black) and F17-6K (blue). Black line indicates y=x.

Step 1: Generate Library

Step 2: Screen and Separate

Step 3: Isolate DNA
DMA
encodrng Cm

Step 4: Sequence

pq)Weid

fast phage

DNA of fast phage
library to be
screened
Make library of nanoparticles
with different surface properties

slow phage
Screen through gel of Interest
separating particles that are retained (slow) from those that are
not (fast)

Isolate DNA from phage In
populations ofInterest

Prepare DNA for sequencing
Sequence DNA to identify
sequence of peptides displayed
on surface of phage of interest

Figure 7 Influence of displayed peptide sequence on nanoparticle diffusion in mucin
Overview of platform to understand the selective properties of mucin in a rapid, highthroughput way

Materials and Methods
Mucin purification and sample preparation
Purification of MUC5AC from native mucus
-

MUC5AC was purified as previously described. 10 Lyophilized mucins were stored at

800C until use. Lyophilized mucins were suspended at 1.5% (w/v) in 80 mM NaCl and 20
mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.
Microfluidic device fabrication and experiments
Microfluidic polydimethylsiloxane (PDMS) devices were fabricated as previously
described1 2

1 13 5 and

cured at 95

0C

72 h prior to use. Diffusion within devices was monitored

for 120 seconds, with images taken every 10 seconds using an inverted epifluorescence
microscope (Zeiss Observer Z1) with a 5x objective. All experiments were carried out at
room temperature.
Preparation of fluorescent peptides
Peptides were synthesized by the Koch Institute Biopolymers and Proteomics
Facility at MIT (Cambridge, MA) and labeled with FAM at the N-terminus, and purified using
HPLC. The concentration of peptide was determined by the absorption at 495 nm. Peptides
were used at a final concentration of 15 pM.
Analysis of diffusion profiles
Diffusion profiles (concentration as a function of distance) were calculated in
MATLAB(MATLAB) by normalizing the fluorescence intensity within mucin/buffer in the
microfluidic channel to the intensity in the peptide bath. From these profiles, a penetration
value was calculated as the distance from the interface to the point in the gel where the
concentration decreased to 10% of the peptide concentration in the bath (1.5 pM),
normalized to the maximum concentration in the gel. Accumulation was calculated as the

average concentration in the gel in the first 650 pixels from the peptide bath/mucin interface.
Effective diffusion rates were fit as previously described.144
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Supplemental Figure 2 Representative diffusion profiles of peptides in mucin (black)
compared to buffer (dotted gray). Profiles in mucin that closely resemble profiles in buffer (Nblock, -Fblock, -Wblock, +Edist, +Ecenter) suggest that these peptides have minimal
interactions with mucin. In contrast to this, peptides with profiles that are different in buffer in
than in mucin suggests electrostatic and/or hydrophobic interactions between the peptide
and mucin.

Chapter 3: Swimming bacteria promote dispersal
of non-motile staphylococcal species
The work in this chapter was published in:
Samad, T.; Billings, N.; Birjiniuk, A.; Crouzier, T.; Doyle, P. S.; Ribbeck, K. Swimming Bacteria
Promote Dispersal of Non-Motile Staphylococcal Species. ISME J. 2017, 11 (8), 1933-1937.

SUMMARY
Swimming motility is considered a beneficial trait among bacterial species as it
enables movement across fluid environments and augments invasion of tissues within the
host. However, non-swimming bacteria also flourish in fluid habitats, but how they

effectively spread and colonize distant ecological niches remains unclear. We show that
non-motile staphylococci can gain motility by hitchhiking on swimming bacteria, leading to
extended and directed motion with increased velocity. This phoretic interaction was
observed between Staphylococcus aureus and Pseudomonas aeruginosa, Staphylococcus
epidermidis and P. aeruginosa, as well as S. aureus and Escherichia coli, suggesting
hitchhiking as a general translocation mechanism for non-motile staphylococcal species. By
leveraging the motility of swimming bacteria, it was observed that staphylococci can
colonize new niches that are less available in the absence of swimming carriers. This work
highlights the importance of considering interactions within polymicrobial communities, in
which bacteria can utilize each other as resources.

Introduction
Bacteria often exist as polymicrobial communities in a multitude of environments.1 4 5
147

Here we investigate the ways in which bacteria in the same community may affect each

other's motility in liquid environments. Swimming motility offers a considerable advantage
for bacteria by enabling movement toward environments of favourable conditions, 14,149 and

movement away from toxins or predators. 11'4'

Non-flagellated bacteria do not have the

capacity to independently translocate with this mechanism. The genus Staphylococcus, for
example, is classically considered non-motile in fluid environments due to the lack of
flagella.

1

Despite their limitations in motility, staphylococcal species are robust surface

colonizers of their preferred ecological niches.

Results
We tested if non-motile species may benefit from the swimming motility of flagellated
bacteria. To address this, we studied two human pathogens that are found in the same
ecological habitats, but rely on different mechanisms for translocation. Staphylococcus
aureus is a gram-positive, non-motile cocci species and Pseudomonas aeruginosa is a
gram-negative, flagellated rod species capable of swimming motility. Using a standardized
biofilm assay, 14 a vertical insert was placed into a microwell containing bacterial inoculum.
The insert does not touch the bottom or sides of the microwell, thereby creating two distinct
niches for potential colonization: the first at the bottom of the well, and the second at the top
of the inoculum (air-liquid interface) on the lateral surface of the insert (Figure 1a). Due to
lack of swimming motility, we expected S. aureus to settle and form a biofilm at the bottom
of the microwell and motile P. aeruginosa to build a biofilm at the air-liquid interface, which
requires upward swimming. Figure lb and c show that indeed, P. aeruginosa readily
colonized the air-liquid interface while S. aureus was largely absent from this location.
However, when the two species were co-cultured in the same microwell, there was on
average a sixfold increase in the number of S. aureus cells isolated from the air-liquid
interface 30 seconds after initiation of biofilm formation, and a 16-fold increase in S. aureus
cells 16 hours after initiation of biofilm formation (Figure 1b). Together, these results
indicate that colonization of this niche was strongly enhanced by the presence of P.

aeruginosa. A similar trend was observed with a 100 times higher inoculation density of S.
aureus cells, resulting in a 30-fold increase in S. aureus cells isolated from the air-liquid
interface at 30 seconds, and a three fold increase 16 hours after initiation of biofilm
formation (Supplemental Figure S1a). For comparison, P. aeruginosa cell numbers at the
air-liquid interface were largely unaffected by the presence of S. aureus (Figure 1c and
Supplemental Figure Sib). Scanning electron micrographs of cells from vertical inserts
confirmed co-localization of P. aeruginosa and S. aureus in the biofilm at the air-liquid
interface after 2 hours (Figures Id and le). Taken together, these data suggest S. aureus
has acquired, through P. aeruginosa, an increased capacity to travel longer distances,
allowing it to colonize niches that are relatively inaccessible in the absence of swimming
carrier bacteria.
We hypothesized that the increased colonization of the air-liquid interface by S.
aureus may be due to hitchhiking of S. aureus on P. aeruginosa.

To evaluate this

possibility, fluorescently labeled P. aeruginosa and S. aureus were combined at equal
numbers and placed in a microchamber (Supplemental Figure S2) for observation by live
confocal microscopy. When imaged concurrently, S. aureus cells were observed associated
to P. aeruginosa cells (Figure 2a) and moving together for a period of time (Supplemental
Video 1).
To further quantify the motility of S. aureus in the absence and presence of P.
aeruginosa, single cell tracking was employed on videos obtained of the cells in single and
dual species cultures. For tracking experiments, we used P. aeruginosa PAO1-eGFP and S.
aureus stained with hexidium iodide. From the resultant cell trajectories, we calculated
persistence length (defined as the length scale of decay for angular autocorrelation of a
trajectory, which provides a measurement of how linear a trajectory is), velocity and mean
squared displacement (MSD). S. aureus showed random motion patterns (Supplemental

Video S2) with MSDs similar to a sphere undergoing Brownian motion in liquid medium
(Supplemental Figure S3). For comparison, P. aeruginosa exhibited a run-reverse motility
pattern consistent with previous accounts of swimming motility among this species
(Supplemental Video S3). P. aeruginosa also exhibited greater velocities and persistence
lengths than non-motile S. aureus (Figure 2b and Supplemental Figure S4). S. aureus
trajectories changed distinctly when P. aeruginosa was present, with persistence lengths
increased by an order of magnitude compared to values obtained for S. aureus in
monoculture (Figures 2c and d, Supplemental Video S4). Cell trajectories set to start at
coordinate (0,0), plotted for S. aureus alone (Figure 2d; blue) and S. aureus mixed with P.
aeruginosa (Figure 2d; red) illustrate the extended and directed motion of S. aureus when
P. aeruginosa was present. Comparing the MSD of S. aureus in the absence (Figure 2e;
blue) and presence (Figure 2e; red) of P. aeruginosa, a shift was observed toward
increased directed motility for S. aureus when P. aeruginosa was present. These S. aureus
trajectories are superdiffusive (Supplemental Figure S5), which has previously been
suggested for bacteria undergoing flagellar motility (Matthaus et al., 2009). For comparison,
the trajectories of S. aureus in the presence of non-motile P. aeruginosa mutants,
PAO1AmotABCD and PAO1AfIgE, did not measurably deviate from those of S. aureus
alone (Figure 2f-i, Supplemental Figure S6, and Supplemental Video S5 and S6), further
suggesting that the extended motility of S. aureus is dependent on the swimming motility of
P. aeruginosa.
It was also observed that P. aeruginosa can carry another staphylococci cargo,
Staphylococcus epidermidis. S. epidermidis trajectories in the presence of P. aeruginosa
were characterized by longer persistence lengths and increased velocity compared to S.
epidermidis alone (Fig 2j-m, Supplemental Figure S5B and S5E, Supplemental Video S7).
Moreover, P. aeruginosa was capable of transporting carboxylated polystyrene beads

(Supplemental Videos S8-S1 1), suggesting that P. aeruginosa can engage with a variety
of cargos with distinct biochemistries, presumably through different types of chemical
interactions. Another motile carrier species, E. coli EMG2 also has the ability to carry
staphylococci as cargo (Fig 2n-q, Supplemental Figure S5C and S5F, and Supplemental
Video S12). Collectively, these data may support a generalized mechanism for translocation
among staphylococcal species via interaction with flagellated bacteria.

Discussion
The findings presented here quantitatively indicate that staphylococcal species,
classically defined as non-motile, have altered motility patterns in the presence of
flagellated P. aeruginosa and E. coi. Specifically, P. aeruginosa and E. coli function as
microbial carriers for staphylococcal species and result in enhanced dispersal range in fluid
environments. This work represents a mode of dispersal distinct from previous reports of S.
aureus dispersal, which were observed on surfaces and occur independent of a second
1 551 56
carrier bacterium. '

While there exists a wealth of information regarding flagella-mediated bacterial selfpropulsion,157

in

most natural

environments,

bacteria are

part of polymicrobial

communities 158'15 and the contributions of interspecies phoretic interactions to bacterial
dispersal in aqueous environments are not well understood. The ability of non-motile
bacterial species to leverage motility from other bacteria has been observed to occur
between microbes on the surface of plants, and in soil.16 0'16 1 The primary motivation of this
work is to highlight the impact of microbial hitchhiking on translocation and distribution of
non-motile bacteria in liquid. We found that this phoretic mobility could directly change the
localization patterns of staphylococci and open new niches for colonization, as observed in
biofilm formation at the air-liquid interface. Looking forward, such behaviour could influence

community diversity, microbial dispersal, and perhaps enhance transmission of non-motile
pathogenic strains.

From a clinical perspective, our observations have far reaching

implications on how non-motile pathogens disseminate. We envision that the results of our
study will encourage new investigations to consider the effects of polymicrobial interactions
to characterize distribution of non-motile bacteria.
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Figure i P. aeruginosa augments S. aureus localization to air-liquid interface
(a) Inoculum containing S. aureus with orwithout P. aeruginosa is added to a microwell and
allowed to settle for one hour before a polystyrene insert is gently placed into the inoculum

(a, panel 1). This set up provides two niches where the bacteria can colonize over time, the
bottom of the well and the lateral surface of the insert at the air-liquid interface (a, panel 2).
After 30 seconds or 16 hours, the insert is removed to isolate cells that colonize the airliquid interface (a, panel 3) (b) S. aureus CFUs at the air-liquid interface at 30 seconds and
16 hours after addition of the insert. An initial inoculation density of- _106 cells per mL for S.

aureus and

_~108

cells per mL for P. aeruginosa (100:1 P. aeruginosa to S. aureus ratio)

was used. The presence of P. aeruginosa increases colonization of the air-liquid interface

__M

by S. aureus at both time points. Mean ± SD (n = 4). *, p<0.05 (30 seconds p=0.0098; 16
hours p=0.0016). (c) P. aeruginosa CFUs are not affected by the presence of S. aureus (d,
e) False colored scanning electron micrographs of P. aeruginosa (rod cells) and S. aureus
(spherical cells) at the air-liquid interface after 2 hours revealed onset of co-localization
during the initial attachment stage of biofilm development. Scale bars in (d, e) represent 2
and 1 pm, respectively.
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Figure 2 Swimming bacteria alter the motility of non-motile Staphylococci (a) Confocal
image of S. aureus attached to P. aeruginosa taken from a time-lapse confocal microscopy
series. Scale bar represents 2 pm (b) Individual trajectories of P. aeruginosa alone in
culture plotted on axes of persistence length vs. velocity (c) The trajectories of S. aureus

alone (blue), and of S. aureus in the presence of P. aeruginosa (co-culture) (red) were also
plotted on axes of persistence length vs. velocity. The blue box indicates the upper bound of
persistence length and velocity for S. aureus alone. There is a cluster of trajectories in the
co-culture condition with persistence lengths several orders of magnitude higher than those
in the central cluster for the S. aureus alone. (d) The actual traces represented in (c) are recentered to begin at coordinate (0,0), using the same color code as (c). There is a set of
trajectories in the co-culture condition that are further reaching and more linear than those
of S. aureus alone. (e) The MSD of all individual trajectories, using the same color code as
(c). There is an increase in motility of the S. aureus in co-culture, as seen by the higher
MSDs. (f) Individual trajectories of PAO1AmotABCD, an immotile P. aeruginosa mutant,
alone in culture, exhibiting smaller persistence lengths and velocities than P. aeruginosa.
(g) The trajectories of S. aureus alone (blue), and of S. aureus in the presence of
PAO1AmotABCD (red). The motility pattern of the S. aureus is preserved in the co-culture
with PAO1AmotABCD, confirming that the altered S. aureus motility is dependent on the
swimming motility of P. aeruginosa. The blue box indicates the upper bound of persistence
length and velocity for the S. aureus alone (h) The actual traces represented in (g) are recentered to begin at coordinate (0,0), using the same color code as (g). S. aureus
trajectories in the presence of P. aeruginosa do not look different then trajectories of S.
aureus alone in terms of extent and linearity (i) MSDs of S. aureus in co-culture with
PAO1AmotABCD compared to S. aureus alone are not appreciably different. (-m)
Repeating the analysis in (a-d) for another immotile Staphylococci cargo, S epidermidis, in
the presence of P. aeruginosa. S. epidermidis trajectories were more linear and further
reaching in the presence of P. aeruginosa, suggesting that the hitchhiking observed is
generalizable to members of genus Staphylococci. (n-q) Repeating the analysis in (a-d)
with S. aureus as the cargo, but with a different motile carrier, E. coli EMG2.

Materials and Methods:
Strains and growth conditions
aureus

Staphylococcus

UAMS-1,

Staphylococcus

epidermidis

DSM

20044,

Pseudomonas aeruginosa PA01, PAO1AmotABCD, PAO1AflgE and Escherichia coli
EMG2 were inoculated in LB (BD Difco, Franklin Lakes, NJ, USA) medium and grown
overnight at 37

°C.

Each strain was then sub-cultured to an initial inoculation density of

108 colony forming units (CFUs) per ml for all experiments. All wild-type strains without
selection requirements were grown in LB. PAO1 with the plasmid pBBR1MCS5-eGFP
was grown in LB supplemented with 30 pg/ml of gentamicin (Sigma-Aldrich, St. Louis,
MO, USA). EMG2 with the plasmid pBBR1MCS5-eGFP was grown in M63-glucose
medium

162

supplemented with 5 pg/ml of gentamicin (Sigma). Mannitol Salt Agar

(Millipore, Darmstadt, Germany) for the selection of S. aureus from air-liquid interface
biofilms and Cetramide Agar (Sigma-Aldrich) for the selection of P. aeruginosa from the
air-liquid interface biofilms were prepared according to the manufacturer's instructions.
S. aureus UAMS-1 and Staphylococcus epidermidis DSM 20044 were stained with the
gram-positive specific dye hexidium iodide (ThermoFischer Scientific Molecular Probes,
MA, USA) at a final concentration of approximately 15 pg/ml.

Air-liquid interface biofilm assays
Biofilms were grown using the MBEC High-throughput (HTP) Assay (Innovotech,
Edmonton, Canada)1 54 . Briefly, this set up consists of 96 vertical inserts that are placed
into the wells of a 96-well plate containing bacterial inoculum. The insert does not touch
the bottom or sides of the microwell. P. aeruginosa PAQ1 in exponential phase were

diluted to ~108 CFU per ml in LB medium.

S. aureus UAMS-1 in exponential phase

were diluted to ~106 or ~108 CFU per mL. For co-culture conditions, cells were mixed at
a ratio of 1:1, resulting in co-culture conditions with a 1:1 or 100:1 ratio of P. aeruginosa
to S. aureus cells. 150 pl of monoculture or co-culture inoculum was added per well and
allowed to equilibrate undisturbed for 1 hour so that in the case of co-culture conditions,
the two species had ample time to interact before adding inserts. Once the insert was
added to the inoculum, the 96-well plates were maintained at ambient temperature for
30 seconds or 16 hours. At the end of these time points, inserts were removed for
analysis. Inserts were washed twice with phosphate buffered saline (PBS), and then
vortexed for 30 seconds with 425-600 pm glass beads (Sigma Aldrich) to remove
adherent cells from the insert. Collected cells were resuspended in 500 pl of LB medium
and serially diluted for plating on selective mannitol salt agar (Millipore) and cetramide
agar (Sigma-Aldrich). The average number of cells (CFU) for four independent
biological replicates was plotted with GraphPad Prism (GraphPad Software, San Diego,
CA, USA, http://www.graphpad.com/).

Scanning electron microscopy (SEM)
For SEM analysis, polymicrobial cultures of PA01 and UAMS-1 were prepared at a 1:1
ratio in LB and 150 pl of culture was added per well to a sterile polystyrene microtiter
plate.

The polymicrobial mixture was equilibrated for 1 hour at ambient temperature

followed by the addition of a PDMS vertical insert. The plates were maintained at
ambient temperature for a minimum of 2 hours to allow for initial attachment at the airliquid interfacial region. The vertical inserts were then fixed overnight in a 2%

glutaraldehyde solution in PBS, pH 7.4, then washed with PBS and dehydrated in baths
of increasing ethanol concentration (50, 70, 80, 90, 95, 99, 100 % ethanol, 5 min each).
Ethanol was then exchanged with hexamethyldisilazane (HDMS, 2 baths of 5 minutes)
and air-dried overnight. The samples were mounted on carbon tape and sputter coated
with a gold layer (approximately 10 nm). Imaging was performed on a JOEL 6010LA
scanning electron microscope.

Co-swimming time lapse microscopy
Slides were prepared as for the cell tracking assays. Exponential phase solutions of
PAO1 with the plasmid pBBR1MCS5-eGFP and S. aureus UAMS-1 stained with
hexidium iodide were diluted to 2 x 108 colony forming units (CFU) per mL in LB and
mixed at a 1:1 ratio. Microscopic inspection and image acquisition were performed
using a confocal laser scanning microscope (LSM 880; Zeiss) equipped with a x63/1.4
oil objective. Captured images were analyzed with the Zeiss ZEN imaging software
(Thornwoods, NY, USA). The excitation wavelengths for eGFP and hexidium iodide
were 468 and 563 nm, respectively. Images were prepared for publication using ImageJ
software (National Institutes of Health, New York, NY, USA)

Cell and bead tracking assays
Slides for cell tracking were made by attaching 18x18 mm coverslips to 24x60 mm
coverslips using Parafilm to create a chamber -100 pm high (Supplemental Figure S2).
For tracking experiments, we used P. aeruginosa PAO1-eGFP and S. aureus or S.
epidermidis stained with hexidium iodide. Solutions of bacteria, diluted to 1x108 cells/ml

for each species were pipetted into the slides, which were then sealed with vacuum
grease. The slides were then immediately imaged, using a Zeiss Axio Observer Z1
microscope with a 40x/0.75 NA objective, and a CCD camera (Allied Vision
Technologies) to take 30 second long videos at 30 frames per second. Bacteria were
tracked in two dimensions using publicly available MATLAB codes (Kilfoil Group,
http://people.umass.edu/kilfoil/downloads.html) with some modification. Velocities and
persistence length were calculated using code written in-house. Bead/bacteria solutions
were prepared in a similar fashion with, stock solution of 1 pm diameter, carboxylated
beads (Invitrogen) diluted to 0.33 v/v% in solution. These were imaged and tracked as
described for the bacteria mixtures.

Velocity calculation
The average velocity was calculated using the following method:
V

1r+
T

1

(1)I

N-1i=

where T is the time between frames or the inverse of the frame rate, N is the number of
points in the trajectory, and r is the position of the bacteria in the xy plane at a point in
the trajectory.

Persistence length calculation
Persistence length of each trajectory was calculated using the following equation:

(cosO0) =e

(2)

where / represents the distance travelled along the curve, cos O; is the angle between
tangents to the path at points distance / apart, Lp is the persistence length, and a time
average was used, as will be described.

The persistence length was fit to only the

positive <cos 0> values of a trajectory, only for lag times for which there were at least
three points to average, and only on trajectories for which there were at least three lag
times to fit to.
To calculate a persistence length using discrete time points, a few assumptions were
made. The first that is the tangent to the curve at any point between two time points is
parallel to the ray connecting the two points. Second, statistically there should be a
point between

r

and ri+1 that is separated by the distance nfVT from a point between rt+n

and ri+n-y, where r represent the discrete points, n is the number of time lags, -V is the
average velocity along the trajectory and T is the time between frames (1/30 of a second
in this case). This allowed us to then calculate a persistence length using points a
known number of lag times apart, by relating the lag time to the length traveled along
the curve, and using the law of cosines to calculate the angle between tangents. A
schematic is shown in Supplemental Figure S7. There were traces for which
persistence lengths could not be calculated as cos 0 dropped below 0 within 3 lag
times, likely due to random motion or immobilization of cells on the glass surface. Since
a persistence length could not be fit to the data, they are not shown in Figure 2 b-q.
However, we did calculate upper bound thresholds for the persistence lengths for these
points, which are shown in Supplemental Figure S8. These bounds are linearly related
to the velocity as they were approximated by ndrop Vr where ndrop indicates the point at

which cos 0 dropped below zero, since this is approximately how far the bacteria could
have traveled in that time step.
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Supplemental Figure SI: P. aeruginosa increases colonization of the air-liquid
interface by S. aureus (a) Co-culture of S. aureus and P. aeruginosa increased
localization of S. aureus to the air-liquid interface 30 seconds and 16 hours after
initiation of biofilm growth. Colonization of the air-liquid interface was quantified by
determining the CFUs from the insert of both monoculture and co-culture. An initial
inoculation density of ~108 cells per mL for S. aureus and ~108 cells per mL for P.
*

aeruginosa (1:1 ratio of P. aeruginosa to S. aureus) was used. Mean ± SD (n = 4).

p<0.05 (30 seconds p=0.0054; 16 hours p=0.0295) (b) Cell counts of P. aeruginosa are
unchanged in the presence of S. aureus at both 30 seconds and 16 hours after initiation
of biofilm growth.
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Supplemental Figure S2: A schematic representation of the. chamber slide used
for confocal microscopy and cell tracking.

For all cell tracking quantification

experiments, videos were acquired at the bottom of the microchamber due to the
greater accumulation of P. aeruginosa and S. aureus cells at this location.
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could calculate a persistence length is represented in blue. They are similar to the
estimated MSD based on the diffusivity of similarly sized microparticles in liquid
medium, represented in green.
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Supplemental Figure S5: (a) The MSDs of S. aureus alone (blue) and S. aureus
mixed with PA01 (red), shown with a line of slope 1 (black). The S. aureus alone
appear to be diffusive (MSD with slope of 1), whereas a subset of S. aureus in the
presence of P. aeruginosa appears to be superdiffusive (slope greater than 1). (b) The
MSDs of S. epidermidis alone (blue) and S. epidermidis mixed with P. aeruginosa (red),
shown with a line of slope 1 (black). The S. epidermidis alone appear to be diffusive
(MSD with slope of 1), whereas a subset of S. epidermidis in the presence of P.
aeruginosa appears to be superdiffusive (slope greater than 1). (c) The MSDs of S.
aureus alone (blue) and S. aureus mixed with E. coli (red), shown with a line of slope 1
(black). The S. aureus alone appear to be diffusive (MSD with slope of 1), whereas a
subset of S. aureus in the presence of E. coli appears to be superdiffusive (slope
greater than 1). (d-f) The averaged population MSDs (red and blue) and a line of slope
1 (black) matching the traces shown in panels a-c respectively, with color coding

matching those panels as well. These show that on average, the non-motile bacteria on
their own appear approximately diffusive, with a slope of 1, whereas the non-motile
species in the presence of motile bacteria appear superdiffusive, with slope greater than
1. For all panels, the traces represented are only those for which we could calculate a
persistence length, indicating that the bacteria were not immobilized to the glass slide.
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Supplemental Figure S8: (a-j) The trajectories of all traces acquired for all strains
plotted on axes of persistence length vs. velocity. These data include upper bound
thresholds for the persistence lengths, which could not be calculated as the average of
cose dropped below 0 within 3 lag times.

Supplemental Video SI: Fluorescently labeled S. aureus (red) hitchhiking on P.
aeruginosa (green). The S. aureus appear as a pair of cocci attached two one end of a
single rod shaped P. aeruginosa cell. In this video, the P. aeruginosa cell is oriented
vertically and so appears as a sphere rather than a rod. Scale bar represents 2 pm.
Supplemental Video S2: Motion of S. aureus on its own.
Supplemental Video S3: Motion of P. aeruginosa on its own.
Supplemental Video S4: Motion of S. aureus in the presence of P. aeruginosa, at the
bottom of a chamber slide.
Supplemental Video S5: Motion of P. aeruginosa PAO1AmotABCD on its own.
Supplemental Video S6: Motion of S. aureus in the presence of P. aeruginosa PAO1
AmotABCD.
Supplemental Video S7: Motion of S. epidermidis in the presence of P. aeruginosa.
Supplemental Video S8, S9: Motion of beads in the presence of P. aeruginosa, at the
bottom of the chamber slide.
Supplemental Video S10, S11: Motion of beads in the presence of P. aeruginosa, at
the top of the chamber slide.
Supplemental Video S12: Motion of S. aureus in the presence of E. coli.

Conclusions and Future Directions
In this thesis, I explored mucus permeability at the length scales of small molecules,
peptides and nanoparticles, with a focus on the impact of permeability on human health. In
Chapter 1, I examined the effect of mucus and mucin on the activity of polymyxin and
fluoroquinolone antibiotics against bacterial pathogen Pseudomonas aeruginosa, a bacterium
that frequently forms infections within mucus. In the face of widespread antibiotic resistance and
slow development of new antibiotics, efforts to optimize the use of existing antibiotics are
essential. Antimicrobial susceptibility tests (AST), in which bacteria are cultured from a patient
and challenged with antibiotics in simplified bacterial media in vitro, are one of many tools used
by clinicians in the hope of maximizing the likelihood of successful treatment. 16 3 However, it is
well understood that the correlation between (AST) and patient response to antibiotic
administration is often weak, especially in the context of mucosal pathogens like Pseudomonas
aeruginosa.164,165 I examined the role of mucus in this discrepancy, considering the ability of
mucus to bind and potentially sequester small molecules like antibiotics 16 6 . While a few studies

have previously hypothesized that there may be a connection between mucus-antibiotic binding
and reduced efficacy in mucus, I rigorously evaluate this hypothesis, remaining open to the
possibility of other potential mechanisms, since we understand that mucin has the potential to
modulate bacterial behavior,8 33 1o 5 which could also account for alterations in antibiotic efficacy in
mucus. Indeed, we found that while mucus reduced the efficacy of multiple classes of
antibiotics, our data suggests binding as the likely mechanism for only one of these classes.
Interesting future directions for this work include further investigation of the non-binding
mechanisms by which mucus may reduce the efficacy of antibiotics. This understanding will
inform strategies to rescue the activity of antibiotics which are used in mucus environments.

In Chapter 2, I worked to develop a comprehensive understanding of mucus selectivity,
determining molecular features that promote or prevent interactions with mucus. This
knowledge will enable predictions about the effect of mucus on therapeutics, like the antibiotics
we tested in Chapter 1, and could inform strategies to rationally design drugs that are active and
have desired permeability behavior within mucus. I investigated this question first at the length
scale of peptides before transitioning to nanoparticles, which are much larger than peptides and
which begin to approach the pore size of mucus in diameter. Our data with peptides suggests
that charge, hydrophobicity and spatial configuration are three knobs that can be used to tune
the diffusivity of a peptide within mucin. In particular, we see that negative charge can be used
to offset electrostatic or hydrophobic binding, increasing the diffusivity of a peptide within mucin.
While these data have provided some interesting strategies for engineering drug permeability,
we have a limited understanding of the biophysics or mechanism that accounts for the
differences we observed between peptides. For example, for peptides that are charged and
hydrophobic, we observe reduced diffusivity relative to peptides that are equally charged and
hydrophilic; however, we are unable to conclude whether this is due to differences in the binding
affinity of the peptides for mucin, or differences in the number of binding sites each peptide has
access to. Future experiments to determine the binding affinities of peptides with mucin will
address this question. Our experiments at the scale of nanoparticles are exciting but
preliminary. Additional rounds of screening as well as refinement of the screening assay will
enable us to determine the selective criteria of mucus for nanoparticles, and to understand if the
permeability of mucus to nanoparticles builds on what we observed in our work with peptides.
All together, with this work, we advance understanding of mucus selective permeability.
With our focus on the interplay between charge and hydrophobicity, important

features of

therapeutics, we believe this work will inform strategies to improve drug delivery. Several
methods have been developed to modulate mucus binding for drug delivery, with a focus on
shielding mucus-binding moieties on a therapeutic of interest. We imagine that the

understanding we have developed in this thesis provides an additional complimentary approach,
with a focus on modulating the strength of interactions or counteracting mucin-interacting
groups, rather than shielding. While our focus was on mucus, our experimental work with
additional polyelectrolytes (CMC and PLL) suggests that the principles we determined in this
work could translate to other biological hydrogels that are charged and hydrophobic, and could
serve as the starting point for strategies to improve drug delivery through the EPS of biofilms or
the ECM of tumors.
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