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Abstract

Airway mucus provides protection to airway epithelial surfaces by trapping and clearing
harmful pathogens. In cystic fibrosis, a genetic disorder that primarily impacts the
respiratory system, airway mucus has altered properties including increased solids
content and viscoelasticity. These altered properties cause mucus clearance mechanisms
to fail and create a microenvironment primed for chronic airway infections. These
complex polymicrobial infections show increased resistance to antibiotics and are
associated with poor patient prognosis. Current in vitro models of cystic fibrosis airway
infections fail to combine the key elements needed to fully represent this
microenvironment and also lack the ability to capture major aspects of chronic airway
infections in cystic fibrosis. In this study, mucus-like hydrogels with varied compositions
and viscoelastic properties reflecting relative differences between healthy airway mucus
and cystic fibrosis airway mucus were developed. Models of the cystic fibrosis and
healthy airway microenvironments were created by combining the mucus-like hydrogels
with relevant pathogens, human bronchial epithelial cells, and a common antibiotic used
to treat airway infections in patients with cystic fibrosis. This research project
demonstrated that antibiotic resistance was not solely dependent on the altered properties
of the mucus-like hydrogels but was also influenced by culture conditions including
microbe species, whether the culture was monomicrobial or polymicrobial, and the
presence of epithelial cells. In addition, our cystic fibrosis airway model showed the
ability to mimic important features that are characteristic of chronic cystic fibrosis airway
infections including sustained polymicrobial growth and increased antibiotic tolerance.
This model has the potential to be used to investigate antibiotic resistance and
polymicrobial interactions in chronic cystic fibrosis airway infections and can also be

adapted to study microbe behavior in other mucus-related diseases.
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CHAPTER 1. Introduction

1.1 Functions and properties of airway mucus in health and disease

Mucus is a viscoelastic biological material that coats a multitude of internal epithelial
surfaces of the body including the respiratory, digestive, and reproductive tracts [1], [2].
In the respiratory tract, the mucus layer functions as a selective physicochemical barrier
by defending the body from pathogens and toxins in inspired air [2], [3]. These potential
sources of infection or damage are trapped within the mucus which is continuously
cleared from the lungs through cough or mucociliary clearance [3], [4]. Mucociliary
clearance is achieved through cilia beating freely within the periciliary layer beneath the
mucus layer and sweeping mucus up and out of the airway [5]. The biophysical
properties of airway mucus are crucial as they allow for the defense and clearance
functions of the mucus layer to be effective [6].

Healthy airway mucus is mainly composed of water with a solids content of
approximately 1 to 3% [7], [8]. Airway mucus solids components include mucins and
other proteins, salts, lipids, DNA, and cellular debris [7], [8]. The viscoelastic properties
of airway mucus are mainly owing to mucins, which are high molecular weight
glycoproteins that make up a significant portion of the mucus solids content [4], [6]. The
protein core of mucins make up approximately 20% of their molecular mass while sugar
side chains make up approximately 80% [9], [10]. Mucins are classified as either secreted
mucins or membrane-tethered mucins with the secreted mucins, also known as gel-
forming mucins, making up the mucus gel network [2], [11]. The monomers of the
secreted mucins link through disulfide bonds to form large chain polymers [2]. These

mucin polymers then form the viscoelastic gel network of airway mucus through physical



entanglements and reversible hydrophobic interactions as well as through electrostatic
interactions between charged sugar side groups which stabilize the network [2], [10],
[12]. Airway mucus is well hydrated due to the high level of mucin glycosylation, and
this hydration, in combination with the network formed by secreted mucins, is why
airway mucus is generally referred to as a hydrogel [13]. While there have been a number
of individual mucin genes discovered, the secreted gel-forming mucins MUCS5B and
MUCSAC are the two major mucins within airway mucus [4], [14].

The viscoelasticity of healthy airway mucus is highly regulated through ion channels
on the mucosal epithelia which control mucus hydration [3], [15]. This regulation of
hydration is provided by the epithelial sodium channel (ENaC), which is responsible for
sodium absorption, and the cystic fibrosis transmembrane conductance regulator (CFTR),
which is responsible for chloride ion secretion [3]. These channels regulate airway
surface hydration by controlling the concentration of sodium and chloride ions in the
airway lumen which results in passive transport of H20O through osmosis [3]. Airway
mucus properties and the mucosal microenvironment are altered in a number of
conditions such as cystic fibrosis (CF), chronic obstructive pulmonary disease, and

asthma, and these altered properties often lead to infection and impaired lung function

[3].

1.2 Altered airway mucus properties in cystic fibrosis
CF is a genetic disease caused by mutations of the CFTR gene which results in
dysfunction of the CFTR protein. CF affects many systems, including the pancreas, liver,

and digestive system, but the major and most detrimental impacts of CF are to the



respiratory system [16]. Within the airways, CFTR mutations lead to decreased chloride
ion secretion and an upregulation of sodium absorption through the ENaC which result in
fluid hyperabsorption and mucus layer dehydration (Figure 1) [3], [6].

Loose Entanglement Compaction Interactions

| Cystic Fibrosis |v

Na'Cl  H,0 Na'Cll  H,O

HCO; HCOy

Figure 1: Schematic of airway mucus in healthy and CF airways. Airway hydration is
maintained within healthy airways through functioning ion channels, including ENaC and
CFTR. In CF, CFTR mutations cause the airway surface to be dehydrated which leads to
changes in mucus properties and in the mucosal microenvironment. Reprinted with
permission from Wiley Online Library [6].

Dehydrated mucus within the CF airway lumen, coupled with impaired mucus clearance
and the continuous secretion of mucus into the airways, leads to mucus buildup and the
formation of hypoxic mucus plugs [17]. Mucin production and secretion by the airway
epithelium have also been found to be increased in CF airways [18]. Airway mucus in CF
has increased viscoelasticity [19], [20], solids/mucin concentration [7], [8], [18], and
DNA content [21], [22], as well as decreased water content [7], [8] and pH [23] relative
to healthy airway mucus. While healthy airway mucus typically has approximately 1 to
3% solids, CF airway mucus has been found to have 5 to 7% solids, and this value may

be underestimated due to sputum collection techniques and the inability for the more



adherent mucus to be collected [7], [8]. The secreted mucin concentration within CF
airway mucus also appears to increase 3 to 5-fold relative to healthy airway mucus [8].

The viscoelastic properties of CF airway mucus have been thoroughly investigated as
they are one of the major changes between healthy and CF airway mucus. Both healthy
and CF airway mucus are generally characterized as elastically dominant materials as
their storage modulus, G’, is typically greater than their loss modulus, G’ [24]-[27]. CF
airway mucus has been consistently found to have greater viscoelastic moduli, denoting a
greater resistance to deformation, than healthy airway mucus [19], [20]. The magnitude
of this difference has not been well-defined as differences in mucus sample collection
and measurement methods, as well as differences in patient age, patient disease status,
and patient disease progression, result in study-to-study and patient-to-patient variations
in the viscoelastic properties of CF airway mucus [19], [20], [28]. There is also variation
within patients as airway mucus is heterogeneous and mucus properties vary between
different parts of the airways [18], [28].

The altered viscoelastic properties and dehydration of CF airway mucus significantly
impair mucus clearance mechanisms in CF patients. The dehydrated airway mucus and
reduced periciliary layer volume due to airway fluid hyperabsorption result in cilia
compression and the inability for cilia to properly beat, leading to stagnant and stationary
airway mucus [29], [30]. Airway mucus dehydration in CF also causes the mucus to
become adherent to the airway surface [29], [31]. This is not only detrimental to
mucociliary clearance, but also to cough clearance mechanisms [32]. Both the adhesive
and cohesive strength of airway mucus has been found to be increased when airway

mucus concentration is increased [32]. This has implications in the inability for CF



patients to clear thickened airway mucus through cough [32]. The impaired mucus
clearance and altered properties of CF airway mucus lead to mucus stasis and buildup and

a microenvironment primed for chronic infection [33].

1.3 Airway infections in cystic fibrosis

Lung infections frequently occur in CF patients, as evidenced by the Cystic Fibrosis
Annual Data Report 2019, which showed that over 60 percent of young CF patients and
over 80 percent of older CF patients in the USA were infected with at least one
microorganism [34]. Chronic lung infections are common in CF because the thick,
dehydrated, and stagnant airway mucus becomes colonized by multiple species of
opportunistic pathogens that are not properly cleared due to impaired clearance
mechanisms [17]. The two most commonly recognized pathogens in CF airway infections
are Pseudomonas aeruginosa and Staphylococcus aureus, although a number of other,
less prevalent pathogens are also known to infect CF patient airways; including
Haemophilus influenzae and bacteria from the Burkholderia cepacian complex group
[34], [35]. CF airway infections are complex, polymicrobial, and vary between patients
[36], [37]. The complex polymicrobial nature of CF airway infections further complicates
treatment of these infections, with the presence of an antibiotic sometimes increasing
total bacteria load in in vitro studies [38]. Bacterial diversity and composition of CF
airway infections have been found to vary with many factors including patient age [39]
and disease stage and progression [40].

Many of the species that infect CF patient airways are known to form bacterial

biofilms within the adherent and impacted mucus [17], [41]-[43]. Bacterial biofilms in



CF are microcolonies of bacteria surrounded by a protective extracellular matrix that
contains exopolysaccharides, DNA, and proteins [44], [45]. These biofilms are difficult
to eradicate and show increased resistance to antibiotics and host immune defense when
compared to planktonic bacteria due to reduced antibiotic penetration and metabolic
adaptation [46], [47]. Increased mucus concentration, as found in CF airway mucus, is
thought to be a factor that influences the growth of stronger and more robust biofilms
which are more resistant to killing by antibiotics [48]—[50]. For example, P. aeruginosa
grown in CF-mimicking media has been found to grow biofilms with altered architecture
and increased biofilm matrix components that show a greater resistance to antibiotics
relative to P. aeruginosa biofilms grown in standard bacteria culture medium [49]. In
addition, biofilms that are polymicrobial have been found to have a greater resistance to
antibiotics than biofilms with a single species [51]. Bacteria within chronic CF airway
infections are also known to adapt to a small colony variant (SCV) phenotype, which are
persistent and highly adherent biofilm formers that are characteristic of chronic infections
and are more resistant to both antibiotic challenges and environmental stress [52], [53].
Along with the increased resistance to antibiotics in CF airway infections due to biofilm
formation and phenotypic changes, host defense is also impacted in the CF airways.
Neutrophil motility and ability to capture and kill bacteria has been found to be decreased
within concentrated, CF-like airway mucus [54].

Bacterial airway infections in CF are commonly treated through inhaled, oral, or
intravenous antibiotics. Because many microbes that infect the CF airways have the
ability to resist antibiotic killing through biofilm formation, mutation or gene transfer,

and intrinsic resistance, these airway infections are often difficult to treat [55], [56].



Treatment is further complicated because the complex polymicrobial infections found
within the CF airway require advanced treatment strategies based on which species are
present [56]. Additional treatment challenges include samples taken for microbe
identification represent only discrete sections of the airway and laboratory isolation
techniques lack the ability to identify all species present within a sample [55]. These
hard-to-treat lung infections that develop in CF airways lead to inflammation, decreased
lung function, and progressive lung disease and are known to be the primary cause of

mortality in CF patients [57].

1.4 Pseudomonas aeruginosa and Staphylococcus aureus in cystic fibrosis airway
infections
As previously mentioned, P. aeruginosa, a Gram-negative opportunistic pathogen,
and S. aureus, a Gram-positive opportunistic pathogen, are the two most common
microbes found to infect CF patient airways (Figure 2). These classifications of Gram-
negative and Gram-positive are owing to their cell wall compositions, with Gram-
negative bacteria having a thin peptidoglycan layer and protective outer membrane and

Gram-positive bacteria having a thicker peptidoglycan layer and no outer membrane.
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Figure 2: Microbes infecting the airways of CF patients by age. Younger patients are
most commonly infected with S. aureus. P. aeruginosa infections as well as co-infections
with P. aeruginosa and S. aureus become more common as patients age. Figure contains
data collected from US CF patients. Reprinted with permission from Cystic Fibrosis
Foundation [34].

It has been well established that S. aureus is an early colonizer of CF patient airways,
infecting CF patient airways from a very young age, with almost 60% age two-and-under
US CF patients having cultured positive for the pathogen during 2019 [34]. After early
colonization, these S. aureus infections are persistent, with S. aureus continuing to be one
of the most common microbes infecting CF patients in all age groups [34], [58], [59]. S.
aureus has been found to resist antibiotic treatment, particularly when it is in the biofilm
mode of growth which is known to occur within CF airway mucus [60]-[62]. S. aureus
has also been found to adapt to the CF airway environment by changing to a SCV
phenotype [58], [63].

P. aeruginosa infections are most common in adult CF patients [34], [59].

Approximately 44% of US CF patients cultured positive for P. aeruginosa in 2019 [34].



Similarly to S. aureus, P. aeruginosa is known to form biofilms in the CF airways and
these biofilms are more resistant to antibiotic killing [42], [64], [65]. This antibiotic
resistance has been found to be increased when P. aeruginosa converts to a mucoid
phenotype that is associated with alginate overproduction and often occurs during CF
airway infection [17], [66], [67]. P. aeruginosa within the CF airways also appears to
undergo other adaptive changes over the course of persistent infection, including an
increase in multidrug resistant phenotypes [68]. P. aeruginosa also has the ability to
adapt to a SCV phenotype in CF-like conditions [69]; these highly adherent P.
aeruginosa SCVs have been isolated from CF patient airways [70], [71]. Additionally, P.
aeruginosa interactions with mucin proteins have been investigated, with some sources
finding that mucins cause the dispersal of P. aeruginosa biofilms [72], [73], while others
have noted P. aeruginosa attachment to mucins through adhesin-mucin interactions [50],
[74]. P. aeruginosa in CF is associated with more aggressive infections, worsening
patient conditions, and mortality [75], [76].

P. aeruginosa and S. aureus are also frequently found to co-infect and exist within
dual-species biofilms in the airways of patients with CF [34], [77]. Although P.
aeruginosa is the more common microbe infecting adult CF patient airways, it does not
appear to outcompete and replace S. aureus in vivo; in a longitudinal study of CF
patients, the prevalence of S. aureus/P. aeruginosa co-infections was found to increase
over time [77]. When the two species are co-existing, the presence of S. aureus is
hypothesized to induce changes in P. aeruginosa, as S. aureus exoproducts have been
found to alter P. aeruginosa biofilm architecture and increase P. aeruginosa resistance to

antibiotics [78]. Similarly, co-culture of S. aureus and P. aeruginosa has been found to



increase the antibiotic resistance and surface attachment capacity of S. aureus [79]. There
is also evidence that, in co-culture, the presence of S. aureus induces selection of P.
aeruginosa SCVs [80] and the presence of P. aeruginosa induces selection of S. aureus
SCVs [79], [81], [82], which increases the ability for these pathogens both to co-exist and
to persist in infections of the CF airways.

P. aeruginosa has often been observed to outcompete S. aureus in vitro, although this
competition is reduced when the P. aeruginosa strains are isolated from later stage
chronic infections, implying that coexistence between the two species is the result of
adaptive changes of P. aeruginosa in these chronic infections [80], [83]. Competition
between the two species may cause changes to S. aureus which allow it to survive and
coexist with P. aeruginosa in a viable but non-cultivable state, which is a state of low
metabolic activity used by bacteria as a survival strategy [84]. An additional promotion of
coexistence between the two species is that S. aureus provides carbon sources for P.
aeruginosa [81], [85]. Interactions between P. aeruginosa and S. aureus in vitro and
whether they compete or coexist appears to be dependent on many different factors
including the relative concentration of bacteria, the availability of oxygen, and the point
of infection from which they were isolated [85]-[87]. The ability for S. aureus to coexist
with P. aeruginosa has also been associated with increased phenotypic and genotypic

diversity of the S. aureus population within the infected CF airway [82].

1.5 Mucus-mimetic materials
The many host and microbe interactions with airway mucus that occur in the airway

in vivo emphasize the importance of a representative mucus-like layer to be included
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within in vitro models of the airway. Fresh, native airway mucus is difficult to source and
can easily be diluted or contaminated, and the mucus generated by human bronchial
epithelial (HBE) cells in vitro is secreted in restrictively small quantities [10], [27]. Due
to the drawbacks of using native mucus and mucus secreted by cells in culture, there has
been a focus on developing mucus-mimetic materials.

A number of different materials have been used as mucus-mimetic materials to model
the healthy or diseased airway microenvironment. One such material is an artificial CF
sputum medium (ASM) comprised mainly of purified mucins, DNA, NaCl, and amino
acids, deployed as a CF mucus-mimetic to study bacterial growth [88]-[90]. A more
complex material that has been developed to mimic the nutritional microenvironment of
CF mucus is synthetic CF sputum medium (SCFM), the components of which include a
number of free amino acids, glucose, and lactate [91]. SCFM has also been modified with
the addition of other CF mucus components including mucins and DNA to better mimic
the composition of CF sputum. This modified version of SCFM, along with the original
SCFM, have been used to observe the growth, biofilm formation, and diversification of
P. aeruginosa in CF-like conditions [92]-[95].

While ASM and modified SCFM have been shown to support in vitro bacterial
behavior similar to what occurs in the CF airways in vivo, neither of these materials have
the hallmark viscoelastic properties of CF airway mucus. Both ASM and modified SCFM
have shown viscous behavior rather than the viscoelastic solid behavior that is
characteristic of CF airway mucus [96], [97]. Despite mucin proteins being the main
structural and gel-forming component in native healthy and CF airway mucus, and mucin

proteins being a component of both ASM and SCFM, mucus-mimetic materials cannot
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rely on purified mucins to provide the same structural properties. It has been shown that
purified mucins have different rheological properties than natural mucus [98] and that
purified mucins alone do not accurately model native mucus [20], [99], [100]. Despite
this, mucins remain an important addition to artificial mucus due to the interactions that
occur between mucins and bacteria.

To better recapitulate the viscoelastic properties of native airway mucus, ASM has
been combined with gel-forming polymers, such as poly(acrylic) acid [96], [101]. Others
have opted for a simplified approach with less components, mainly relying on a
combination of porcine gastric mucins (PGM, the most commonly used source of
commercially available purified mucins) with gel-forming polymers to artificially
recapitulate the viscoelastic properties of native airway mucus. PGM has been combined
with artificial materials, such as glutaraldehyde [102], and while this material had
viscoelastic properties within the targeted range, the use of this material is not ideal as it
is potentially cytotoxic and could be damaging to mammalian cells if used within an in
vitro airway model. Natural materials, such as hyaluronic acid (HA) [103] and sodium
alginate [104], [105], have also been combined with PGM to create airway mucus-
mimetic hydrogels. These natural materials are favorable for use within in vitro airway
models as they are typically cytocompatible and less foreign to microbes and mammalian
cells. Natural polymers, such as HA and sodium alginate, can also be crosslinked to form
hydrogels with networks, water content, and viscoelastic properties similar to those that
make up native airway mucus. Due to the importance of mucus viscoelasticity in vivo, it
1s important that the viscoelastic properties of mucus-mimetics are comparable to those of

native airway mucus.
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1.6 Current models of the cystic fibrosis airway microenvironment

Issues with current models of the CF microenvironment have precipitated the need for
a representative in vitro model capable of supporting the concurrent growth of bronchial
epithelial cells and multiple CF pathogens. Many of the current models being used to
study the CF microenvironment are in vivo animal models. These models, which include
small animal models, such as mice [106], [107], and larger animal models, such as pigs
[23], [108], are limited in their ability to be used to study CF chronic infections. Mouse
CF models do not develop spontaneous CF lung infections and thus do not accurately
recapitulate human CF lung disease [109]. Conversely, pig models of CF can more
accurately represent human CF lung disease but their use remains limited by shortened
lifespans due to meconium ileus or other CF complications [110]-[112], making CF lung
disease in these models difficult to study. Studying CF chronic infections in vivo using
animal models also requires a large amount of resources.

Due to the limitations with in vivo animal models of CF airways, many in vitro CF
airway models have been developed and explored. A number of these in vitro studies
have investigated interactions between mammalian cells and P. aeruginosa and/or S.
aureus [81], [113]-[115]. However, without a mucus-like layer in these systems, they are
not fully representative of the CF microenvironment. Some of these systems rely on
collecting the mucus secreted by mammalian cells in culture, but sourcing this mucus,
especially in quantities needed for analysis, is labor and time intensive [27]. Other in
vitro CF models focus on the growth behavior of CF pathogens when cultured with CF
mucus or mucus-mimetics without the inclusion of mammalian cells [88], [101], [116],

[117]. Mammalian cells are an important inclusion within an in vitro CF airway model as
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they allow for the observation of host-microbe interactions and render the model more
representative of the native CF airway microenvironment. Additionally, many of the
models that do include mucus or a mucus-like component only incorporate one species of
bacteria into their models rather than modeling the more complex polymicrobial
interactions that occur within the CF airways. The CF airway microenvironment has also
been modeled through infecting ex vivo porcine bronchiolar tissue with either P.
aeruginosa or S. aureus in the presence of SCFM to observe bacterial growth and biofilm
formation [94], [118]. This model lacks both the viscoelastic microenvironment of native
CF airway mucus as well as live mammalian cells for observation of host-microbe
interactions.

Recently, a CF airway chip has been developed that combines primary human lung
microvascular endothelial cells, healthy or CF HBE cells, and P. aeruginosa to model the
CF airway microenvironment [119]. The CF airway chip showed increased mucus
secretion, cilia density, and P. aeruginosa growth relative to the healthy airway chip. As
the CF airway chip relies on mucus secreted by the HBE cells within the chip, the
properties of the mucus cannot be modified to represent different stages of CF airway
mucus dysfunction, such as a mucus plug, and are, therefore, only representative of
mucus secreted by a monolayer of cultured cells. Additionally, on-a-chip technologies
like the CF airway on a chip are technically challenging and require expertise to fabricate
and operate. While the CF airway chip does show promise as an in vitro model of the CF
airway microenvironment, there remains a need for a simpler, more tunable approach to

modeling this system.
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The limitations of animal CF models, as well as the aforementioned issues with
current in vitro CF models, create the need for an in vitro polymicrobial infection model

of the CF microenvironment with a simple yet representative mucus-like component.

1.7 Research aims, objectives, and hypothesis

The overall aim of this project was to develop in vitro models of the healthy and CF
airway mucus microenvironments for the study of bacteria behavior and response to
relative changes in airway mucus properties and composition, as seen in CF airway
infections. Both models included mucus-like hydrogels overlaid on top of a layer of cells
from a human bronchial epithelial cell line (16-HBE). Relevant CF pathogens, P.
aeruginosa and S. aureus, were cultured over top of the mucus-like hydrogels in the
presence of a relevant CF antibiotic, ciprofloxacin. The major difference between the two
airway models were the properties and composition of the mucus-like hydrogels within
the models, with a healthy mucus-like hydrogel being included within the healthy airway
model and a CF mucus-like hydrogel being included within the CF airway model. The
hydrogels included a crosslinkable gel component to obtain mucus-like viscoelastic
properties and a mucin protein component to capture one of the major changes in
composition between healthy and CF airway mucus. This was done to capture known
relative differences between healthy and CF airway mucus within the airway models. A

schematic of the healthy and CF airway models can be found in Figure 3 below.
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Figure 3: Schematic of the healthy and CF airway models. The base of both models
was cells from a human bronchial epithelial cell line (16-HBE). Layered on top of the 16-
HBE cells were the healthy and CF mucus-like hydrogels, with the darker color of the CF

mucus-like hydrogel signifying increased solids and mucin concentration. Common CF

pathogens, Pseudomonas aeruginosa (rod-shaped) and Staphylococcus aureus (cocci-
shaped), were deposited over top of the mucus-like hydrogels. Cell culture medium
supplemented with a relevant CF antibiotic (ciprofloxacin) was also included over the
model. Schematic created with BioRender.com.

It was hypothesized that the differences in viscoelastic properties and composition
between the mucus-like hydrogels within the in vitro airway models would impact
microbial colony response and cause increased resistance to eradication through
antibiotics. To achieve the overall aim of this project, there were three main objectives:
Objective 1: Develop healthy and CF mucus-like hydrogels with differing compositions
and viscoelastic properties that are simple to prepare and accessible for use within other
laboratories. These mucus-like hydrogels must meet a set of detailed selection criteria
that were developed based on physiological mucus properties as well as experimental
requirements.

Objective 2: Establish a bacterial culture over the mucus-like hydrogels using an
aqueous two-phase system (ATPS). Ensure that, after a short incubation period to

establish the bacterial culture, the outer liquid portion of the ATPS could be removed
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while the majority of the bacteria would remain on top of or within the mucus-like
hydrogel layer beneath.

Objective 3: Layer the mucus-like hydrogels over top of a human airway epithelial cell
layer and deposit relevant CF pathogens onto the mucus-like hydrogels, and then expose
the healthy and CF in vitro airway models to a relevant CF antibiotic. Observe how
bacteria growth and how bacteria response to antibiotics is impacted by the differences in
mucus-like hydrogel properties and composition between the healthy and CF mucus-like
hydrogels.

The healthy and CF in vitro airway models developed in this research are useful for
observing mono- and polymicrobial behavior and response to relative changes within
their microenvironment. This can provide a better understanding of how the physical
properties and composition of airway mucus relate to the altered bacterial behavior and
resistance to antibiotics that is observed in CF airway infections. This can also provide a
system to study the microbe-microbe interactions that occur in multi-species infections of
the CF airway. Additionally, there is potential for the CF airway model to be used as a
platform for in vitro antimicrobial testing as the inclusion of important features of the CF
airway microenvironment, including a mucus-like hydrogel and multiple species of
bacteria, improve the relevance of the model compared to standard monomicrobial in
vitro models.

As mentioned in Objective 1, a set of detailed selection criteria were developed to
ensure compatibility with mammalian cell culture and to obtain hydrogels that reflect
important differences between healthy and CF airway mucus. The selection criteria

include:
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The healthy and CF mucus-like hydrogels must not reduce 16-HBE cell viability
below 80% when co-cultured for 48 hours. The International Organization for
Standardization (ISO) 10993-5:2009 standard states that a cell viability reduction
of greater than 30% (less than 70% of cells viable) is deemed cytotoxic [120].
While the cytotoxicity assessment procedure of the mucus-like hydrogels for this
project does not match the test procedure set out in ISO standard 10993-5:2009,
the quantitative evaluation for cytotoxicity based on less than 70% of cells viable
was used as a guide. Cell viability of 80% or less was then chosen as a more
conservative evaluation of cytotoxicity than ISO 10993-5:2009.

The solids content and mucin protein concentration of the healthy and CF mucus-
like hydrogels must be different. The relative difference between the solids
content of the two hydrogels and the relative difference between the mucin
protein concentration of the two hydrogels should be similar to the relative
differences between native CF and healthy airway mucus.

The healthy and CF mucus-like hydrogels must show elastically dominant
behavior (i.e. the storage modulus (G’) must be greater than the loss modulus
(G”) for both of the chosen mucus-like hydrogels).

The viscoelastic properties of the healthy and CF mucus-like hydrogels must be
significantly different.

The healthy and CF mucus-like hydrogels must have viscoelastic properties
within the same order of magnitude as physiological airway mucus.

The healthy and CF mucus-like hydrogels must gel within 1 hour or less. This is

because cell culture medium cannot be added to the culture while the mucus-like
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hydrogels are solidifying over top of the 16-HBE cells. Therefore, the gelation
time must be kept short enough to prevent 16-HBE cell death due to lack of cell

culture medium.
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CHAPTER 2. Materials and Methods

2.1 Hydrogel preparation
2.1.1 Hyaluronic acid hydrogels

The HA hydrogels were prepared using the HyStem® Thiol-Modified Hyaluronan
Hydrogel Kit (Advanced Biomatrix). This kit consisted of a thiol-modified hyaluronan
(Glycosil®), a thiol-reactive crosslinker (polyethylene glycol diacrylate, Extralink®-Lite),
and degassed/deionized water. To prepare the hydrogels, the thiol-modified hyaluronan
and thiol-reactive crosslinker were reconstituted with degassed/deionized water and
allowed to mix on a shaker for approximately 60 minutes. A 100 mg/mL solution of
Mucin Type II (PGM, Sigma-Aldrich) was also prepared. The mucin powder was
sterilized by spreading the dry mucin powder in a petri dish, completely saturating the
powder with 95% ethanol, and placing the petri dish into a 70°C oven for 24 hours. After
24 hours, the mucin powder was collected and solubilized with phosphate-buffered saline
(PBS). The thiol-modified hyaluronan and mucin solution were first mixed by pipette and
after mixing, the thiol-reactive crosslinker was added to the mixture and the hydrogels
were deposited into the wells and allowed to solidify. HA hydrogels were tested at
thicknesses of 1.5 mm, 2 mm, and 2.5 mm. The formulations of the HA-based hydrogels
that were tested included HA concentrations of 4 mg/mL and 8 mg/mL, crosslinker
concentrations of 0.5 mg/mL and 1 mg/mL, and mucin concentrations of 0%, 1.5% and
5% (w/v). HA and crosslinker concentrations were chosen based on manufacturer

recommendations.

20



2.1.2 Alginate hydrogels crosslinked with CaCO3/GDL

The first alginate hydrogel crosslinking method investigated was a combination of
CaCOs and glucono-delta-lactone (GDL). Stock sodium alginate solutions were prepared
at a concentration of 30 mg/ml alginic acid sodium salt (low viscosity, MP Biomedicals)
in PBS. To sterilize the alginic acid sodium salt, the powder was placed into a 50 ml
Falcon tube and the tube was placed horizontally into an ultraviolet (UV) light sterilizing
chamber for 60 minutes (with the tube being rotated once every 20 minutes). For later
trials, HEPES buffer was also added to the stock sodium alginate solution at a
concentration of 75 mM. To sterilize the CaCO3 and GDL, the powders were weighed
and added to microcentrifuge tubes and were steam sterilized in an autoclave. The mucin
solution was prepared as stated in Section 2.1.1 except the concentration of the stock
solution was increased to 200 mg/mL. After all hydrogel components were sterilized, the
CaCOs3 powder was solubilized in PBS and mixed with the alginate solution and the
mucin solution to make the hydrogel mixture. The GDL powder was then solubilized in
PBS and mixed with the hydrogel mixture. The hydrogels were vortexed, deposited into
the wells (of a 48-well plate) at a thickness of 1.5 mm (based on volume deposited), and
allowed to crosslink within a cell culture incubator at 37°C and 5% COx2 for 45 minutes.
Formulations of the alginate hydrogels crosslinked with CaCO3/GDL that were tested
include crosslinker concentrations of 0.3% CaCO3 with 1.1% GDL and 0.45% CaCO3
with 1.6% GDL, mucin concentrations of 0%, 1%, and 4%, and an alginate concentration

of 1%.
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2.1.3 Alginate crosslinked with CaCl:

The second alginate hydrogel crosslinking method that was investigated was CaCla.
Sodium alginate stocks containing 75 mM HEPES were prepared as stated in Section
2.1.2. Stock calcium chloride solutions were prepared by solubilizing calcium chloride in
deionized (DI) water at a concentration of 10 mg/ml. For use within the hydrogels, the
higher concentration stock CaClz solution was diluted with 0.9% NaCl in DI water
directly prior to use. The calcium chloride and the NaCl solutions were sterilized using
filter sterilization with a 0.22 pum filter. The mucin solutions were prepared as stated in
Section 2.1.2. To prepare the hydrogels, alginate and mucin solutions were first mixed
and diluted with PBS. The CaCl: stock solutions were then diluted with the NaCl solution
and rapidly mixed by pipette with the rest of the hydrogel components. The hydrogel
mixture was then deposited into the wells at a thickness of 1.5 mm (based on volume
deposited) and allowed to solidify, as previously stated. The first CaClz-crosslinked
hydrogel formulations tested were combinations of 1% (weight per volume, w/v) alginate
(with no HEPES buffer), 0.67 mg/ml CaCl: crosslinker, and mucin concentrations
ranging from 0% up to 5% (w/v). The second iteration of CaClz-crosslinked alginate
hydrogel formulations tested had combinations of 1% and 1.5% (w/v) alginate, 0.67
mg/ml and 1 mg/ml CaCl: crosslinker, and 0%, 1%, and 4% mucins. The third iteration
of CaClz-crosslinked alginate hydrogel formulations tested had combinations of 1% and
1.5% alginate, 0.5 mg/ml and 0.6 mg/ml CaCl: crosslinker, and 0%, 1%, and 4% mucins.
The formulations from the third iteration were considered the potential mucus-like

hydrogel formulations and were further assessed for use within the final models.
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2.1.4 Alginate cushion

A thin layer of CaClz-crosslinked alginate hydrogel with 0% mucin concentration was
also incorporated into the model. This thin layer of alginate beneath the mucin-containing
mucus-like hydrogels is referred to as the alginate cushion. The alginate cushion was
incorporated into the model to improve 16-HBE cell adhesion, as the CaClz-crosslinked
alginate hydrogels with high mucin concentrations were resulting in reduced cell
adhesion after incubation. This strategy was chosen, as opposed to choosing an alternate
mucin source, because the majority of current mucus mimetics and mucus-mimicking
media use this source of commercially available porcine gastric mucins. It was desirable
to continue using this widely used mucin source for this research. The alginate cushion
was prepared with the same steps as outlined in Section 2.1.3. Potential alginate cushion
formulations investigated include alginate concentrations of 10 and 15 mg/ml and CaCl:
concentrations of 0.1, 0.2, 0.3, 0.4 and 0.5 mg/ml. The final alginate cushion formulation
was chosen based on crosslinking time using a plate tilt test. 500 ul of the potential
alginate cushion formulations were added to the wells of a 24-well plate and the plate
was periodically tilted to determine whether the hydrogels were solidified based on
hydrogel movement. The height of the alginate cushion was chosen based on the ability

for the chosen formulation to spread over the entirety of the bottom of the well.

2.2 Mammalian cell culture conditions
A human bronchial epithelial cell line, 16-HBE, was used for this study. The 16-HBE
cell line (16HBE140-) was kindly provided by Dr. Geoff Maksym, Dalhousie University.

16-HBE cells were incubated at 37°C and 5% COz. Dulbecco’s Modified Eagle Medium
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(DMEM, Thermo Fisher Scientific, Gibco, Cat. No. 11965092) and Gibco Ham’s F-12
nutrient mixture (F-12, Thermo Fisher Scientific, Gibco, Cat. No. 11765054) were mixed
ata 1:1 ratio and supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific, Gibco) and 1% antibiotic-antimycotic (A A, 100x, Thermo Fisher Scientific,
Gibco, Cat. No. 15240062) for all 16-HBE cell growth and maintenance. For initial
experiments in this study, media was changed at the beginning of each early experiment
to Roswell Park Memorial Institute (RPMI Medium 1640, Thermo Fisher Scientific,
Gibco, Cat. No. 11875093) media supplemented with 1% FBS and 1% AA to promote
slower cell growth and avoid cells becoming over confluent. This step was based on
another similar study [121] but was found to be unnecessary under the experimental
conditions of this research. Therefore, DMEM/F-12 media was used for the majority of
experiments. RPMI media with 1% FBS was used for HA hydrogel cytotoxicity
experiments and initial alginate hydrogel cytotoxicity experiments. DMEM/F-12 media
was used for the majority of alginate hydrogel cytotoxicity experiments and for all other
experiments post-cytotoxicity testing, including all microbe-mammalian co-culture
experiments.

For experiments with HA hydrogel formulations, a custom cell culture plate insert
was developed using polydimethylsiloxane (PDMS). The use of a custom PDMS cell
culture plate insert with shallow and small diameter wells was necessary as the HA
hydrogel kit used for this study contained a limited volume. To create the custom cell
culture plate insert, the SYLGARD™ 184 Silicone Elastomer Kit (Dow) was used. The
liquid components supplied in the kit were mixed at a 10:1 ratio as per kit instructions

and poured into a 60 mm cell culture plate up to PDMS thicknesses of 1.5, 2, or 2.5 mm.
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The PDMS-containing cell culture plates were placed into a vacuum chamber to be
degassed and then incubated in a 60°C oven for 24 hours to cure. Once the PDMS was
cured, a scalpel was used to carefully remove the PDMS sheets from the 60 mm cell
culture plate. A 4 mm diameter biopsy punch was used to create 12 evenly spaced
“wells” within the PDMS and then the PDMS was sterilized by UV sterilization and
inserted into a new 60 mm cell culture plate (Figure 4). Approximately 1 x 10% 16-HBE
cells were seeded into the 60 mm cell culture plate with the custom PDMS insert. The
cells were grown for 24 hours in the 60 mm cell culture plate prior to use for

experiments.

Figure 4: Custom PDMS plate insert within 60 mm cell culture plate for use with
HA hydrogels. In this figure, HA hydrogels have been added to the individual 4mm
diameter wells.

For all experiments with alginate hydrogel formulations, 48-well cell culture plates
were used. 16-HBE cells were seeded at a cell density of approximately 50000 to 55000
cells/well. Wells were coated with fibronectin (Thermo Fisher Scientific) prior to cell
seeding to encourage cell adhesion. The cells were grown for 24 hours in the 48-well

plate prior to use for experiments.
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2.3 Cytotoxicity assessment of hydrogels

To assess the cytotoxicity of potential hydrogel formulations, 16-HBE cells were first
cultured as stated in Section 2.2 above. After 24 hours of cell growth, the potential
mucus-like hydrogel formulations were added to the individual wells. Crosslinking time
was dependent on the components of the hydrogel, with the HA hydrogels being allowed
to crosslink for 50 minutes, the CaCO3/GDL alginate hydrogels being allowed to
crosslink for 45 minutes, and the CaCl. alginate hydrogels being allowed to crosslink for
35 minutes, all within a cell culture incubator at 37°C and 5% COx.

For the experiments where the alginate cushion was included, the cushion hydrogel
was first added to the individual wells at a thickness of approximately 0.4 mm (based on
volume deposited) and allowed to crosslink within a cell culture incubator at 37°C and
5% COz for 10 minutes. The mucus-like hydrogel formulations were then added over top
of the cushion at a thickness of approximately 1.1 mm (based on volume deposited).
After the hydrogels were solidified, 250 pl of cell culture medium was added over top of
the hydrogels when a 48-well plate was used. When the custom PDMS plate insert was
used for the HA-based hydrogels, a total of 5 ml of cell culture medium was added to
each plate, submerging the hydrogels and the PDMS plate insert. The cells and hydrogels
were then cultured together for 48 hours at 37°C and 5% COz. After 48 hours, the cell
culture medium and hydrogels were removed. For initial cytotoxicity experiments,
hydrogels were removed using liquid aspiration, but this method was later changed and
the hydrogels were instead removed using pipette aspiration with a 1000 pl pipette.

After the cell culture medium and hydrogels were removed from the 16-HBE cells, a

live/dead assay consisting of calcein AM and ethidium homodimer-1 (Thermo Fisher
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Scientific) and a Hoechst stain (Hoechst 33342, Thermo Fisher Scientific) was performed
to assess cell viability. Calcein AM and ethidium homodimer-1 were both diluted
together in PBS to final concentrations of 2 uM and 4 uM, respectively, and Hoechst was
diluted in PBS to a concentration of 8.1 pM. To stain the 16-HBE cells, the cells were
rinsed and then incubated with the calcein AM/ethidium homodimer-1 stain at 37°C for
30 minutes. The cells were then rinsed again and incubated with the Hoechst stain for 10
minutes at room temperature. The cells were rinsed a final time and then covered with
PBS for imaging. The EVOS™ FL Auto 2 Imaging System (Thermo Fisher Scientific)
was used to collect phase contrast and fluorescence images and to visualize live cells
(green fluorescent protein channel, GFP), dead cells (red fluorescent protein channel,
RFP), and cellular DNA (DAPI channel). ImageJ was used for image processing and cell
viability quantification. Cell viability for each condition was calculated based on cell

counts using Equation 1.

Total cells — Dead cells

Cell viability (%) = ( ) x 100% (D

Total cells

2.4 Viscoelastic characterization of hydrogels

The storage (elastic, G”) and loss (viscous, G’’) moduli of the 12 potential mucus-like
hydrogel formulations were measured. As described in Section 2.1.3, these formulations
were combinations of 1% and 1.5% alginate, 0.5 mg/ml and 0.6 mg/ml CaCl: crosslinker,
and 0%, 1%, and 4% mucins. A controlled-stress/controlled-rate rheometer (AR2000, TA
Instruments) with a 40 mm diameter/2° cone geometry was used to measure the moduli.

Use of the rheometer was kindly provided by Dr. Alison Scott, Dalhousie University. The
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temperature was kept constant at 23°C using a Peltier plate and a solvent trap was used to
prevent evaporation of the hydrogels. Strain sweeps were performed to determine the
linear viscoelastic region (LVR) of each hydrogel. Strain sweeps were performed from
0.1% to 1000% strain at an angular frequency of 1 rad/s. Frequency sweeps were then
performed to determine the frequency-dependent storage modulus and loss modulus of
each hydrogel. Frequency sweeps were performed from 0.1 to 100 rad/s at strains found
to be within the LVR of each hydrogel, which ranged from 1% to 2% strain. Each
hydrogel formulation was tested three times.

To conduct the measurements, the hydrogels were first prepared as outlined in
Section 2.1.3, with 1 ml of each hydrogel being prepared in microcentrifuge tubes. For
each measurement, a pipette was used to deposit 590 ul of the hydrogel onto the Peltier
plate. Hydrogels were deposited directly after mixing the crosslinker and tests were
conducted 15 or 20 minutes after deposition to allow the hydrogels to solidify. Strain and

frequency sweeps were repeated three times for each hydrogel formulation.

2.5 Bacteria strains and culture conditions

P. aeruginosa CF18 and S. aureus ATCC 6538 were used for this study. P.
aeruginosa CF18 is a CF clinical strain isolated from the airways of a child (< 24
months) (WOLFGANG 2003) with CF and was kindly provided by Dr. Zhenyu Cheng,
Dalhousie University. Frozen stocks of P. aeruginosa CF18 were stored in Luria-Bertani
(LB) broth containing 25% (v/v) glycerol stored at -80°C. For use of the bacteria within
experiments, frozen stocks were streaked on 1.5% (w/v) LB agar (Sigma-Aldrich) plates

and incubated overnight at 37°C, 5% COxz for 16 to 18 hours. Overnight cultures were
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prepared by using a loop to pick single colonies from the streaked plates and inoculating
5 ml of bacteria culture broth. LB broth was used for P. aeruginosa overnight cultures
and Brain Heart Infusion (BHI) broth was used for S. aureus overnight cultures. The
inoculated broth was placed in a shaking incubator shaking at 200 rpm and 37°C for 16 to

18 hours.

2.6 Preparation of aqueous two-phase system

The ATPS formulations used for this research consisted of polyethylene glycol (PEG)
and dextran (DEX). To prepare the ATPS formulations, 5% (w/v) PEG (35 kDa, Sigma-
Aldrich) and 5% (w/v) DEX (500 kDa, Pharmacosmos) were dissolved together in LB
broth as well as in DMEM/F-12 cell culture medium supplemented with 10% FBS. The
cell culture medium used for ATPS preparation did not contain any antibiotics or
antimycotics. The solutions were then mixed on a rocking platform shaker (VWR) until
the PEG and DEX were fully dissolved. Once fully dissolved, the solutions were filter
sterilized using suction filtration with a 0.22 um filter. After filtration, the solutions were
centrifuged for 90 minutes at 3000 x g to separate the PEG-rich phase and the DEX-rich
phase, which were then collected and stored at 4°C. For one preliminary experiment
assessing the containment of P. aeruginosa within an ATPS, a 5% PEG/5% DEX ATPS
was used where both phases were dissolved in DMEM/F-12 supplemented with 10%
FBS. For all other experiments, the ATPS that was used was a combination of the PEG-
rich phase of the DMEM/F-12 ATPS formulation (to support 16-HBE cell growth) with

the DEX-rich phase from the LB broth ATPS formulation (to support microbe growth).
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2.7 Assessment of Pseudomonas aeruginosa containment within aqueous two-phase

system

The ability for P. aeruginosa CF18 monoculture growth to be confined within an
ATPS was assessed. S. aureus ATCC 6538 containment within an ATPS had already
been established by previous lab members. For this experiment, a 5%/5% PEG/DEX
ATPS made with DMEM/F-12 cell culture medium supplemented with 10% FBS
(without antibiotic or antimycotic) was used. The ATPS was prepared as described in
Section 1.6. P. aeruginosa CF18 from an overnight culture was suspended in the DEX-
rich phase of the ATPS at optical densities (measured at 600 nm, ODsoo) of 0.01, 0.1, and
0.5. ODsoo is an approximation of bacteria concentration within a liquid sample. ODsoo
values were measured using the Varioskan Lux plate reader (Thermo Fisher Scientific).
250 pl of the PEG-rich phase was added to the wells of a 48-well plate and a BioMek
4000 Automated Liquid Handler (Beckman Coulter) was used to deposit a 0.5 ul droplet
of the inoculated DEX-rich phase into each of the wells. The plate was then imaged once
per hour for 18 hours using the EVOS™ FL Auto 2 Imaging System (Thermo Fisher
Scientific) while being incubated using the EVOS™ Onstage Incubator (Thermo Fisher

Scientific) at 37°C and 5% COsx.

2.8 Assessment of short-term bacteria culture establishment over healthy and CF
hydrogels using an aqueous two-phase system
An ATPS was used to establish a short-term confined bacteria culture over top of the
healthy and CF hydrogels. To assess whether the culture was confined, the alginate

cushion and the chosen healthy and CF mucus-like hydrogels were first deposited into
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wells of a 48-well plate at a total height of approximately 1.5 mm (based on volume
deposited). 250 pl of the PEG-rich phase from a 5%/5% PEG/DEX ATPS in DMEM/F-
12 was then added over top of the hydrogels. P. aeruginosa CF18 and S. aureus ATCC
6538 from overnight cultures were suspended in monoculture and co-culture in the DEX-
rich phase of a 5%/5% PEG/DEX ATPS in LB broth. The bacteria monocultures were
suspended within the DEX-rich phase at an ODeoo of 0.01 and the bacteria co-cultures
were suspended within the DEX-rich phase at an ODeoo of 0.005 for each species giving a
total ODeoo of 0.01. A BioMek 4000 Automated Liquid Handler (Beckman Coulter) was
used to deposit a 0.5 ul droplet of the inoculated DEX-rich phase into each of the wells.
The plate was then incubated for 5 hours at 37°C and 5% COa. After 5 hours, the liquid
PEG phase and the hydrogel phase of each culture condition were removed separately
using a pipette and were added to microcentrifuge tubes. Both phases were vortexed for
60 seconds and centrifuged at 16000 x g for 10 minutes to pellet bacteria. After
centrifugation, the supernatant from each condition was removed, the hydrogel phases
were resuspended in 150 ul of PBS, and the PEG phases were resuspended in 250 pl. The
samples were then serially diluted with PBS in a 96-well plate. Samples from
monoculture conditions were diluted from 10! to 10°¢ and 20 pul of each dilution was spot
plated onto LB agar (for P. aeruginosa monoculture) and BHI agar (for S. aureus
monoculture). Initially, samples from co-culture conditions were diluted from 10! to 10
and 20 pl of each dilution was spot plated onto mannitol salt phenol red agar (MSA,
selective for S. aureus, Millipore) and cetrimide agar (selective for P. aeruginosa,
Oxoid). The S. aureus grew on the MSA as expected but P. aeruginosa growth on the

cetrimide was inconsistent and did not follow the growth expected from serial dilutions.
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Spread plating, spot plating, and gliding drop plating techniques were used to assess P.
aeruginosa growth on cetrimide. After investigation, it was determined that P.
aeruginosa CF18 and S. aureus ATCC 6538 were distinguishable when spread plated on
LB agar based on colony color and morphology. The S. aureus growth on LB agar was
also found to be consistent with S. aureus growth on MSA. The samples from co-culture
conditions were then diluted from 102 to 10~ for PEG phase samples and 10 to 1077 for
hydrogel samples and 100 ul of each dilution was spread plated onto LB agar. Agar
plates were incubated for 16 to 18 hours at 37°C and 5% CO2 and colonies were counted
for colony forming unit (CFU) determination within the PEG phase and hydrogel phase
of each condition. Equation 2 was used to calculate the concentration of viable bacteria

within each condition.

N = C
T VxD

(2)

In Equation 2, N is the concentration of viable bacteria in CFU/ml, C is the number of

colonies counted, V is the volume of sample plated in ml, and D is the dilution factor.

2.9 Determination of ciprofloxacin minimum inhibitory concentration for bacteria
monocultures and co-cultures
The minimum inhibitory concentration (MIC) of ciprofloxacin was determined for P.
aeruginosa CF18 and S. aureus ATCC 6538 in monoculture and in co-culture using a
broth microdilution procedure [122]. Prior to this procedure, the correlation between
ODsoo and CFU/ml was first determined for P. aeruginosa CF18 and S. aureus ATCC
6538. Overnight cultures of P. aeruginosa and S. aureus were diluted to an ODeoo of

0.01, serially diluted in PBS from 10 to 107, and 100 ul of each dilution was spread
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plated on LB agar. The plates were incubated at 37°C and 5% COz for 16 to 18 hours.
After incubation, the colonies were counted and the CFU/ml corresponding to the plated
ODsoo of 0.01 was calculated using Equation 2. This was repeated in triplicate using
overnight cultures from three separate colonies for both species of bacteria.

Once the correlation between ODesoo and CFU/ml was determined for P. aeruginosa
CF18 and S. aureus ATCC 6538, overnight cultures of both species in LB broth were
diluted to ~ 1 x 10® CFU/ml and, for a co-culture of the two species, the overnight
cultures were diluted and mixed to a total concentration of ~ 1 x 103 CFU/ml. The
solutions were then further diluted 1:100 in LB broth so each solution had total bacteria
concentration of 1 x 10° CFU/ml. To determine the ciprofloxacin MIC, 50 ul of
ciprofloxacin at different dilutions (diluted in LB broth) was mixed with 50 ul of the
diluted bacteria cultures in the wells of a 96-well plate for a final bacteria concentration
of 5 x 10° CFU/ml within each well. The ciprofloxacin concentrations tested were 0.06,
0.125,0.25,0.5, 1,2, 4, 8, 16, and 32 pg/ml. For the three culture conditions (P.
aeruginosa monoculture, S. aureus monoculture, and co-culture of the two species) a
growth control (GC) and sterility control (SC) was also included. The GC was 50 ul of
bacteria solution with 50 ul of LB broth and the SC was 100 ul of LB broth with no
inoculation. All empty wells were filled with sterile PBS. The 96-well plate was
incubated at 37°C and 5% CO2 for 16 to 18 hours. The plate was incubated at 5% CO2 to
match later experimental conditions for experiments involving mammalian cells. The
MIC for each culture condition was determined to be the lowest tested concentration of
ciprofloxacin that resulted in no visible bacteria growth. The test was repeated twice for

the three culture conditions.
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2.10 Assessment of bacteria growth when cultured with healthy and CF hydrogels

in the presence of ciprofloxacin

Prior to culturing the P. aeruginosa CF18 and S. aureus ATCC 6538 within the
airway models, the growth of the bacteria with the mucus-like hydrogels in the presence
of ciprofloxacin was first assessed without the inclusion of 16-HBE cells. The cultures
were prepared as described in Section 2.8, with an ATPS being used to deposit the
bacteria over top of the healthy and CF mucus-like hydrogels. Also as described in
Section 2.8, the plate was cultured for 5 hours at 37°C and 5% COaz. After 5 hours, the
PEG-rich phase of the ATPS was carefully removed through pipetting and was replaced
with DMEM/F-12 supplemented with 10% FBS and 0.5 pg/ml ciprofloxacin. The plate
was then cultured for an additional 43 hours at 37°C and 5% COa, for a total culture
period of 48 hours. After the 43-hour culture period, 50 pl of the liquid phase from each
culture condition was carefully collected through pipetting and was deposited into
microcentrifuge tubes. The remainder of the liquid phase was then carefully removed and
disposed of. This was done to avoid collecting any of the bacteria at the liquid-hydrogel
interface and to avoid collecting the hydrogel itself. Once the liquid phase was removed,
the hydrogel phase from each culture condition were collected and deposited into
microcentrifuge tubes. The hydrogel phases were prepared as described in Section 2.8
and the liquid phases were vortexed for 60 seconds each. The samples were then serially
diluted with PBS in a 96-well plate. Samples from monoculture conditions were diluted
from 10! to 107 and a combination of spot plating and spread plating techniques were
used. A combination of spot and spread plating was used for the monoculture dilutions

because there is only space for six spot plating dilutions on one agar plate. For six of the
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seven dilutions, 20 pl of each dilution was spot plated onto LB agar, with 100 pl of the
seventh dilution spread plated onto LB agar. Samples from co-culture conditions were
diluted from 10! to 10® and 100 pl of each dilution was spread plated onto LB agar. Co-
culture dilutions were spread plated because colonies of the two species were not
distinguishable when spot plating was tested. The concentration of viable bacteria in the
liquid and hydrogel phase for each culture condition was then determined as described in

Section 2.8.

2.11 Assessment of mammalian-microbe culture without ciprofloxacin

P. aeruginosa CF18 and S. aureus ATCC 6538 were cultured within the airway
models without ciprofloxacin to assess their impact on 16-HBE cell viability. 16-HBE
cells were seeded into a fibronectin-coated 48-well plate at a seeding density of
approximately 55000 cells/well. The cells were cultured at 37°C and 5% COx for 24
hours, growing to approximately 60% confluency. After the 24-hour culture period, the
cultures were prepared as described in Section 2.8, with an ATPS being used to deposit
the bacteria over top of the healthy and CF mucus-like hydrogels. Also as described in
Section 2.8, the plate was cultured for 5 hours at 37°C and 5% COaz. After 5 hours, the
PEG-rich phase of the ATPS was carefully removed through pipette aspiration and was
replaced with DMEM/F-12 supplemented with 10% FBS (without antibiotic or
antimycotic). The plate was then cultured for an additional 1 or 19 hours, representing
total culture periods of 6 and 24 hours, respectively. After both of these culture periods,
the liquid phases and hydrogel phases from each culture condition were prepared as

described in Section 2.10 and, once prepared, were serially diluted with PBS in a 96-well
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plate. Samples from the 6-hour monoculture conditions were diluted from 10! to 10-® and
20 ul of the first 6 dilutions were spot plated while 100 ul of the last dilution was spread
plated, all on LB agar. Samples from the 24-hour monoculture conditions were diluted
from 107! to 10-'% and 20 pl of each dilution was spot plated on LB agar. Samples from
the 6-hour and 24-hour co-culture conditions were diluted from 107! to 10-® and 100 ul of
each dilution was spread plated on LB agar. The concentration of viable bacteria in the
liquid and hydrogel phase for each culture condition of both culture periods was then
determined as described in Section 2.8. After the 6- and 24-hour culture periods, 16-HBE
cell viability was also assessed using a live/dead assay and a Hoechst stain as described

in Section 2.3.

2.12 Assessment of healthy and CF airway models

To establish the healthy and CF airway models, which combine mammalian-microbe
culture with the mucus-like hydrogels and a relevant CF antibiotic, 16-HBE cells were
first seeded into a fibronectin-coated 48-well plate at a seeding density of approximately
55000 cells/well. The cells were cultured at 37°C and 5% COx2 for 24 hours, growing to
approximately 60% confluency. After the 24-hour culture period, the cultures were
prepared as described in Section 2.8, with an ATPS being used to deposit the bacteria
over top of the healthy and CF mucus-like hydrogels. Also as described in Section 2.8,
the models were cultured for 5 hours at 37°C and 5% COa. After 5 hours, the PEG-rich
phase of the ATPS was carefully removed through pipette aspiration and was replaced
with DMEM/F-12 supplemented with 10% FBS and 0.5 pg/ml ciprofloxacin. The models

were then cultured for an additional 43 hours. After 43 hours, the liquid phases and
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hydrogel phases from each culture condition were prepared as described in Section 2.10
and, once prepared, were serially diluted with PBS in a 96-well plate. Samples from
monoculture conditions were diluted from 10! to 10-7 and a combination of spot plating
and spread plating techniques were used. For six of the seven dilutions, 20 pl of each
dilution was spot plated onto LB agar, with 100 pul of the seventh dilution spread plated
onto LB agar. Samples from co-culture conditions were diluted from 10! to 107 and 100
ul of each dilution was spread plated on LB agar. The concentration of viable bacteria in
the liquid and hydrogel phase for each culture condition was then determined as
described in Section 2.8. After the full 48-hour culture period, 16-HBE cell viability was
also assessed using a live/dead assay and a Hoechst stain as described in Section 2.3. A

schematic of the final assessment of the airway models can be found in Figure 5 below.
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Figure 5: Schematic of the final airway model assessment. For the final assessment,
both the healthy and CF airway models were composed of a mucus-like hydrogel
overlaid onto a layer of 16-HBE cells. An ATPS was used to deposit P. aeruginosa and
S. aureus, in monoculture or co-culture, over top of the mucus-like hydrogels. The
models were cultured for 5 hours and then the PEG phase of the ATPS was removed and
replaced with 0.5 pg/ml ciprofloxacin in DMEM/F-12. This was then cultured for another
43 hours and, after this culture period, the concentration of viable bacteria within the
liquid and hydrogel phases were determined through CFU enumeration and 16-HBE cell
viability was assessed using a live/dead assay and DNA stain. Schematic created with
BioRender.com.

2.13  Statistical analysis
GraphPad Prism (Version 9.4.1) was used for statistical analysis of bacterial

abundance and potential mucus-like hydrogel rheology data. Statistical significance of
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bacterial abundance was determined using two-way analysis of variance (ANOVA) with
p values represented as *p < 0.05, **p < 0.01, ***p <0.001. Statistical significance of
potential mucus-like hydrogel rheology data when comparing increased crosslinker
concentration and increased alginate concentration were determined using Welch’s t-test
with p values represented as *p < 0.05 (when comparing G’ values) and °p < 0.05 (when
comparing G’ values). Statistical significance of potential mucus-like hydrogel rheology
data when comparing increased mucin concentration was determined using one-way

ANOVA with p values of p < 0.05 indicated by matching superscripts.
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CHAPTER 3. Results

3.1 Selection of potential mucus-like hydrogel formulations based on cytotoxicity
assessments
The viability of 16-HBE cells was assessed after 48 hours of culture with HA
hydrogels and alginate hydrogels. 16-HBE cell viability under these conditions is

described in the following sections.

3.1.1 Hyaluronic acid hydrogels

16-HBE cell viability results after 48 hours of culture with the HA hydrogels was
similar for all three hydrogel thicknesses tested. Also, cell viability did not appear to
differ greatly with changes in HA concentration or crosslinker concentration, but did
appear to depend on changes in mucin concentration. 16-HBE cells incubated with HA
hydrogels containing 0% mucins showed high cell viability with few non-viable cells. 16-
HBE cells incubated with HA hydrogels containing 1.5% and 5% mucins showed all non-
viable cells with no remaining live cells, and cell adherence was also found to be
generally poor. Cell adherence was found to be greater for HA hydrogels containing 5%
mucins than for HA hydrogels containing 1.5% mucins (Figure 6). Based on these results,
all tested formulations of HA hydrogels containing mucins were deemed cytotoxic after

48 hours of culture with 16-HBE cells.

39



0.8% HA 0.4% HA

If 0% Mucins 1.5% Mucins 5% Mucins ] Ir 0% Mucins 1.5% Mucins 5% Mucins \
0.05%
Crosslinker
0.1%
Crosslinker

Figure 6: Cell viability of 16-HBE cells cultured beneath 1.5 mm thick HA-based
hydrogels for 48 hours. Live/dead assay with calcein AM and ethidium homodimer-1
performed after 48 hours of culture. Green cells are viable and red cells are non-viable.
Images captured on EVOS™ FL Auto 2 Imaging System using GFP and RFP channels.

Scale bar =275 pum.

3.1.2 Alginate hydrogels crosslinked with CaCO3/GDL

Alginate-based hydrogels were also investigated as potential mucus-like hydrogels.
The first alginate crosslinking method that was investigated was a combination of CaCOs3
and glucono-delta-lactone (GDL). This crosslinking method works by mixing low
solubility CaCO3 with a sodium alginate solution and then adding GDL to acidify the
mixture. This acidification releases the calcium ions from the CaCO3 which form
crosslinks between the alginate strands. Initial testing of the alginate hydrogels
crosslinked with CaCO3 and GDL showed poor cytocompatibility with no viable cells

remaining for the hydrogels containing 1% and 4% mucins (Figure 7).
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Figure 7: Cell viability of 16-HBE cells cultured beneath 1% (w/v) alginate
hydrogels crosslinked with CaCO3/GDL. Live/dead assay with calcein AM and
ethidium homodimer-1 performed after 48 hours of culture. Green cells are viable and red
cells are non-viable. Images captured on EVOS™ FL Auto 2 Imaging System using GFP
and RFP channels. Scale bar = 650 um.
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The same hydrogel formulations were retested with HEPES buffer added to the system.
Results were similar to the previous trial, although cell viability was improved for the 0%
mucin hydrogels. Cell adherence and cell viability were poor for both the 1% and 4%
mucin hydrogels (Figure 8). Across all trials, cell viability did not appear to differ greatly
between the two crosslinker concentrations tested. Based on these results, all tested
formulations of alginate crosslinked with CaCO3/GDL that contained mucins were

deemed cytotoxic after 48 hours of culture with 16-HBE cells.
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Figure 8: Cell viability of 16-HBE cells cultured beneath 1% (w/v) alginate
hydrogels crosslinked with CaCO3/GDL and containing HEPES buffer. Live/dead
assay with calcein AM and ethidium homodimer-1 performed after 48 hours of culture.

Green cells are viable and red cells are non-viable. Images captured on EVOS™ FL Auto
2 Imaging System using GFP and RFP channels. Scale bar =275 pm.
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3.1.3 Alginate hydrogels crosslinked with CaCl:

The second alginate crosslinking method that was investigated was CaClz. This
crosslinking method works through calcium ions from highly soluble CaCl: replacing
sodium ions in the sodium alginate and forming crosslinks between the alginate strands.
The initial test was to assess cell viability of 16-HBE cells incubated with CaCl.-
crosslinked alginate hydrogels containing a wide range of mucin concentrations. Lower
and higher mucin concentrations needed to be developed to represent the relative
difference in mucin concentration between CF and healthy airway mucus. The hydrogel
formulations tested were combinations of 1% alginate, 0.67 mg/ml CaCl: crosslinker, and
mucin concentrations ranging from 0% up to 5% (0 mg/mL up to 50 mg/mL). There were
few non-viable 16-HBE cells observed for mucin concentrations up to 4%. Above 4%

mucins, cell viability and cell adhesion were reduced (Figure 9).

Medi 0 mg/ml Mucins 15 mg/ml Mucins 20 mg/ml Mucins 25 mg/ml Mucins

Figure 9: Cell viability of 16-HBE cells cultured beneath CaClz-crosslinked alginate
hydrogels with varying mucin concentrations. Live/dead assay with calcein AM and
ethidium homodimer-1 performed after 48 hours of culture. Green cells are viable and red
cells are non-viable. Images captured on EVOS™ FL Auto 2 Imaging System using GFP
and RFP channels. Scale bar = 275 pum.

The following test involved reducing the range of mucin concentrations but

increasing the range of alginate and crosslinker concentrations in the hydrogel
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formulations. The formulations tested for this iteration were combinations of 1% and
1.5% alginate, 0.67 and 1 mg/mL CaCl: crosslinker, and 0%, 1%, and 4% mucins. For
this experiment and all experiments moving forward, HEPES buffer was incorporated
into the hydrogels to attempt to improve 16-HBE cell viability and adhesion by better
maintaining a physiological pH. Cell viability was high across all conditions but the
hydrogels were found to begin solidifying while pipetting which lead to uneven hydrogel

thicknesses within the wells (Figure 10).

10 mg/ml Alginate 15 mx/ml Alginate
I\
I 0 mg/ml Mucins 10 mg/ml Mucins 40 mg/ml Mucins W 0 mg/ml Mucins 10 rng]ml Mucins 40 mg/ml Mucins

Figure 10: Cell viability of 16-HBE cells cultured beneath CaClz-crosslinked
alginate hydrogels with varied alginate, mucin, and CaCl: crosslinker
concentrations. Live/dead assay with calcein AM and ethidium homodimer-1 performed
after 48 hours of culture. Green cells are viable and red cells are non-viable. Images
captured on EVOS™ FL Auto 2 Imaging System using GFP and RFP channels. Scale
bars =275 um.
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1mg/ml
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To reduce the uneven pipetting occurring with the previous trials, crosslinker
concentrations within the hydrogel formulations were reduced. The new hydrogel
formulations tested were combinations of 1% and 1.5% alginate, 0.5 and 0.6 mg/mL
CaClz crosslinker, and 0%, 1%, and 4% mucins. With these formulations, the uneven
pipetting issue was resolved and average cell viability was above 96% for all
formulations (Figure 11) but overall cell adhesion was lacking, particularly for the 4%

mucin hydrogel formulations.
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Figure 11: Cell viability of 16-HBE cells cultured beneath CaClz-crosslinked
alginate hydrogels with reduced CaCl: crosslinker concentrations. (A) Live/dead
assay with calcein AM and ethidium homodimer-1 performed after 48 hours of culture.
Green cells are viable and red cells are non-viable. Images captured on EVOS™ FL Auto
2 Imaging System using GFP and RFP channels. Naming convention of hydrogels shown
in bottom right corner of each image, with hydrogels named Gel-A through Gel-L.
Representative images chosen from three biological replicates. Scale bar =275 um. (B)
Average 16-HBE cell viability (%) + standard deviation (SD) shown for each hydrogel
formulation. Data averaged from three biological replicates.

3.1.4 Alginate hydrogels crosslinked with CaCl: including alginate cushion

To improve cell adhesion, an approximately 0.4 mm thick layer of CaClz-crosslinked
alginate hydrogel with a 0% mucin concentration was added on top of the 16-HBE cells
and below the mucus-like hydrogel formulations. This thin alginate hydrogel layer was
added to act as a buffer between the 16-HBE cells and the mucus-like hydrogels and was

named the “alginate cushion”. The alginate cushion formulation was chosen based on
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gelation time. Alginate hydrogels with combinations of 1% and 1.5% alginate, 0.1, 0.2,
0.3, 0.4, and 0.5 mg/mL CaClz, and 0% mucins were assessed as potential alginate
cushion formulations. The formulation chosen for the alginate cushion was 1.5% alginate,
0.5 mg/mL CaCl: crosslinker, and 0% mucins because this formulation was found to
solidify after 10 minutes. The alginate cushion volume (and thus height) to be used with
the mucus-like hydrogels was chosen by pipetting varying volumes of the chosen alginate
cushion formulation into a 48-well plate and determining the lowest volume that would
spread and cover the bottom of the well. Volumes tested ranged from 20 puL to 70 pL at
10 puL increments and the chosen alginate cushion volume was 40 pL.

Once the alginate cushion formulation was chosen, it was combined with the potential
mucus-like hydrogel formulations. The mucus-like hydrogel formulations tested with the
inclusion of the alginate cushion were combinations of 1% and 1.5% alginate, 0.5 and 0.6
mg/ml CaClz crosslinker, and 0%, 1%, and 4% mucins. The alginate cushion was added
at a thickness of approximately 0.4 mm with the mucus-like hydrogel being added
overtop at a thickness of 1.1 mm, keeping the total hydrogel thickness at approximately
1.5 mm (Figure 12). A total hydrogel thickness of 1.5 mm was chosen to approximate a
build-up of mucus in the bronchi/bronchioles, which have been found to generally range

in diameter from 1 to approximately 6 mm [123].

/_'-_——___—_-———\
\__________—___________/‘
Mucus-like
~1.1 mm ——— alginate hydrogel
(1% or 4% mucins)
~0.4 mm Alginate "cushion”
(0% mucins)

Figure 12: Schematic of the alginate cushion. An approximately 0.4 mm thick alginate
cushion layer was added to the bottom of each well (on top of a layer of 16-HBE cells for
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experiments including 16-HBE cells) with an approximately 1.1 mm thick mucus-like
hydrogel layer added over top. Schematic created with BioRender.com.

With the addition of the alginate cushion, cell adhesion was generally improved (Figure

Without
alginate
cushion

0% Mucin Hydrogel 1% Mucin Hydrogel 4% Mucin Hydrogel

With
alginate
cushion

Figure 13: Representative images of 16-HBE cell adhesion after culture beneath
CaClz-crosslinked alginate hydrogel formulations without (top row) and with
(bottom row) the addition of an alginate cushion layer. Phase contrast images
captured on EVOS™ FL Auto 2 Imaging System. Scale bar = 650 um.

13).

16-HBE cell viability was also high after the addition of the alginate cushion with an

average cell viability of 98% or greater for all formulations (Figure 14).
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Figure 14: Cell viability of 16-HBE cells cultured beneath CaClz-crosslinked
alginate hydrogels with the addition of an alginate cushion layer. (A) Live/dead assay
with calcein AM and ethidium homodimer-1 performed after 48 hours of culture. Green
cells are viable and red cells are non-viable. Images captured on EVOS™ FL Auto 2
Imaging System using GFP and RFP channels. Naming convention of hydrogels shown
in bottom right corner of each image, with hydrogels named Gel-A through Gel-L.
Representative images chosen from three biological replicates. Scale bar = 275 um. (B)
Average 16-HBE cell viability (%) + SD shown for each hydrogel formulation. Data
averaged from three biological replicates.

Based on hydrogel cytotoxicity testing, twelve formulations were chosen as potential
mucus-like hydrogel formulations for the final airway models (with the inclusion of the

alginate cushion layer). The twelve formulations can be found summarized in Table 1

below.
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Table 1: Potential mucus-like hydrogel formulations chosen based on 16-HBE
cytotoxicity after 48 hours of culture.

1% alginate 1.5% alginate
0% 1% 4% 0% 1% 4%
mucin mucin mucin mucin mucin mucin
0.5 mg/ml CaCLz | Gel-A Gel-B Gel-C Gel-D Gel-E Gel-F
0.6 mg/ml CaClz | Gel-G Gel-H Gel-I Gel-J Gel-K Gel-L

The four formulations with 1% mucins (Gels B, E, H and K) were potential healthy
mucus-like hydrogels as a relatively lower mucin concentration is more representative of
healthy airway mucus. The four formulations with 4% mucins (Gels C, F, I, and L) were
potential CF mucus-like hydrogel formulations as the relatively higher mucin
concentration is more representative of CF airway mucus. The four formulations with 0%
mucins were not intended to be used for the final models but were included in testing and
analysis as a control. This was necessary to observe how the inclusion of mucins in the

hydrogels affected hydrogel cytotoxicity and viscoelastic properties.

3.2 Selection of healthy and CF mucus-like hydrogels based on viscoelastic

characterization

Once the potential mucus-like hydrogels were chosen based on cytocompatibility, the
viscoelastic properties of the twelve potential hydrogel formulations were measured and
analyzed to select final hydrogel formulations to represent the CF and healthy mucus-like
hydrogels. The viscoelastic properties that were measured were the storage modulus, G’,
and the loss modulus, G*’. These properties are the two components of the complex
modulus which is a measure of the overall resistance to deformation of a material. When

deformation is imposed on a material, the storage modulus represents the deformation
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energy that becomes stored within a material and is used for elastic deformation while the
loss modulus represents the deformation energy that is dissipated due to viscous flow. An
increase in one or both of these properties is an increase in the overall complex modulus
which indicates an increased resistance to deformation of a material. The general trend
that emerged was that the viscoelastic properties of the hydrogels appeared to be
dependent on changes in crosslinker concentration, changes in alginate concentration, and
changes in mucin concentration. When crosslinker concentration was increased, the
viscoelastic properties of the hydrogels tended to increase, although this increase was less
pronounced for the hydrogels with a higher mucin concentration (Table 2). Plots
comparing viscoelastic properties of the potential mucus-like hydrogel formulations

when crosslinker concentration was varied can be found in Appendix A.

Table 2: Storage (G’) and loss (G’’) moduli of potential mucus-like hydrogel
formulations paired by constant mucin and alginate concentration to demonstrate
how crosslinker concentration impacts viscoelastic properties. Values in table were
measured at an angular frequency of 1 rad/s. Values are the average = SD from three
independent measurements. ?Indicates statistical significance between G’ of the two
formulations being compared and Yindicates statistical significance between G*” of the
two formulations being compared (P < 0.05).

G’ (Pa) G’ (Pa)
0% mucin Gel-A (0.5 mg/ml CaCly) 13.600 £ 3.170 1.300 + 0.382°
1% alginate Gel-G (0.6 mg/ml CaClz) | 30.283 +£9.229 2.400 +0.381°
0% mucin Gel-D (0.5 mg/ml CaCl,) 15.596 + 9.801 2.030 £ 0.554°
1.5% alginate Gel-J (0.6 mg/ml CaClz) 34.593 + 8.580 3.224 +0.413°
1% mucin Gel-B (0.5 mg/ml CaCl>) 10.039 +£3.1272 1.326 £ 0.351
1% alginate Gel-H (0.6 mg/ml CaClz) | 22.830 +4.826° 3.003 +£1.010
1% mucin Gel-E (0.5 mg/ml CaCl) 11.118 +3.571 2.902 +0.761
1.5% alginate Gel-K (0.6 mg/ml CaCl>) 19.970 £ 4.826 3.224 +£0.798
4% mucin Gel-C (0.5 mg/ml CaClz) 10.729 +£2.907 2.759 £ 0.555
1% alginate Gel-1 (0.6 mg/ml CaClz) 17.463 + 3.535 3.654 +£0.797
4% mucin Gel-F (0.5 mg/ml CaClz) 16.590 + 5.801 4,998 +1.733
1.5% alginate Gel-L (0.6 mg/ml CaCl) 19.970 £2.523 5.817 £0.260
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When the alginate concentration was increased, the storage moduli of the hydrogels were

very similar but the loss modulus tended to increase (Table 3). Plots comparing

viscoelastic properties of the potential mucus-like hydrogel formulations when alginate

concentration was varied can be found in Appendix B.

Table 3: Storage (G’) and loss (G’’) moduli of potential mucus-like hydrogel
formulations paired by constant mucin and crosslinker concentration to
demonstrate how alginate concentration impacts viscoelastic properties. Values in
table were measured at an angular frequency of 1 rad/s. Values are the average + SD
from three independent measurements. PIndicates statistical significance between G of
the two formulations being compared (P < 0.05). No statistical significance was found for
any of the G’ values being compared.

G’ (Pa) G”’ (Pa)
0% mucin Gel-A (1% alginate) 13.600 £3.170 1.300 +£0.382
0.5 mg/ml CaClz | Gel-D (1.5% alginate) 15.596 + 9.801 2.030 + 0.554
0% mucin Gel-G (1% alginate) 30.283 £9.229 2.400 £+ 0.381
0.6 mg/ml CaCl: | Gel-J (1.5% alginate) 34.593 + 8.580 3.224+0.413
1% mucin Gel-B (1% alginate) 10.039 + 3.127 1.326 +0.351
0.5 mg/ml CaClz | Gel-E (1.5% alginate) 11.118 +3.571 2.902 +0.761
1% mucin Gel-H (1% alginate) 22.830 +4.826 3.003 £ 1.010
0.6 mg/ml CaCl: | Gel-K (1.5% alginate) 19.970 +4.826 3.224 +0.798
4% mucin Gel-C (1% alginate) 10.729 £ 2.907 2.759 £ 0.555
0.5 mg/ml CaClz | Gel-F (1.5% alginate) 16.590 + 5.801 4.998 + 1.733
4% mucin Gel-I (1% alginate) 17.463 +3.535 3.654 +£0.797°
0.6 mg/ml CaClz | Gel-L (1.5% alginate) 19.970 £+ 2.523 5.817 £ 0.260°

When the mucin concentration was increased, the storage modulus tended to decrease

and the loss modulus tended to increase (Table 4). Plots comparing viscoelastic

properties of the potential mucus-like hydrogel formulations when mucin concentration

was varied can be found in Appendix C.
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Table 4: Storage (G’) and loss (G’’) moduli of potential mucus-like hydrogel
formulations grouped by constant alginate and crosslinker concentration to
demonstrate how mucin concentration impacts viscoelastic properties. Values in
table were measured at an angular frequency of 1 rad/s. Values are the average £ SD
from three independent measurements. Matching ? or ° indicates statistical significance
between G’ values. No statistical significance was found for any of the G’ values being

compared.
G’ (Pa) G’ (Pa)
1% alginate Gel-A (0% muc.in) 13.600 £+ 3.170 1.300 + 0.382?
0.5 mg/ml CaCl; Gel-B (1% mucl.n) 10.039 + 3,127 1.326 £ 0.351°
Gel-C (4% mucin) 10.729 £2.907 | 2.759 +0.555%P
1.5% alginate Gel-D (0% mucin) 15.596 + 9.801 2.030 + 0.5542
0.5 mg/ml CaCl, Gel-E (1% mucin) 11.118 +3.571 2.902 +0.761
Gel-F (4% mucin) 16.590 £+ 5.801 4.998 +1.7332
1% alginate Gel-G (0% mucin) 30.283 £9.229 2.400 £ 0.381
0.6 mg/ml CaCl Gel-H (1% mu?in) 22.830 +4.826 3.003 £ 1.010
Gel-I (4% mucin) 17.463 +3.535 3.654 £ 0.797
1.5% alginate Gel-J (0% mucin) 34.593 £ 8.580 3.224+£ 0413
0.6 mg/ml CaCl Gel-K (1% muc.in) 19.970 + 4.826 3.224 +0.798°
Gel-L (4% mucin) 19.970 £ 2.523 5.817 £ 0.260*"

Based on the measured viscoelastic properties and the mucus-like hydrogel selection
criteria, Gel-E was chosen as the healthy mucus-like hydrogel and Gel-L was chosen as
the CF mucus-like hydrogel. All potential hydrogel formulations showed elastically
dominant behavior (G’ > G’’) and all potential hydrogel formulations were within the
same order of magnitude as physiological airway mucus. Gel-E and Gel-L were primarily
chosen based on their difference in viscoelastic properties. Gel-B was also considered for
the healthy mucus-like hydrogel as it also met the criteria, but through cytotoxicity
testing it was found that Gel-B was more prone to hydrogel contraction during culture
which was undesirable. The viscoelastic properties of the alginate cushion were not
measured as the thicker mucus-like hydrogel makes up the majority of the hydrogel layer

within the models and is the main interface with the bacteria while the alginate cushion is

51



a relatively thinner layer. The viscoelastic properties, G” and G’’, of the chosen mucus-
like hydrogels plotted against angular frequency can be found in Figure 15. A comparison
of the viscoelastic properties of the chosen mucus-like hydrogels at selected high and low

angular frequencies can be found in Appendix D.
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Figure 15: Viscoelastic properties of the chosen mucus-like hydrogel formulations.
The properties of the CF mucus-like hydrogel, Gel-L, are shown in red and the properties
of the healthy mucus-like hydrogel, Gel-E, are shown in green. Storage moduli, G’,
represented by solid icons and loss moduli, G’’, represented by open icons. Data shown
from an angular frequency range of 0.1 to 20 rad/s. Values are the average = SD from
three independent measurements.

The measured viscoelastic properties of the chosen hydrogels were also compared to

literature viscoelastic properties of healthy and CF mucus (Figure 16).
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Figure 16: Viscoelastic properties of the chosen mucus-like hydrogels compared to
the viscoelastic properties of healthy and CF mucus in literature. The properties of
the CF mucus-like hydrogel, Gel-L, are shown in red and the properties of the healthy
mucus-like hydrogel, Gel-L, are shown in green. The grey icons represent viscoelastic
properties of CF and healthy mucus found in literature. Icons in line vertically represent
the properties measured at lower and higher angular frequencies. The lower and higher
angular frequencies of the mucus-like hydrogels were 0.1 and 20 rad/s while literature
values were measured at frequencies ranging from 0.1 up to 100 rad/s. Literature values

obtained from [19]-[21], [24], [25], [271, [28], [96], [124]-[129].

A summary of how the chosen mucus-like hydrogels meet the hydrogel selection criteria
can be found in Table 5.

Table 5: Chosen mucus-like hydrogels compared to the hydrogel selection criteria.

Gel-E (healthy mucus-like hydrogel) and

Selecti iteri
clection criteria Gel-L (CF mucus-like hydrogel)

Average cell viability after 48 hours of
culture with Gel-E and Gel-L (including
the addition of the alginate cushion) is
above 98%.

The healthy and CF mucus-like hydrogels
must not reduce cell viability below 80%
when co-cultured for 48 hours.

The solids content and mucin protein
concentration of the healthy and CF mucus-
like hydrogels must be different. The
relative difference should be similar to the
relative differences between native healthy
and CF airway mucus.

Gel-E has 2.6% (w/v) solids and 1% (w/v)
mucin proteins, while Gel-L has 5.6%
(w/v) solids and 4% (w/v) mucin proteins.
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Selection criteria

Gel-E (healthy mucus-like hydrogel) and
Gel-L (CF mucus-like hydrogel)

The healthy and CF mucus-like hydrogels
must show elastically dominant behavior
(ie. G >G")

Both Gel-E and Gel-L show elastically
dominant behavior with greater storage
moduli than loss moduli.

The viscoelastic properties of the healthy
and CF mucus-like hydrogels must be
significantly different.

The storage moduli and loss moduli of Gel-
L are significantly greater than the storage
moduli and loss moduli of Gel-E.

The healthy and CF mucus-like hydrogels
must have viscoelastic properties within the
same order of magnitude as physiological
airway mucus.

The storage and loss moduli of both
healthy and CF mucus reported in literature
generally range from 0.1 to 100 Pa with a
small number of values > 100 Pa reported
for the storage modulus of CF mucus. The
storage and loss moduli of Gel-L and Gel-E
are within this order of magnitude.

The healthy and CF mucus-like hydrogels
must gel within 1 hour or less.

Gel-E and Gel-L, as well as the rest of the
12 potential mucus like hydrogel
formulations, gel within less than 1 hour
based on tube inversion.

To summarize, the chosen healthy mucus-like hydrogel formulation, Gel-E, consists of

1.5% alginate, 0.5 mg/ml CaClz, and 1% mucins. The chosen CF mucus-like hydrogel

formulation, Gel-L, consists of 1.5% alginate, 0.6 mg/ml CaClz, and 4% mucins.

3.3 Preliminary observation of Pseudomonas aeruginosa CF18 growth within

aqueous two-phase system

P. aeruginosa CF18 was grown within a 5% PEG/5% DEX ATPS on tissue culture

plastic (with no hydrogels) for 18 hours as a preliminary assessment of bacteria

containment within the DEX phase (Figure 17). Both phases of the ATPS used for this

experiment were solubilized in DMEM/F-12 cell culture medium supplemented with

10% FBS but this was adapted and all other experiments that include an ATPS are 5%
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PEG in DMEM/F-12 cell culture medium supplemented with 10% FBS with 5% DEX in
LB broth.

After 6 hours of culture, P. aeruginosa seeded at 0.01 ODeoo was contained while P.
aeruginosa seeded at 0.1 ODsoo was beginning to breach the DEX phase and P.
aeruginosa seeded at 0.5 ODsoo was no longer contained. After 12 hours, P. aeruginosa
was no longer contained within the DEX droplet for any of the three conditions.
Preliminary ATPS containment on tissue culture plastic was not assessed for S. aureus

ATCC 6538 as this was previously investigated and confirmed by another lab member.

12 hours 18 hours

Figure 17: Preliminary observation of P. aeruginosa CF18 containment within 5%

PEG/5% DEX ATPS on tissue culture plastic at different bacteria seeding densities.
Timelapse imaging completed over 18 hours using EVOS™ FL Auto 2 Imaging System
(Thermo Fisher Scientific) while being incubated using the EVOS™ Onstage Incubator.
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3.4 Short-term confined culture of bacteria with healthy and CF mucus-like
hydrogels using an aqueous two-phase system
The ability to establish a short-term confined culture of P. aeruginosa CF18 and S.
aureus ATCC 6538 on top of/within the mucus-like hydrogels was assessed. Establishing
a short-term confined culture of these microbes over the hydrogels was the first step

towards the final microbe-mammalian airway models.

3.4.1 Viable Pseudomonas aeruginosa within PEG and hydrogel phases after 5

hours

After 5 hours of growth within the ATPS, the majority of viable P. aeruginosa was
collected with the hydrogel phase for both the P. aeruginosa monoculture and the P.
aeruginosa co-culture with S. aureus (Figure 18). The hydrogel phase had a minimum of
six times the viable bacteria relative to the PEG phase for all conditions. The differences
between viable P. aeruginosa within the hydrogel phase and PEG phase for each
respective culture condition was found to be statistically significant.

P. aeruginosa Monoculture P. aeruginosa from Co-culture
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Figure 18: Concentration of viable P. aeruginosa (CFU/ml) within healthy and CF
models after short-term (5 hour) monoculture and co-culture. P. aeruginosa grown in
monoculture on the left and P. aeruginosa grown in co-culture with S. aureus on the
right. The bars span from the minimum to the maximum value with the line within the
bars representing the average value from three biological replicates (n = 3). P values
obtained using two-way ANOVA. *p <0.05, **p <0.01, ***p <0.001.
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3.4.2 Viable Staphylococcus aureus within PEG and hydrogel phases after 5 hours

After 5 hours of growth within the ATPS, the majority of viable S. aureus was
collected within the hydrogel phase for both the S. aureus monoculture and the S. aureus
co-culture with P. aeruginosa (Figure 19). The hydrogel phase had a minimum of six
times the viable bacteria relative to the PEG phase for all conditions. The differences
between viable S. aureus within the hydrogel phase and PEG phase for each respective
culture condition was found to be statistically significant, with the exception of the
healthy co-culture condition. Despite the lack of statistical significance for the healthy
co-culture condition, the hydrogel phase was found to have a greater concentration of
viable S. aureus than the PEG phase for all three biological replicates.
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Figure 19: Concentration of viable S. aureus (CFU/ml) within healthy and CF
models after short-term (5 hour) monoculture and co-culture. S. aureus grown in
monoculture on the left and S. aureus grown in co-culture with P. aeruginosa on the

right. The bars span from the minimum to the maximum value with the line within the
bars representing the average value from three biological replicates (n = 3). P values
obtained using two-way ANOVA. *p <0.05, **p <0.01, ***p <0.001.

The results of the short-term P. aeruginosa and S. aureus cultures over the hydrogels
show that the majority of bacteria growth is on top of and/or within the hydrogel layer (as
opposed to within the liquid PEG phase). The results also show that the PEG phase can

be removed without removing the bulk of the bacteria. An early trend also appeared to be
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emerging from this data which showed that both the P. aeruginosa and the S. aureus

preferred to grow with the CF mucus-like hydrogel.

3.5 Ciprofloxacin MIC for Pseudomonas aeruginosa CF18 and Staphylococcus

aureus ATCC 6538 in monoculture and co-culture

The MIC of ciprofloxacin was assessed for P. aeruginosa and S. aureus in
monoculture and co-culture. Ciprofloxacin, a broad-spectrum fluoroquinolone antibiotic
that inhibits DNA replication, was chosen for antibiotic experiments because it is used to
treat P. aeruginosa infections in CF [130]-[132] and has also been found to be effective
against S. aureus in literature [62]. Following the broth dilution method of MIC
determination by Wiegand et al. [122], the correlation between P. aeruginosa and S.
aureus ODesoo and CFU was first determined. A P. aeruginosa CF18 ODsoo of 0.01
correlated to approximately 3.8 x 10’ CFU/ml. An S. aureus ODsoo of 0.01 correlated to
approximately 3.5 x 107 CFU/ml. The ciprofloxacin MIC of P. aeruginosa in
monoculture, S. aureus in monoculture, and P. aeruginosa and S. aureus in co-culture

was determined to be 0.125 pg/ml.

3.6 Bacteria growth when cultured with healthy and CF hydrogels in the presence of
ciprofloxacin
After confirming that an ATPS can be used to establish a short-term confined bacteria
culture over top of the CF and healthy mucus-like hydrogels, their growth was
investigated when cultured with the two different hydrogels in the presence of

ciprofloxacin. For this experiment, 16-HBE cells were not included within the culture.
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The growth of these two microbes when cultured with 16-HBE cells and the mucus-like
hydrogels in the presence of ciprofloxacin is discussed in Section 3.8 as these are the
conditions of the healthy and CF airway models.

To investigate microbe growth in the presence of ciprofloxacin, a 5-hour confined
monoculture and co-culture of P. aeruginosa and S. aureus was first established over the
mucus-like hydrogels using an ATPS. Ciprofloxacin was then added to the cultures at a
concentration of 0.5 pg/ml and, after 43 additional hours, the concentration of viable
bacteria within the liquid and hydrogel phases of the cultures was determined. A
ciprofloxacin concentration of 0.5 pg/ml (4x MIC) was used because when 0.125 pg/ml
(MIC) and 0.25 pg/ml (2x MIC) were trialed for this experiment, there was a large
amount of visible growth on the liquid surface of the cultures. This was a visual
indication that the ciprofloxacin concentration could be further increased to better control

bacteria growth within the cultures.

3.6.1 Viable Pseudomonas aeruginosa within liquid and hydrogel phases after 48

hours culture with ciprofloxacin

After 5 hours of growth within the ATPS and an additional 43 hours of culture in the
presence of ciprofloxacin, the P. aeruginosa appeared to show increased resistance to
ciprofloxacin when grown with the CF mucus-like hydrogel. For both the P. aeruginosa
monoculture and the P. aeruginosa co-culture with S. aureus, the concentration of viable
P. aeruginosa in both phases was generally higher for the culture with the CF mucus-like
hydrogel (Figure 20). While the magnitude of growth and the relative difference between
the CF and healthy cultures varied, this trend was observed for the hydrogel phase of all

replicates and for the liquid phase of all replicates but one. Additionally, the
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concentration of viable P. aeruginosa within the liquid phase of the healthy co-culture
with S. aureus was much lower than in any of the other conditions for all replicates. The
differences in viable P. aeruginosa concentration between the CF and healthy conditions
were not statistically significant. Results from individual biological replicates were
plotted to demonstrate trends in relative growth between the models despite differences in

growth magnitude between replicates.
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Figure 20: Concentration of viable P. aeruginosa (CFU/ml) grown with healthy and
CF mucus-like hydrogels after 48 hours total of monoculture and co-culture in the
presence of 0.5 pg/ml ciprofloxacin and without 16-HBE cells. P. aeruginosa grown in
monoculture on the left and P. aeruginosa grown in co-culture with S. aureus on the
right. The values from each biological replicate are indicated by a different icon and
horizontal black bars represent the mean (n = 5). Values from P. aeruginosa grown with
the CF and healthy hydrogels from the same biological replicate are connected by a line.
Any missing icons or lines passing through the x-axis indicate a value of zero.

3.6.2 Viable Staphylococcus aureus within liquid and hydrogel phases after 48
hours culture with ciprofloxacin
After 5 hours of growth within the ATPS and an additional 43 hours of culture in the
presence of ciprofloxacin, the S. aureus in monoculture appeared to show increased
resistance to ciprofloxacin when grown with the CF mucus-like hydrogel (Figure 21),
although for some replicates this trend was less pronounced than the P. aeruginosa

monoculture. For the S. aureus monoculture, the concentration of viable S. aureus in both
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phases was generally higher for the culture with the CF mucus-like hydrogel. For the S.
aureus co-culture with P. aeruginosa, the trends were not as consistent, particularly for
the hydrogel phase. The concentration of viable S. aureus in the liquid phase of the co-
culture was generally higher for the culture with the CF mucus-like hydrogel, similarly to
what was observed for the S. aureus monoculture. The concentration of viable S. aureus
in the hydrogel phase of the co-culture showed a mixed response to the ciprofloxacin.
Three biological replicates showed a greater concentration of viable S. aureus for the
culture with the healthy mucus-like hydrogel and two showed a greater concentration of
viable S. aureus for the culture with the CF mucus-like hydrogel. The differences in
viable S. aureus concentration between the CF and healthy conditions were not
statistically significant. Results from individual biological replicates were plotted to
demonstrate trends in relative growth between the models despite differences in growth

magnitude between replicates.
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Figure 21: Concentration of viable S. aureus (CFU/ml) grown with healthy and CF
mucus-like hydrogels after 48 hours total of monoculture and co-culture in the
presence of 0.5 ug/ml ciprofloxacin and without 16-HBE cells. S. aureus grown in
monoculture on the left and S. aureus grown in co-culture with P. aeruginosa on the
right. The values from each biological replicate are indicated by a different icon and
horizontal black bars represent the mean (n = 5). Values from S. aureus grown with the
CF and healthy hydrogels from the same biological replicate are connected by a line. Any
missing icons or lines passing through the x-axis indicate a value of zero.
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3.7 Bacteria growth and 16-HBE cell viability when cultured with healthy and CF

hydrogels without ciprofloxacin

The growth of P. aeruginosa and S. aureus and their impact on 16-HBE viability
when cultured with the mucus-like hydrogels without the inclusion of ciprofloxacin was
also investigated. A 5-hour confined monoculture and co-culture of P. aeruginosa and S.
aureus was first established over the mucus-like hydrogels using an ATPS. After 5 hours,
the liquid PEG phase of the ATPS was removed and replaced with DMEM/F-12
supplemented with 10% FBS. Following an additional 1 hour and 19 hours of culture (for
a 6-hour or 24-hour total culture time, respectively), the concentration of viable bacteria
within the liquid and hydrogel phases of the cultures was determined. 16-HBE cell
viability was also visually assessed at the 6-hour and 24-hour timepoints of all culture

conditions.

3.7.1 Viable Pseudomonas aeruginosa within liquid and hydrogel phases after 6

and 24 hours culture with no ciprofloxacin

The concentration of viable P. aeruginosa grown in monoculture was much greater at
the 24-hour culture timepoint relative to the 6-hour culture timepoint (Figure 22). After
24 hours, viable bacteria concentrations were greater than 10'° CFU/ml for both phases of
the healthy and CF hydrogel culture conditions. The 6-hour timepoint showed much less
viable bacteria, with viable bacteria concentrations less than 10¥ CFU/ml for both phases
of the healthy and CF hydrogel culture conditions. While the concentration of viable P.
aeruginosa varied greatly between culture timepoints, P. aeruginosa growth was similar
between the healthy and CF hydrogel culture conditions. Only the liquid phase of the 24-

hour culture timepoint showed a major difference in P. aeruginosa growth between the
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two mucus-like hydrogels, with the liquid phase of the healthy hydrogel culture having a
much larger concentration of viable P. aeruginosa than the liquid phase of the CF

hydrogel culture.
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Figure 22: Concentration of viable P. aeruginosa (CFU/ml) grown in monoculture
with 16-HBE cells and healthy and CF mucus-like hydrogels for a total of 6 and 24
hours. No ciprofloxacin was included within this experiment.

Similarly to the P. aeruginosa monoculture results above, the concentration of viable P.
aeruginosa when grown in co-culture with S. aureus was much greater at the 24-hour
culture timepoint relative to the 6-hour culture timepoint (Figure 23). After 24 hours,
viable bacteria concentrations were greater than 10! CFU/ml for both phases of the
healthy and CF hydrogel culture conditions. The 6-hour timepoint showed much less
viable bacteria, with viable bacteria concentrations less than 107 CFU/ml for both phases
of the healthy and CF hydrogel culture conditions. P. aeruginosa growth was also similar
between the two mucus-like hydrogel formulations at the 6-hour culture timepoint and

the 24-hour culture timepoint.
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Figure 23: Concentration of viable P. aeruginosa (CFU/ml) grown in co-culture with
S. aureus and with 16-HBE cells and healthy and CF mucus-like hydrogels for a
total of 6 and 24 hours. No ciprofloxacin was included within this experiment. *CFU/ml
values from all 24-hour culture conditions, except for the hydrogel phase of the CF
mucus-like hydrogel, outgrew the highest plated dilution and were found to be >3 x 10!!
CFU/ml. These values were represented as 3 x 10'! CFU/ml on the above plot for
comparison purposes.

3.7.2 Viable Staphylococcus aureus within liquid and hydrogel phases after 6 and

24 hours culture with no ciprofloxacin

The concentration of viable S. aureus grown in monoculture was greater at the 24-
hour culture timepoint relative to the 6-hour culture timepoint (Figure 24). Between the
hydrogel phases of the 6-hour and 24-hour timepoints, there was at least a 10-fold
increase in viable S. aureus concentration. Between the liquid phases of the 6-hour and
24-hour timepoints, there was at least a 3-fold increase in viable S. aureus concentration.
S. aureus growth was also similar between the two mucus-like hydrogel formulations at
the 6-hour culture timepoint, while results suggested that there was slightly greater S.
aureus growth for the CF hydrogel culture relative to the healthy hydrogel culture at the

24-hour timepoint.
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Figure 24: Concentration of viable S. aureus (CFU/ml) grown in monoculture with
16-HBE cells and healthy and CF mucus-like hydrogels for a total of 6 and 24 hours.
No ciprofloxacin was included within this experiment.

The growth of S. aureus appeared to be impacted by the presence of P. aeruginosa for
both the hydrogel phases and the liquid phases of the co-cultures (Figure 25). Between 6
and 24 hours of culture, the hydrogel phase of the CF mucus-like hydrogel culture
showed very similar S. aureus growth while the hydrogel phase of the healthy mucus-like
hydrogel culture showed a 3-fold increase in viable S. aureus concentration. The liquid
phases of both mucus-like hydrogel cultures showed no viable S. aureus after 24 hours.
For both culture timepoints, results suggested that the hydrogel phase of the CF mucus-
like hydrogel culture had a slightly greater concentration of viable S. aureus relative to

the healthy mucus-like hydrogel culture.
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Figure 25: Concentration of viable S. aureus (CFU/ml) grown in co-culture with P.
aeruginosa and with 16-HBE cells and healthy and CF mucus-like hydrogels for a
total of 6 and 24 hours. No ciprofloxacin was included within this experiment.

3.7.3 16-HBE cell viability after 6 hours and 24 hours of culture with bacteria and

hydrogels without ciprofloxacin

A major difference in 16-HBE cell viability was observed between the 6-hour and 24-
hour culture timepoints with the bacteria (Figure 26). After 6 hours, the majority of 16-
HBE cells were observed to be viable for all culture conditions. After 24 hours, 16-HBE
cell viability was varied between P. aeruginosa monocultures, S. aureus monocultures,
and P. aeruginosa and S. aureus co-cultures. For the S. aureus monoculture conditions
after 24 hours of culture, the 16-HBE cells remained adhered to the bottom of the well
but cell viability was poor with the majority of cells being non-viable. For P. aeruginosa
monoculture conditions after 24 hours of culture, there were almost no remaining 16-
HBE cells on the bottom of the well. For P. aeruginosa and S. aureus co-culture
conditions after 24 hours of culture, there were no viable 16-HBE cells remaining. While
the 16-HBE cells within these conditions did not stain red with the live/dead staining

assay, the entire area containing 16-HBE cells (as opposed to only the nuclei of each cell)
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stained blue with the Hoechst 33342 stain and there were some localized regions of more
intense staining (Figure 27). Additionally, the morphology of the 16-HBE cells after
incubation in the co-culture conditions was significantly different from controls with a
lack of thickness and very little distinction between individual cells. For each bacteria
culture condition, 16-HBE cell viability did not appear different between the healthy

mucus-like hydrogel culture and the CF mucus-like hydrogel culture.
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Figure 26: 16-HBE cell viability and overall adherence after 6 and 24 hours culture
with P. aeruginosa and S. aureus in monoculture and in co-culture. No ciprofloxacin
was included in this experiment. Live/dead assay with calcein AM and ethidium
homodimer-1 and DNA staining with Hoechst 33342 performed after 6 and 24 hours of
culture. Green cells are viable and red cells are non-viable. Images captured on EVOS™
FL Auto 2 Imaging System using GFP, RFP, and DAPI channels. Hoechst DNA stain
(blue) is presented in conditions where cellular material is remaining but is not staining
green or red. Scale bar =275 um for fluorescent images (live/dead or Hoechst). Scale bar
= 650 um for cell confluency images.
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Figure 27: Comparison of Hoechst 33342 stain on 16-HBE cells cultured with P.
aeruginosalS. aureus for 24 hours and 16-HBE cells cultured with cell culture
medium for 24 hours. (A) 16-HBE cells stained with Hoechst 33342 after being cultured
with P. aeruginosa and S. aureus for 24 hours. The Hoechst stain appeared to stain the
entire cell-containing surface blue with some areas of concentration. 16-HBE cells
cultured under these conditions did not stain green or red with the live/dead assay. (B)
16-HBE cells stained with Hoechst 33342 after being cultured with cell culture medium
only for 24 hours. For 16-HBE cells cultured under these conditions, individual nuclei
were stained with Hoechst and the majority of cells stained green with the live/dead
assay. Representative images chosen for each condition.

3.8 Bacteria growth and 16-HBE cell viability within healthy and CF airway models

Bacteria growth and 16-HBE cell viability were also assessed for the healthy and CF
airway models. For these models, the healthy and CF mucus-like hydrogels were overlaid
on top of a layer of 16-HBE cells. A 5-hour confined monoculture and co-culture of P.

aeruginosa and S. aureus was deposited over top of the mucus-like hydrogels using an
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ATPS. Ciprofloxacin was then added to the cultures at a concentration of 0.5 pg/ml and,
after 43 additional hours, the concentration of viable bacteria within the liquid and
hydrogel phases of the cultures was determined. 16-HBE cell viability was also assessed

for each culture condition after the total culture period.

3.8.1 Viable Pseudomonas aeruginosa within liquid and hydrogel phases of healthy

and CF airway models after 48 hours of culture

After 48 hours of total growth within the healthy and CF airway models, P.
aeruginosa susceptibility to ciprofloxacin was varied (Figure 28). In monoculture, the
concentration of viable P. aeruginosa was generally higher within the healthy airway
model. This is the opposite trend to what was observed for P. aeruginosa grown in the
same conditions with no 16-HBE cells. While the average monoculture P. aeruginosa
concentration within the CF hydrogel was similar with and without 16-HBE cells, the
average monoculture P. aeruginosa concentration within the healthy hydrogel appeared
to increase with the inclusion of 16-HBE cells. In co-culture with S. aureus, the
concentration of viable P. aeruginosa was generally higher within the CF airway model,
which was consistent with the trend observed for the same condition with no 16-HBE
cells. Additionally, the concentration of viable P. aeruginosa within the liquid phase of
the co-culture with S. aureus was less than all other conditions, with two of the three
biological replicates having no viable P. aeruginosa within this phase. The concentration
of viable P. aeruginosa in co-culture with S. aureus within both the healthy and the CF
hydrogel also appeared to decrease by approximately 10-fold with the addition of 16-
HBE cells. The differences in viable P. aeruginosa concentration between the CF and

healthy conditions were not statistically significant. Results from individual biological
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replicates were plotted to demonstrate trends in relative growth between the models

despite differences in growth magnitude between replicates.
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Figure 28: Concentration of viable P. aeruginosa (CFU/ml) grown in monoculture
and co-culture within the healthy and CF airway models for 48 hours in the
presence of 0.5 ug/ml ciprofloxacin. P. aeruginosa grown in monoculture on the left
and P. aeruginosa grown in co-culture with S. aureus on the right. The values from each
biological replicate are indicated by a different icon and horizontal black bars represent
the mean (n = 3). Values from P. aeruginosa grown with the CF and healthy hydrogels
from the same biological replicate are connected by a line. Any missing icons or lines
passing through the x-axis indicate a value of zero.

3.8.2 Viable Staphylococcus aureus within liquid and hydrogel phases of healthy

and CF airway models after 48 hours of culture

After 48 hours of total growth within the healthy and CF airway models, S. aureus
appeared to show more resistance to ciprofloxacin within the CF airway model (Figure
29). In monoculture, the concentration of viable S. aureus was generally higher within the
CF airway model, although one replicate showed the opposite of this trend with a much
higher concentration within the healthy airway model. This trend was consistent with the
same condition with no 16-HBE cells. In co-culture with P. aeruginosa, the concentration
of viable S. aureus was higher in the CF airway model for all conditions. The differences
in viable S. aureus concentration between the CF and healthy conditions were not

statistically significant. Results from individual biological replicates were plotted to
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demonstrate trends in relative growth between the models despite differences in growth

magnitude between replicates.
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Figure 29: Concentration of viable S. aureus (CFU/ml) grown in monoculture and
co-culture within the healthy and CF airway models for 48 hours in the presence of
0.5 pg/ml ciprofloxacin. S. aureus grown in monoculture on the left and S. aureus grown
in co-culture with P. aeruginosa on the right. The values from each biological replicate
are indicated by a different icon and horizontal black bars represent the mean (n = 3).
Values from S. aureus grown with the CF and healthy hydrogels from the same
biological replicate are connected by a line. Any missing icons or lines passing through
the x-axis indicate a value of zero.

3.8.3 16-HBE cell viability after culture within healthy and CF airway models for

48 hours

16-HBE cell viability after culture within the healthy and CF airway models for 48
hours was varied between biological replicates (Figure 30). 16-HBE cell viability
appeared to be poorest for the S. aureus monoculture conditions, with two out of three
biological replicates having no viable 16-HBE cells remaining. For the first biological
replicate of the S. aureus monoculture condition, overall cell coverage was reduced for
the CF model relative to the healthy model. For the P. aeruginosa monoculture
conditions, 16-HBE viability was high and was similar for the CF and healthy models but
16-HBE confluency varied between the two models. 16-HBE cell coverage appeared to

be reduced for the CF model for two of the three biological replicates of the P.
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aeruginosa monoculture. For the P. aeruginosa and S. aureus co-culture conditions, cell
viability was high for two of the three biological replicates with the third replicate
showing poor viability with regions of viable cells. Cell viability and coverage was

similar for the co-culture CF and healthy models.
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Figure 30: 16-HBE cell viability and overall adherence after culture within the CF
and healthy airway models. Conditions included S. aureus monoculture, P. aeruginosa
monoculture, P. aeruginosa and S. aureus co-culture, and models with no bacteria. All
conditions were exposed to 0.5 pg/ml ciprofloxacin. Live/dead assay with calcein AM
and ethidium homodimer-1 and DNA staining with Hoechst 33342 performed after 48
hours of culture. Green cells are viable and red cells are non-viable. Images captured on
EVOS™ FL Auto 2 Imaging System using GFP, RFP, and DAPI channels. Hoechst
DNA stain (blue) presented in conditions where cellular material is remaining but is not
staining green or red. Images from three biological replicates presented individually to
capture variation between trials. Representative images selected from each replicate.
Scale bar = 275 pm for fluorescent images (live/dead or Hoechst). Scale bar = 650 um
for cell confluency images.
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CHAPTER 4. Discussion

Airway mucus acts as a protective barrier for the respiratory system by collecting and
clearing harmful pathogens from the airways [2], [3]. In CF, the airway epithelial surface
is dehydrated which causes airway mucus to become more viscoelastic with increased
solids and mucin protein concentrations [7], [8], [18]-[20]. These altered airway mucus
properties impair mucus clearance mechanisms such as mucociliary clearance and cough
[29]-[32]. Impaired mucus clearance in CF leads to mucus layer thickening and chronic
airway infections as opportunistic pathogens, such as P. aeruginosa and S. aureus,
colonize the stagnant airway mucus. Pathogens that infect the airways of CF patients are
also prone to developing resistance to antibiotics which makes these infections
increasingly difficult to treat [55], [56]. Respiratory function decline due to chronic
airway infections is the leading cause of mortality in CF patients [57] which emphasizes
the importance of investigating microbe-microbe and host-microbe interactions in these
airway infections. Limitations with in vivo animal models of CF airway infections create
the need for in vitro models of the CF airway microenvironment. Current in vitro models
of the CF airway include only one or two of the main elements of this microenvironment,
such as microbes/airway cells or microbes/mucus. These models lack the combined
components required to capture complex interactions within the CF airway
microenvironment. The research outlined in this thesis involved the development of CF
and healthy mucus-like hydrogels which capture the relative differences in viscoelastic
properties and component concentrations seen in CF and healthy airway mucus. These
mucus-like hydrogels were combined with human bronchial epithelial cells, relevant CF

pathogens, and a common CF antibiotic to observe host-microbe and microbe-microbe
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interactions in response to some of the key differences between the CF and healthy

airway microenvironments.

4.1 Mucus-like hydrogel crosslinking method and gel-forming components impacted

16-HBE cell viability

When developing the mucus-like hydrogels, one of the main components included
were mucins as these are one of the major solids components of healthy and CF airway
mucus. Although these proteins are known to give airway mucus its characteristic
viscoelastic properties, commercially available mucins do not have gel-forming ability on
their own [20], [99], [100]. For this reason, a gel-forming component was necessary to
achieve these viscoelastic properties. The use of natural materials was explored due to
their general compatibility with mammalian cells and microbes. While investigating
which gel-forming component should be the base of the mucus-like hydrogels, it was
determined that HA-based hydrogels and CaCO3/GDL-crosslinked alginate hydrogels
containing mucins were not compatible with 16-HBE cells. Both types of hydrogels
yielded particularly poor 16-HBE cell viability when mucins were incorporated into the
hydrogels at both high and low mucin concentrations (Figure 6, Figure 7, and Figure 8).
A major difference between these hydrogels and the CaClz-crosslinked alginate hydrogels
was their apparent stiffness. The CaClz-crosslinked alginate hydrogels form a very soft,
lightly crosslinked hydrogel while the CaCO3/GDL-crosslinked alginate hydrogels and
the HA hydrogels formed much more solid and stiff hydrogels (based on visual

assessment and physical assessment with a pipette tip). This greater hydrogel stiffness
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may indicate increased crosslinking and a correspondingly decreased hydrogel mesh size
which can hinder diffusion through the hydrogel [133].

Both healthy and CF airway mucus have been shown to act as a barrier to diffusion.
The diffusion of nanoparticles in airway mucus is restricted, with larger nanoparticles
being immobilized within the mucus matrix and smaller nanoparticles diffusing slowly
[26]. Diffusion is reduced further in CF airway mucus relative to healthy airway mucus,
which is likely due to the increased solids content in CF airway mucus [26], [134]. In
addition to airway mucus, mucus-like hydrogels have also been shown to act as a barrier
to diffusion of drugs and nanoparticles [7], [103], [104]. Mucin interactions contribute to
the barrier properties of mucus and mucus-like hydrogels, both due to physical size
filtering and due to adhesive interactions within the mucin network [26], [135], [136]. It
is possible that the barrier properties of mucin proteins within the mucus-like hydrogels,
in combination with the increased stiffness of the HA-based and CaCO3/GDL-crosslinked
alginate hydrogels, created an increased barrier to diffusion. This may have limited
diffusion of the nutrients from the cell culture medium above the hydrogels to the 16-
HBE cells beneath the hydrogels, resulting in poor 16-HBE cell viability. These 16-HBE
cell viability issues were not observed for the CaCla-crosslinked alginate hydrogels
containing mucins. Due to this compatibility with 16-HBE cells, twelve CaCla-
crosslinked alginate hydrogel formulations were considered potential mucus-like

hydrogels and were further investigated by measuring their viscoelastic properties.
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4.2 Viscoelastic properties of potential mucus-like hydrogels were dependent on

component concentrations

Viscoelastic properties, such as the storage and loss moduli, are obtained through
oscillatory testing and are commonly used to characterize healthy and pathologic airway
mucus samples in literature. The storage (or elastic) modulus describes the elastic
response of a material to deformation, which is the deformation energy that is stored
within the material structure [137]. The loss (or viscous) modulus describes the viscous
response of a material to deformation, which is the energy that is dissipated during
material deformation due to molecular motion and internal friction [137]. The storage and
loss moduli were measured for each of the twelve potential mucus-like hydrogel
formulations, which included combinations of 1% and 1.5% (w/v) alginate, 0.5 and 0.6
mg/ml CaClz, and 0%, 1%, and 4% (w/v) mucins (Table 1). The 0% mucin formulations
were included to compare how the presence of mucins within the hydrogels impacts the
hydrogel behavior while the 1% and 4% (w/v) mucin formulations were considered
potential healthy and CF mucus-like hydrogels, respectively. These mucin concentrations
were chosen to capture the relative difference between healthy and CF airway mucus [8].
They were also chosen to increase the overall solids concentration of the mucus-like
hydrogels to better mimic the solids concentration within healthy and CF mucus while
maintaining a small number of components within the hydrogels.

The storage and loss moduli of the potential mucus-like hydrogel formulations were
influenced by crosslinker, alginate, and mucin concentration. When the concentration of
CaCl: crosslinker was increased, the viscoelastic moduli of the hydrogels tended to

increase (Table 2). The relative increase in properties was slightly greater for the storage
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modulus of the hydrogels compared to the increase in loss modulus. Larger viscoelastic
moduli with increased crosslinker concentration was expected as increasing the
crosslinker concentration results in a greater number of calcium ions available to form
crosslinks between alginate strands [133]. These crosslinks are formed through the
positively charged calcium ions replacing sodium ions within the sodium alginate
solution and forming ionic bonds between the negatively charged alginate side groups.
The greater amount of crosslinking increases the ability for the hydrogel to resist
deformation through storage of the deformation energy which increases the storage
modulus of the hydrogel [137]. The observed increase in loss modulus may be due to the
larger amount of molecules within the hydrogel which dissipate energy during
deformation [137]. This trend has also been observed for other CaClz-crosslinked alginate
systems [133], [138].

An additional trend related to crosslinker concentration that was observed was that
the relative increase in viscoelastic moduli with increasing crosslinker concentration was
generally lower for hydrogels with higher mucin concentrations. For example, the
average storage and loss moduli of hydrogel formulations containing 0% mucins and 1%
alginate increased approximately 2.2-fold and 1.9-fold, respectively, with a 0.1 mg/ml
increase in CaClz concentration. Conversely, the average storage and loss moduli of
hydrogel formulations containing 4% mucins and 1% alginate increased 1.6-fold and 1.3-
fold, respectively, with a 0.1 mg/ml increase in CaClz concentration. This may be
explained by interactions between mucins and calcium ions from the CaClz crosslinker.
In the airway, calcium ions interact with mucin strands by binding to mucins, forming

crosslinks between mucin chains, and causing mucin compaction, all due to the
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polyanionic nature of mucin proteins [4], [6]. Ca*>" has been found to form reversible
crosslinks between mucin polymers [139] and the binding of Ca?* to mucins appears to
contribute to the aggregation of mucins and mucus gels [140]. These Ca?>"-mucin
interactions may have occurred in the potential mucus-like hydrogel formulations,
particularly in the higher mucin concentration hydrogels. An increase in Ca?*-mucin
interactions in these hydrogel formulations would reduce the amount of calcium ions
available for alginate crosslinking. Compared to formulations with less mucins or no
mucins, this could have reduced the number of crosslinks between the alginate strands
and caused an overall lower relative increase in viscoelastic moduli.

When the concentration of alginate within the hydrogels was increased, the storage
moduli of the hydrogels were very similar but the loss moduli generally tended to
increase (Table 3). This trend was expected as the addition of alginate, with no change in
the amount of available CaCl: crosslinker, leads to more uncrosslinked alginate
molecules within the hydrogel. An increase in mobile and uncrosslinked alginate
molecule chains can result in a greater dissipation of deformation energy and contribute
to an overall greater resistance to deformation, leading to a larger loss modulus [137]. To
maintain the viscoelastic moduli with an increase in alginate concentration, the CaClz
crosslinker concentration must also be increased [138].

The presence of mucins within the mucus-like hydrogels tended to decrease the
storage modulus while increasing the loss modulus of the hydrogels (Table 4). The
relative decrease in storage modulus was similar when comparing both the 4% and 1%
mucin concentration hydrogels to the 0% mucin concentration hydrogels. The relative

increase in loss modulus was generally greatest when comparing the 4% mucin
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concentration hydrogels to the 0% mucin concentration hydrogels. Taken together, this
suggests that the mucin-containing hydrogels have a more viscous response to
deformation and that this viscous response is greater when the mucin concentration is
increased. These trends could be attributed to the interactions between calcium ions and
mucins described above. The decrease in storage modulus with the presence of mucins
within the mucus-like hydrogels is likely caused by Ca?* binding to the polyanionic
mucin proteins, resulting in a reduction in available Ca®* for alginate crosslinking [4], [6],
[141]. The increase in loss modulus with the presence of mucins within the mucus-like
hydrogels is likely caused by the increase in mobile mucin chains which result in a
greater dissipation of deformation energy and, in turn, a greater loss modulus [137].
Additionally, if there is less Ca?" available for alginate crosslinking, there may be an
increase in mobile alginate chains as well which further contributes to the increased loss
modulus [137]. Other studies that have looked at the impact of mucins on alginate
hydrogel viscoelastic properties have found similar trends [104], [121]. The viscoelastic
properties of the twelve potential mucus-like hydrogels, along with the hydrogel
compositions, were assessed in combination to choose a healthy and a CF mucus-like

hydrogel.

4.3 Chosen healthy and CF mucus-like hydrogels capture important relative
differences between healthy and CF airway mucus
The chosen mucus-like hydrogel formulations had differing viscoelastic properties
owing to their differing compositions. Gel-E, the healthy mucus-like hydrogel, was

composed of 0.5 mg/ml CaClz crosslinker, 1.5% alginate, and 1% mucin. Gel-L, the CF
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mucus-like hydrogel, was composed of 0.6 mg/ml CaClz crosslinker, 1.5% alginate, and
4% mucin. The CF mucus-like hydrogel has both an increased mucin concentration and
an increased CaClz crosslinker concentration relative to the healthy mucus-like hydrogel.
While the increased mucin concentration was desirable to mimic the relative increase in
mucin concentration seen in CF airway mucus, the increased CaClz crosslinker
concentration was necessary to increase the viscoelastic properties of the CF mucus-like
hydrogel.

Both of the chosen mucus-like hydrogels showed elastically dominant behavior with
storage moduli larger than their respective loss moduli, which is characteristic of airway
mucus [24]-[27]. The CF mucus-like hydrogel, Gel-L, also had greater viscoelastic
properties than the healthy mucus-like hydrogel, Gel-E, with the average storage and loss
moduli of Gel-L at each frequency (between 0.1 and 20 rad/s) being at least 1.6 times
greater than Gel-E (Figure 15). While the relative difference varies, CF airway mucus has
been found to have greater viscoelastic moduli than healthy airway mucus [19], [20].
Additionally, the viscoelastic properties of the CF and healthy mucus-like hydrogels were
within the same order of magnitude as the viscoelastic properties of CF and healthy
airway mucus that has been analyzed and reported in literature (Figure 16). The storage
and loss moduli of CF and healthy airway mucus were found to be generally within the
0.1 to 100 Pa range with some values exceeding 100 Pa for the storage modulus of CF
airway mucus. The average viscoelastic moduli of the CF and healthy mucus-like
hydrogels ranged from 4.2 to 36.2 Pa (when measured at angular frequencies of 0.1 to 20
rad/s). There is a large amount of variation in the reported values of airway mucus

viscoelastic properties in literature, particularly for CF airway mucus. This is due to a
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number of reasons, including differences in disease severity and progression, sample
collection techniques, sample preparation and measurement, and data reporting as well as
challenges with accessing CF airway mucus samples [18]-[20], [28]. In addition to the
viscoelastic properties and mucin concentrations capturing differences between healthy
and CF airway mucus, the difference in total solids concentrations of healthy and CF
airway mucus was also captured. The total solids concentrations of the healthy and CF
mucus-like hydrogels were 2.6% and 5.6% (w/v) respectively, which are comparable to
the solids concentrations of healthy and CF airway mucus [7], [8]. The differences in
viscoelastic properties, mucin concentration, and solids concentration between the CF
and healthy mucus-like hydrogels represent key differences observed between CF and
healthy airway mucus. For future validation of the mucus-like hydrogels, the properties
of the CF mucus-like hydrogel can be tuned to represent a more specific state of CF

airway mucus and the properties can be compared to collected patient samples.

4.4 Bacteria growth is mainly on top of or within the hydrogel phase when cultured

short-term using an ATPS

Prior to incorporating ciprofloxacin into the airway models, it was desirable to first
establish a confined bacteria culture over top of and within the mucus-like hydrogels.
This was to discourage initial planktonic bacteria growth and to encourage the bacteria to
colonize the mucus-like hydrogels. An ATPS was used for the short-term (5-hour)
bacteria culture establishment by suspending the bacteria in the DEX-rich phase of the
ATPS and then depositing a small droplet of this bacteria-containing DEX-rich phase into

the PEG-rich phase of the ATPS over top of the mucus-like hydrogels. As the DEX-rich
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phase is denser than the PEG-rich phase, the DEX-rich phase droplet containing bacteria
was expected to settle onto the mucus-like hydrogels, providing a surface for bacteria
growth establishment [142], [143]. The mammalian cell compatibility of PEG/DEX
ATPS and the ability for a PEG/DEX ATPS to confine bacteria growth for prolonged
timepoints has previously been demonstrated [121], [144], [145].

It was expected that the use of an ATPS for bacteria deposition would confine the
bacteria to grow on top of or within the hydrogel for the short-term (5-hour) culture.
Preliminary experiments without hydrogels had shown the ability for P. aeruginosa CF18
at the same seeding density to remain contained within an ATPS for at least 6 hours
(Figure 17). The containment of S. aureus ATCC 6538 within an ATPS at the same
seeding density had also been previously investigated by another student and confirmed
for longer timepoints. While these preliminary investigations did not include a hydrogel
component, the addition of a hydrogel did not appear to impact bacteria containment for
the short-term culture. Bacteria containment could not be confirmed visually after 5 hours
as the mucins within the mucus-like hydrogels caused the hydrogels to be opaque,
preventing the use of microscopy imaging. Containment was instead confirmed by
measuring the concentration of viable bacteria within the liquid PEG-rich phase and the
hydrogel phase of the culture after 5 hours. For all growth conditions, including P.
aeruginosa and S. aureus in both monoculture and co-culture, the majority of viable
bacteria was found to be collected with the hydrogel phase (Figure 18 and Figure 19).
This suggests that either the bacteria remained confined within the DEX-rich phase of the
ATPS and grew on top of the hydrogel, or that the bacteria grew into the hydrogel phase.

Confirming that the upper liquid PEG-rich phase of the ATPS could be removed without
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removing the majority of the bacteria from the system was an important step prior to

incorporating cell culture medium containing ciprofloxacin into the system.

4.5 16-HBE cell viability is impacted by bacteria growth behavior within the airway
models in the absence and presence of ciprofloxacin

The viability of 16-HBE cells was assessed for multiple culture conditions, including
within the healthy and CF airway models with and without ciprofloxacin. This involved
the 5-hour bacteria culture establishment over the hydrogels, as described above, and then
the removal of the upper liquid PEG-rich phase of the ATPS which was replaced with
either cell culture medium alone or with cell culture medium that was supplemented with
0.5 pg/ml ciprofloxacin.

When the 16-HBE cells were cultured within the healthy and CF airway models
without ciprofloxacin, their viability was assessed after 6 hours and 24 hours (1 hour and
19 hours, respectively, after removal of the upper liquid PEG-rich phase of the ATPS).
After 6 hours of culture, the majority of 16-HBE cells were observed to be viable for P.
aeruginosa and S. aureus monoculture and co-culture conditions in both the healthy and
CF airway models (Figure 26). This is possibly due to bacteria growth being partially
confined to the DEX-rich phase of the ATPS and on top of the hydrogels for the first 5
hours of culture. After the ATPS was disassembled by removing the PEG-rich phase and
adding cell culture medium in its place, there were no longer two immiscible liquid
phases due to the lack of PEG [143]. It is then likely that the DEX-rich phase of the
ATPS became incorporated into the cell culture medium and that bacteria growth was no

longer confined. At the 6-hour culture timepoint, it appears that the 1 hour of growth after
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removal of the upper liquid PEG-rich phase of the ATPS was not enough time for the
bacteria to affect 16-HBE cell viability. Conversely, 16-HBE cell viability was
significantly impacted at the 24-hour culture timepoint for all conditions, although no
differences were observed between the healthy and CF models for each condition (Figure
26). There were almost no viable 16-HBE cells remaining for any culture conditions at
this timepoint, possibly due to the large increase in concentrations of viable bacteria.
Between the 6-hour and 24-hour timepoints, the concentration of monoculture and co-
culture P. aeruginosa increased at least 1700-fold for all culture conditions (Figure 22
and Figure 23). The concentration of S. aureus in monoculture was less extreme, with
increases of at least 10-fold in the hydrogel phase and at least 2-fold in the liquid phase
(Figure 24 and Figure 25). Interestingly, S. aureus in co-culture had very similar
hydrogel-phase concentrations at the 6-hour and 24-hour timepoints, and after 24 hours
of culture, there was no viable S. aureus detected in the liquid phases. For the co-culture,
it appears as though P. aeruginosa inhibited the growth of S. aureus in the hydrogel
phase and may have outcompeted S. aureus in the liquid phase. A decrease in planktonic
S. aureus has been seen for other co-cultures of S. aureus and P. aeruginosa, although
these studies have also observed a decrease in S. aureus biofilm [81], [83]. As these
studies were conducted with no mucus-like component within their co-culture systems,
their observed reduction in S. aureus biofilm formation may not be predictive of the co-
culture behavior within the mucus-like hydrogels. The survival of S. aureus within the
hydrogel phases of the co-cultures could have been due to the mucus-like hydrogel
providing a network for spatially organized growth, which has been observed for the two

species coexisting in an in vitro CF model containing SCFM [146] as well as for the two
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species in chronic wounds [147]. Additionally, some P. aeruginosa isolates have been
shown to better co-exist with S. aureus in reduced oxygen concentrations, like that of the
mucus-like hydrogel [87]. It is also possible that the P. aeruginosa and S. aureus formed
dual-species biofilms within the mucus-like hydrogels, which is known to occur within
CF airway mucus and has been observed in vitro [84], [148].

Although 16-HBE cells were non-viable for all of the culture conditions at the 24-
hour timepoint with no ciprofloxacin, cell morphology and staining differed between P.
aeruginosa monoculture, S. aureus monoculture, and P. aeruginosa and S. aureus co-
culture conditions at this timepoint. For the P. aeruginosa monoculture conditions, all 16-
HBE cells had detached from the surface of the wells. Other in vitro studies have found
that P. aeruginosa causes epithelial cell detachment in as short as 3 hours of culture
[113], [149]-[151]. The type II and type III secretion systems have both been implicated
in P. aeruginosa virulence and host cell cytotoxicity [151]-[153] and 16-HBE cell
detachment observed in the 24-hour P. aeruginosa monoculture was likely due to toxins
secreted by these systems. For S. aureus monoculture conditions, the 16-HBE cells
remained adhered but were non-viable. This could have been due to potential epithelial
cell internalization and subsequent intracellular replication of S. aureus, which have been
found to cause host cell cytotoxicity including the induction of apoptosis [154]-[156].
For the P. aeruginosa and S. aureus co-culture conditions, 16-HBE cells remained
adhered but did not stain red or green in the live/dead assay. They did, however, stain
blue with the Hoechst 33342 DNA stain over the entire surface of cell coverage (Figure
27). As bacteria can also be stained with Hoechst 33342 [157], it is possible that this is

indicative of mass cell destruction and that a portion of the excessive DNA staining from
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the P. aeruginosa and S. aureus co-culture conditions could be stained adherent bacteria.
Research has not yet elucidated the mechanisms of host cell death when co-infected with
P. aeruginosa and S. aureus, but based on the difference in 16-HBE morphology and
staining observed in the co-culture conditions compared to the monoculture conditions, it
appears as though interactions between the two species alters their virulence and
behavior. For example, internalization of S. aureus into cells from an alveolar epithelial
cell line (A549) has been found to increase almost 3-fold when S. aureus was co-cultured
with P. aeruginosa relative to when it was grown in monoculture [158]. Overall, 16-HBE
cells did not survive in any of the culture conditions after 24 hours with no ciprofloxacin,
likely due to the uninhibited growth of the bacteria.

When the 16-HBE cells were grown within the airway models in the presence of 0.5
pg/ml ciprofloxacin, their viability was assessed after 48 hours of culture (Figure 30).
The incorporation of ciprofloxacin into the airway models altered both bacteria growth
behavior (which will be discussed in the following section) and 16-HBE cell viability.
While 16-HBE cell viability was observed to be very poor after 24 hours within all
culture conditions with no ciprofloxacin, the inclusion of 0.5 pg/ml ciprofloxacin resulted
in varied 16-HBE cell viability and increased cell survival after 48 hours. 16-HBE cell
viability did not appear to differ significantly between the healthy and CF models but did
differ between bacteria culture conditions. For the S. aureus monoculture conditions there
were no viable 16-HBE cells remaining for two of the three biological replicates, and for
the P. aeruginosa and S. aureus co-culture conditions, there were no viable 16-HBE cells
remaining for one of the three biological replicates. For these conditions with no viable

16-HBE cells remaining, portions of the 16-HBE cells stained red to indicate that they
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were non-viable, but the majority of the 16-HBE cells stained blue with the Hoechst
33342 stain over the entire surface of the cells (rather than just the nuclei). This was also
observed for the 24-hour P. aeruginosa and S. aureus co-culture conditions with no
ciprofloxacin, as discussed above, and may partially be due to staining of adherent
bacteria on the surface of the cells. The similar Hoechst staining in these conditions may
indicate that ciprofloxacin induces altered behavior in S. aureus that is comparable to the
altered behavior of S. aureus when co-cultured with P. aeruginosa in these models. This
may be due to the concentration of ciprofloxacin that was used. While 0.5 pg/ml
ciprofloxacin reduces S. aureus growth relative to without ciprofloxacin, this
concentration appears to be subinhibitory within the airway models (despite being greater
than the MIC when tested in conditions without the mucus-like hydrogels). This
subinhibitory concentration could have induced changes in S. aureus, such as increased
virulence and toxin secretion, which has been found to occur with S. aureus and other
antibiotics [159]. S. aureus virulence genes related to biofilm formation, cytotoxicity, and
stress response have also been found to be more expressed in co-culture with P.
aeruginosa [84], which may explain why similar modes of 16-HBE killing were observed
when S. aureus was cultured with P. aeruginosa or exposed to a subinhibitory
concentration of ciprofloxacin. The subinhibitory concentration of ciprofloxacin could
also be causing the variation and inconsistency observed for 16-HBE cell viability
between biological replicates of S. aureus culture conditions, as 16-HBE cell viability
was observed to be high for some biological replicates of S. aureus monoculture and co-
culture conditions within the airway models. For the P. aeruginosa monoculture, 16-HBE

cell viability was much more consistent and appeared to be relatively high for all three
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biological replicates, although 16-HBE cell attachment was generally reduced within the
CF airway model. This cell detachment indicates that there was likely some 16-HBE
killing by P. aeruginosa [113], [149]-[151] but to a lesser extent than what was observed
in the airway models with no ciprofloxacin. The inclusion of 0.5 pg/ml ciprofloxacin
within the airway models provided some control of bacteria growth which resulted in

variable cell viability depending on bacteria species.

4.6 Bacteria grown in monoculture show differential responses to ciprofloxacin in
the healthy and CF airway models

The growth of P. aeruginosa and S. aureus in monoculture in the presence of
ciprofloxacin was assessed within the healthy and CF airway models with and without
16-HBE cells. This involved the 5-hour bacteria culture establishment over the hydrogels,
followed by the removal of the upper liquid PEG-rich phase of the ATPS which was
replaced with cell culture medium that was supplemented with 0.5 pg/ml ciprofloxacin
and cultured for 43 hours. Although differences in bacteria viability between the CF and
healthy model were not found to be statistically significant, trends in relative growth
between the two models were observed.

When there were no 16-HBE cells included within the airway models, P. aeruginosa
in monoculture tended to have a greater resistance to ciprofloxacin within the CF model
(Figure 20). P. aeruginosa cultured within mucus-mimetic hydrogels in vitro has been
found to form aggregates that behave similarly to biofilms and are capable of attaching to
mucins and other hydrogel matrix surfaces, rather than to a solid surface, and these

aggregates have shown an increased resistance to antibiotics [101], [160]. P. aeruginosa
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biofilms and aggregates are also known to form within CF airways in vivo [42]. As
mucus-like hydrogels with a higher mucin concentration have been found to promote the
formation of P. aeruginosa aggregates [116], [161], it is possible that aggregates formed
more readily within the CF airway model, leading to a greater ciprofloxacin tolerance. A
number of studies have found that mucins inhibit P. aeruginosa biofilm formation and
surface attachment [72], [73], [95], [162] but this may be due to P. aeruginosa cells and
cellular aggregates binding to mucins rather than the underlying culture surface [17],
[50], [101]. In contrast to the findings that mucins inhibit P. aeruginosa biofilm
formation, P. aeruginosa biofilms have been formed within HBE derived mucus in vitro
and mucus with greater solids content resulted in stronger, more robust biofilms [48].
When 16-HBE cells were included within the airway models, P. aeruginosa in
monoculture tended to show greater resistance to ciprofloxacin when grown within the
healthy airway model, although the average concentration of viable P. aeruginosa within
the hydrogels was very similar for the healthy and CF models (Figure 28). Along with
this trend, the average growth of P. aeruginosa within the healthy model appeared to
increase with the addition of 16-HBE cells while the average growth of P. aeruginosa
within the CF model was similar with and without 16-HBE cells. Other airway model
studies have also reported changes in P. aeruginosa behavior when grown on lung
epithelial cells or an abiotic surface, such as altered gene expression or an increase in
antibiotic tolerance [150], [151]. A potential cause of observed increased P. aeruginosa
growth in the healthy model in the presence of 16-HBE cells could be the influence of
epithelial cell metabolites [163], [164]. While host-microbe metabolic interactions in CF

airway infections have yet to be fully understood due to the complex and polymicrobial
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nature of these infections, there is evidence that the effectiveness of antibiotics can be
modulated by host metabolites [165]. Some host metabolites, such as lactate, have also
been found to act as potential carbon sources for P. aeruginosa [166]. As the healthy
mucus-like hydrogel has a lower protein content, it is possible that P. aeruginosa could
better access these metabolites within the healthy mucus-like hydrogels due to a
reduction in protein-protein interactions. It may have been more difficult for host
metabolites to diffuse through the higher mucin concentration CF mucus-like hydrogel,
which has been seen for other molecules [136].

S. aureus grown in monoculture tended to show greater resistance to ciprofloxacin
within the CF airway model, both with and without the inclusion of 16-HBE cells,
although the average concentration of viable S. aureus within the hydrogels was very
similar for the healthy and CF models containing 16-HBE cells (Figure 21 and Figure
29). It has been established that S. aureus adheres to mucins through surface protein
interactions between S. aureus adhesins and mucin receptors [167]-[170]. Surface
attachment is known to be the first step of S. aureus biofilm formation, which is then
followed by the production of a protective biofilm matrix and microcolony growth, and
ultimately the release of bacterial cells to further colonize the microenvironment [171].
As there is a greater concentration of mucins within the CF mucus-like hydrogel, this
may have resulted in greater S. aureus biofilm formation within the CF airway model due
to the increased number of attachment sites. As with other species of bacteria, the
antibiotic resistance of S. aureus is increased when grown in biofilms relative to
planktonically grown cells [62]. Additionally, S. aureus has been found to grow in

aggregates with increased antibiotic tolerance within the mucus-like layer of an ex vivo

90



porcine CF model [118]. These results indicate that S. aureus grown within the CF
airway model may have had a greater potential for biofilm or aggregate growth compared
to the healthy airway model, leading to a greater resistance to ciprofloxacin. While the
overall trend in the majority of biological replicates was greater ciprofloxacin resistance
for S. aureus grown within the CF airway model, there was variation in the relative
growth within the two models. This variation may be due to the potentially subinhibitory

concentration of ciprofloxacin used, as discussed in the previous section.

4.7 Bacteria grown in co-culture show differential responses to ciprofloxacin in the
healthy and CF airway models

The growth of P. aeruginosa and S. aureus was also assessed in co-culture in the
presence of ciprofloxacin within the healthy and CF airway models with and without 16-
HBE cells. Similarly to above, this involved the 5-hour bacteria culture establishment
over the hydrogels, followed by the removal of the upper liquid PEG-rich phase of the
ATPS which was replaced with cell culture medium supplemented with 0.5 pg/ml
ciprofloxacin and cultured for 43 hours. Although differences in bacteria viability
between the CF and healthy model were not found to be statistically significant, trends in
relative growth between the two models were observed.

When P. aeruginosa was grown in co-culture with S. aureus, it tended to have a
greater resistance to ciprofloxacin within the CF airway model, both with and without 16-
HBE cells (Figure 20 and Figure 28). This trend was also observed between the healthy
and CF conditions of P. aeruginosa in monoculture without 16-HBE cells and could

similarly be attributed to possible P. aeruginosa aggregate formation. Additionally, the
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presence of S. aureus in co-culture may have enhanced the ability for P. aeruginosa to
form antibiotic tolerant aggregates or biofilms, as seen in other studies with P.
aeruginosa co-cultured with S. aureus or with S. aureus exoproducts [78], [148]. As
discussed above, these aggregates or biofilms are also likely to form in structured, mucin-
rich microenvironments [101], [160]. An additional observation of P. aeruginosa growth
within the co-culture airway model conditions was the lack of viable P. aeruginosa
within the majority of the liquid phases of the models. The liquid phases of the co-culture
healthy airway model with no 16-HBE cells and of the co-culture CF and healthy airway
models with 16-HBE cells contained very little viable P. aeruginosa. This lack of viable
P. aeruginosa within the co-culture condition liquid phases may be related to the oxygen
availability within the models. Decreased oxygen availability has been observed for P.
aeruginosa and S. aureus in co-culture relative to the two species in monoculture [172].
As previously discussed, reduced oxygen levels can lead to phenotypic changes in P.
aeruginosa that are also observed in biofilm formation, such as increased alginate
production [17]. In addition, ciprofloxacin diffusion through airway mucus has been
found to be significantly decreased compared to a liquid control (PBS) [101]. Potential
changes to P. aeruginosa due to oxygen availability within the P. aeruginosa and S.
aureus co-culture conditions, combined with a possible reduction in diffusion of
ciprofloxacin into the hydrogel phase, may have driven P. aeruginosa to preferentially
colonize the hydrogel phases of the co-culture conditions.

The presence of 16-HBE cells within the co-culture also appeared to cause a
reduction in P. aeruginosa viability. When co-cultured with S. aureus, the concentration

of viable P. aeruginosa in the healthy and CF hydrogel phases was reduced
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approximately 10-fold when 16-HBE cells were included within the model. This
observation could be attributed to the presence of antimicrobial peptides (AMPs)
produced by epithelial cells, such as human -defensins (hBDs), The expression of hBDs
by epithelial cells can be induced by a number of factors including bacteria and bacteria
endotoxins [173]. Some hBDs have shown greater activity against Gram-negative
bacteria while others have been found to be active against both Gram-positive and Gram-
negative bacteria [174], [175]. 16-HBE cells have shown the ability to produce hBDs and
have been found to increase expression of hBDs in the presence of Aspergillus fumigatus,
a respiratory infection-causing fungus [176]. This reduction in P. aeruginosa viability
with the addition of 16-HBE cells was not observed for P. aeruginosa in monoculture.
The presence of S. aureus within the co-culture may have resulted in greater expression
of hBDs, as S. aureus has been found to increase expression of epithelial hBD-2 in vitro
[177]. hBD-2 has been implicated in a reduction in P. aeruginosa biofilm formation
[178]. These AMPs may have also had a role in the decrease in liquid phase P.
aeruginosa observed for the co-culture condition of the CF model.

When S. aureus was grown in co-culture with P. aeruginosa, its response to
ciprofloxacin within the airway models was altered by the presence of 16-HBE cells.
When no 16-HBE cells were included within the models, S. aureus tended to show a
greater resistance to ciprofloxacin within the healthy airway model, although this
response showed notable inconsistency between biological replicates (Figure 21). This
may be a further indication that 0.5 pg/ml of ciprofloxacin is subinhibitory for S. aureus
when grown within the airway models, leading to changes in S. aureus behavior that

appear to vary for each biological replicate. When 16-HBE cells were included within the
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co-culture models, S. aureus tended to show a greater resistance to ciprofloxacin within
the CF airway model, and this trend was more consistent than what was observed with no
16-HBE cells (Figure 29). S. aureus surface proteins have been shown to be more
expressed in co-culture with P. aeruginosa, resulting in greater binding to surfaces [79].
There could have been a greater prevalence of S. aureus biofilm formation within the CF
airway model due to the increased amount of hydrogel matrix and component surfaces
for attachment. The increased resistance of S. aureus to ciprofloxacin within the co-
culture CF airway model could also be attributed to the possible formation of dual-
species biofilms with P. aeruginosa. Studies have found that S. aureus is capable of
forming dual-species biofilms with P. aeruginosa in vitro [148], [179]. Magalhaes et al.
showed that S. aureus was less susceptible to ciprofloxacin within these dual-species
biofilms with P. aeruginosa [179].

An additional trend observed for the co-culture model conditions was that P.
aeruginosa CF18 and S. aureus ATCC 6538 appeared to coexist within the airway
models with neither species being eradicated in co-culture. The complex relationship
between P. aeruginosa and S. aureus has been found to be simultaneously mutually
beneficial and antagonistic, and this relationship has also been found to vary between
strains [180]. While P. aeruginosa is known to secrete anti-staphylococcal proteins in
vitro which cause a reduction in S. aureus viability, the influence of these products on S.
aureus is typically assessed without the presence of a mucus-like component [81], [180].
The mucus-like hydrogels within the airway models may have interacted with these
products or influenced altered bacteria gene expression and, therefore, promoted

coexistence between the two species. Similar interactions have been seen in other studies,
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where mucus and mucins have been found to decrease the activity of antibiotics [181]
and the presence of exogenous alginate has been found to protect S. aureus from P.
aeruginosa due to the downregulation of virulence factors [182]. Another possible
interaction between the mucus-like hydrogels and products secreted by P. aeruginosa is
the iron content within porcine gastric mucins (PGM), one of the primary components of
the mucus-like hydrogels [183]. The high iron content within PGM has been found to
contribute to a decrease in P. aeruginosa production of thamnolipids and siderophores,
both of which are virulence factors [183]. This may have been implicated in the
coexistence of P. aeruginosa and S. aureus observed within the airway models.

Despite their coexistence, the magnitudes of mean viable P. aeruginosa and S. aureus
concentrations within the airway models tended to be lower in co-culture relative to
monoculture for both species with the same concentration of ciprofloxacin. Magalhaes et
al. found the opposite trend, with an increased or similar concentration of viable P.
aeruginosa and S. aureus in co-culture in the presence of ciprofloxacin with no mucus-
like component [179]. While they assessed the impact of ciprofloxacin on mono- and
dual-species biofilms that were grown on tissue culture plastic for 48 hours prior to
exposure, the airway models within this project had a much shorter 5-hour colony
establishment period with the hydrogels prior to ciprofloxacin exposure. Based on this
comparison, the reduced growth within the co-culture airway models relative to the
monoculture airway models may indicate that P. aeruginosa and S. aureus in co-culture
were less established within the mucus-like hydrogels during the 5-hour colony
establishment period, making them more vulnerable to ciprofloxacin. Tognon et al. found

that genetic adaptations of P. aeruginosa and S. aureus have been observed as early as 3
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hours after co-culture, with up-regulation in genes related to nutrient competition and
shifts in metabolism and down-regulation in many virulence factors [172]. It is possible
that, during the 5-hour colony establishment period within the airway models, P.
aeruginosa and S. aureus may have been adapting genetically to the co-culture
microenvironment as observed by Tognon et al., while in monoculture they may have had
increased virulence with the ability to better colonize the hydrogel during this time

period.

4.8 CF airway model exhibits features characteristic of chronic CF airway infection
Despite the varied ciprofloxacin resistance observed between the healthy and CF
airway models, the CF airway model demonstrated multiple features characteristic of
chronic CF airway infections. One of the features of chronic CF airway infections is an
increased tolerance to antibiotics. The ciprofloxacin MIC was determined to be 0.125
pg/ml for P. aeruginosa and S. aureus monoculture and co-culture without the presence
of a mucus-like hydrogel or mammalian cells. P. aeruginosa and S. aureus, in
monoculture and co-culture, remained viable for 48 hours within the CF airway model in
the presence of 0.5 pg/ml ciprofloxacin, a concentration 4-fold greater than the MIC. An
additional feature of chronic CF airway infections is altered or reduced virulence of P.
aeruginosa which influences interactions between P. aeruginosa and S. aureus. P.
aeruginosa strains isolated from long-term chronically infected patients have been shown
to have a greater ability to co-exist with S. aureus in vitro relative to reference strains or
early-adapted strains [80], [83]. Many models lack the ability to capture the coexistence

of P. aeruginosa and S. aureus in vitro while the two are known to co-infect CF patient
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airways in vivo [34], [106]. In contrast, the CF airway model was able to sustain P.
aeruginosa and S. aureus in co-culture for 48 hours and mammalian cells within the co-
culture model remained viable for two out of three biological replicates.

The longevity of the CF airway model is also a feature of its chronicity, as the 48-
hour culture period demonstrated with the model surpasses the culture periods achieved
in other in vitro CF airway infection models. Current in vitro CF airway infection models
only demonstrate microbe-mammalian culture for short time periods, generally ranging
from 2 up to 24 hours [114], [151], [158], [184], [185]. In addition to sustained
monoculture and co-culture bacteria growth over 48 hours, this model also has the ability
to maintain 16-HBE cell viability over this culture period, as demonstrated for culture
conditions with P. aeruginosa in monoculture as well as for some biological replicates of
S. aureus in monoculture and P. aeruginosa and S. aureus in co-culture. Biological
variation appeared to supersede the inhibition ability of this concentration of
ciprofloxacin for some biological replicates. With increased ciprofloxacin concentrations,
it is possible that more consistent 16-HBE cell survival could be achieved. Nonetheless,
the increased culture period achieved for the CF airway model in this study is beneficial
to its use for studying longer term growth behavior of CF pathogens.

It is also notable that alginate, one of the main components of the mucus-like
hydrogels, is a major exopolysaccharide produced by mucoid P. aeruginosa during CF
chronic infections [186], [187]. The presence of alginate within the mucus-like hydrogels
may have enhanced the chronicity of the model by protecting the bacteria. For example,
an alginate-overproducing strain of P. aeruginosa has been found to form biofilms with

increased antibiotic tolerance relative to biofilms formed by a nonmucoid strain of P.
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aeruginosa [66]. Additionally, the presence of alginate has been found to mitigate P.
aeruginosa killing of S. aureus in vitro, implying that alginate may have a role in the

coexistence of the two species [182].
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CHAPTERS. Conclusions

5.1 Limitations and Future Directions

The mucus-like hydrogels developed in this research have relative differences
representative of some of the key differences between CF and healthy airway mucus, and
these hydrogels have been shown to influence the growth behavior of relevant CF
pathogens in the presence of an antibiotic, both with and without the incorporation of
human bronchial epithelial cells. This research also has limitations, some of which have
prompted future directions for the project. One of the limitations of the airway models is
their lack of imageability due to the mucin component within the mucus-like hydrogels.
The mucins cause the mucus-like hydrogels to be opaque, resulting in the inability to use
transmission light microscopy to visualize bacteria or mammalian cell growth throughout
the culture period. For this reason, all mammalian cell microscopy imaging was
performed at experiment endpoints, once the mucus-like hydrogels were removed from
the system. In future investigations, bacteria could be labelled with fluorescent proteins
and fluorescence imaging techniques could be performed to visualize bacteria within the
mucus-like hydrogels during culture. This could provide information about their spatial
organization and aggregate formation within the mucus-like hydrogels, which has been
found to differ in co-culture [97], [146]. Visualization of the bacteria within the models
could also provide more information on the variation observed between biological
replicates, as their spatial organization may differ between the healthy and CF mucus-like
hydrogels.

An additional limitation of this research was the use of only one strain of each species

of bacteria. Literature has shown that there is variation in gene expression and behavior
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between different strains of P. aeruginosa and S. aureus [62], [188]. P. aeruginosa and S.
aureus co-culture interactions, including their ability to compete or coexist, have also
been shown to be strain dependent [83], [158], [180]. In the future, additional strains of
P. aeruginosa and S. aureus with well-defined behavior should also be grown within the
airway models to assess whether the results from this research are unique to the strains
used. Additionally, differences between colony phenotypes were not discerned for this
study but future work should focus on confirming the existence of phenotypic changes
within the models, such as the presence of small colony variants.

Another limitation of this research is that the simplified composition of the mucus-
like hydrogels lack a number of the components found in CF airway mucus, such as DNA
and lipids [92]. For this research, the focus was not on recapitulating the composition of
CF airway mucus but was instead on observing how changes in the mucus-like hydrogels
(that are reflective of relative differences found between CF and healthy airway mucus)
would impact bacteria growth in the presence of a CF antibiotic. Future studies with these
models should consider incorporating an additional component into the mucus-like
hydrogels while maintaining the total solids concentrations of each hydrogel. This could
be achieved by reducing the mucin concentration within the healthy and CF mucus-like
hydrogels but keeping the same relative difference in mucin concentration between the
two hydrogels. A reduction in mucin concentrations within the hydrogels, without
compromising the overall solids concentrations, could also be beneficial as commercially
available PGM has been found to have an influence on P. aeruginosa virulence [183].
Despite this potential influence, the use of commercially available PGM within the

models is still recommended for future work as the collection and purification of native
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mucins (typically obtained from pig stomachs) is both cost- and labour-prohibitive [183].
Additionally, the growth behavior of bacteria in the presence of an antibiotic within these
models was limited to ciprofloxacin at one concentration. Future studies investigating the
growth behavior and antibiotic resistance of bacteria within these models should
investigate the effects of a range of ciprofloxacin concentrations. P. aeruginosa and S.
aureus exposed to increased concentrations of ciprofloxacin have been found to have
differing susceptibilities when in monoculture or co-culture depending on the culture
conditions and model [189], [190]. Testing a range of ciprofloxacin concentrations would
provide more information on antibiotic resistance of the bacteria grown within the models
and could potentially reduce variation between biological replicates due to growth
inhibition. Relevant CF antibiotics from other antibiotic classes, such as aminoglycosides
like gentamicin and tobramycin, should also be tested within the airway models, as P.
aeruginosa and S. aureus would likely respond differently to antibiotics with differing
mechanisms of action. For example, gentamicin has been found to be more effective than
ciprofloxacin against co-culture biofilms formed by P. aeruginosa and S. aureus [190].
Finally, the relative nature of this study also imposes limits on the model. The healthy
and CF mucus-like hydrogels lack many of the components and biochemical
characteristics of physiological airway mucus. The healthy and CF mucus-like hydrogels
do, however, possess relative differences representing some of the altered properties
between healthy and CF airway mucus. This approach allows for observation of how
specific changes in mucus-like hydrogel properties impact bacteria response to
antibiotics. Future validation of the CF airway model will require identification of model

limits, including clear definitions of patient state of disease being modeled. For example,
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whether the CF mucus-like hydrogel within the model is representing a completely
plugged airway or a thickened airway mucus layer. Result reproducibility will also need
to be improved prior to model validation. This will require greater characterization of the
CF mucus-like hydrogel to assess for hydrogel homogeneity as well as batch-to-batch
variation. This will also require the assessment of bacteria responses to ranges of
antibiotic concentrations and antibiotics of different classes within the model, as
previously mentioned. A potential validation strategy for potential use in antimicrobial
drug discovery is that the drug diffusion properties of the mucus-like hydrogels could be

measured and validated against collected patient samples.

5.2 Conclusions

In this research project, mucus-like hydrogels were developed which capture key
relative differences between CF and healthy airway mucus, including increased mucin
and solids concentrations as well as increased viscoelastic properties. This research
showed that the altered properties of these mucus-like hydrogels can influence the growth
behavior and antibiotic tolerance of P. aeruginosa and S. aureus in monoculture and co-
culture in vitro systems. As the CF mucus-like hydrogel did not always result in a greater
bacterial resistance to antibiotics compared to the healthy mucus-like hydrogel, the
relative differences in select properties between the CF and healthy mucus-like hydrogels
may not have been enough to consistently elicit this behavior. Other features of the
complex CF airway microenvironment that were not included within the airway models,
such as an immune component, also likely have a contribution to the behavior of P.

aeruginosa and S. aureus in vivo. Nonetheless, the mucus-like hydrogels developed in
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this research project can serve as a base for investigating the influence of altered CF
airway mucus properties on bacteria antibiotic tolerance. In addition, the CF mucus-like
hydrogel showed the ability to capture aspects of chronic infection behavior in the CF
airway model.

The results of this research demonstrate that the growth and behavior of P.
aeruginosa and S. aureus within an in vitro airway model can be influenced by changes
in composition and physical properties, as well as by the presence of mammalian cells.
The inclusion of mucus-like hydrogels within in vitro CF airway models represents an
important step towards better understanding the complex microbe-microbe and host-
microbe interactions in the CF airway microenvironment. Additionally, the ability for
these models to support co-culture growth of P. aeruginosa and S. aureus is an important
feature as they are commonly known to coexist within CF patient airways in vivo. The
hydrogels developed in this project can also be adapted to observe how altered mucus
properties and composition in other states of disease impact bacteria growth behavior and
antibiotic tolerance. Overall, this study demonstrates that mucus-like hydrogels can be
incorporated into microbe-mammalian co-culture systems and that the properties and
composition of the hydrogel have an influence on bacteria behavior and antibiotic
resistance. This study also shows that an in vitro CF airway model, with the inclusion of a
CF mucus-like hydrogel, is able to capture a number of characteristics of chronic CF

airway infection such as antibiotic tolerance and sustained polymicrobial growth.
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Figure 31: Viscoelastic properties of potential mucus-like hydrogel formulations
paired by constant mucin and alginate concentrations to demonstrate how
crosslinker concentration impacts viscoelastic properties. Grey icons represent
formulations with 0.5 mg/ml CaCl: crosslinker and black icons represent formulations
with 0.6 mg/ml CaClz crosslinker. Storage moduli, G’, represented by solid icons and
loss moduli, G”’, represented by open icons. Data shown from an angular frequency
range of 0.1 to 20 rad/s. Values are the average + SD from three independent
measurements. (A) 0% mucin, 1% alginate. (B) 0% mucin, 1.5% alginate. (C) 1% mucin,
1% alginate. (D) 1% mucin, 1.5% alginate. (E) 4% mucin, 1% alginate. (F) 4% mucin,

1.5% alginate.
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Figure 32: Viscoelastic properties of potential mucus-like hydrogel formulations
paired by constant mucin and crosslinker concentrations to demonstrate how
alginate concentration impacts viscoelastic properties. Grey icons represent
formulations with 1% alginate and black icons represent formulations with 1.5% alginate.
Storage moduli, G’, represented by solid icons and loss moduli, G’’, represented by open
icons. Data shown from an angular frequency range of 0.1 to 20 rad/s. Values are the

average + SD from three independent measurements. (A) 0% mucin, 0.5 mg/ml CaCl.

(B) 0% mucin, 0.6 mg/ml CaClz. (C) 1% mucin, 0.5 mg/ml CaClz. (D) 1% mucin, 0.6
mg/ml CaCla. (E) 4% mucin, 0.5 mg/ml CaClz. (F) 4% mucin, 0.6 mg/ml CaCl..
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Figure 33: Viscoelastic properties of potential mucus-like hydrogel formulations
paired by constant alginate and crosslinker concentrations to demonstrate how
mucin concentration impacts viscoelastic properties. Lighter grey icons represent
formulations with 1% mucin, darker grey icons represent formulations with 1% mucin,
and black icons represent formulations with 4% mucin. Storage moduli, G’, represented
by solid icons and loss moduli, G, represented by open icons. Data shown from an
angular frequency range of 0.1 to 20 rad/s. Values are the average + SD from three
independent measurements. (A) 1% alginate, 0.5 mg/ml CaClz. (B) 1.5% alginate, 0.5
mg/ml CaClz. (C) 1% alginate, 0.6 mg/ml CaCl.. (D) 1.5% alginate, 0.6 mg/ml CaCla.
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Figure 34: Comparison of the viscoelastic properties of the chosen mucus-like
hydrogels at selected higher (10 rad/s) and lower (1 rad/s) angular frequencies. (A)
Storage modulus, G’. (B) Loss modulus, G’’. Statistical significance was determined
using multiple t-test. *p < 0.05, **p <0.01.
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