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Abstract

In cystic fibrosis pathophysiology, thickened airway mucus impairs mucociliary
clearance and leads to devastating chronic bacterial infections. Respiratory failure and
lung damage caused by these chronic infections are the leading causes of mortality in
cystic fibrosis patients. While antibiotics remain to be the primary treatment option for
cystic fibrosis bacterial airway infections, incomplete bacterial eradication can lead to
antibiotic resistance. This project aims to evaluate if conventional antibiotic therapies can
be made more effective in treating cystic fibrosis bacterial infections by combining them
with antibacterial metal ions delivered via borate bioactive glasses. To evaluate this novel
combination therapy, we have designed an in vitro airway infection model to mimic the
cystic fibrosis microenvironment consisting of bronchial epithelial cells, a mucus-like
hydrogel layer, and bacteria deposited using an aqueous two-phase system. The bioactive
glass formulations selected for this project showed various levels of additive and
synergistic antibacterial properties toward Pseudomonas aeruginosa and Staphylococcus
aureus when combined with conventional antibiotics, while maintaining bronchial
epithelial cell viability. The antibiotic-glass combinations produced in this project show
promise to improve outcomes for cystic fibrosis patients and those with predispositions to
the development of devastating bacterial infections, while limiting the development of

widespread antibiotic resistance.
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CHAPTER 1. Introduction

1.1 Cystic fibrosis leads to altered airway mucus properties

Cystic fibrosis (CF) is a genetic disease affecting over 100,000 people worldwide
with an average life expectancy of 37 years [1], [2]. The leading cause of mortality for
CF patients is lung damage and respiratory failure caused by chronic airway infections
that occur due to the compromised airway microenvironment characteristic of CF [3], [4].
The main goal of this thesis project is to create a new antibacterial combination therapy
that can more effectively manage CF airway infections by targeting bacteria through

different routes of action.

The human respiratory system relies upon the airway mucus layer as a first line of
defense against pathogens and toxins in inspired air [5], [6]. Mucus is a glycoprotein-rich
hydrogel that lines the mucosal surfaces of our body such as the intestines, stomach,
urogenital tract, and airway, acting as an interface between human epithelial cells and the
outside world [6]. At the epithelial interface, mucus functions as a lubricant, a selectively
permeable barrier that allows the passage of nutrients while blocking the entrance of
pathogens, a first line of immune defense, and a habitat for the human microbiome,
among other functions [6]. In the airway, the mucus layer’s function as a first line of
immune defense is propagated by the mucociliary clearance mechanism, in which
pathogens and toxins get trapped in the airway mucus layer, and the cilia lining the
airway are constantly sweeping the mucus up and out of the airway [5]. For the

mucociliary clearance mechanism to function effectively, the freedom of movement of



these cilia is of utmost importance, which is facilitated by the viscoelastic properties of

mucus [7].

Native mucus is composed of around 97% water and 3% solids [8]. The solids
portion of mucus consists of mucin proteins, non-mucin proteins, salts, lipids, and debris
[8]. Mucins are large O-linked glycoproteins that have polymeric/colloidal behavior due
to their large size and provide the structure framework for mucus [8], [9]. The
carbohydrate side chains make up approximately 50% to 90% of the molecular mass of
mucins, while the other 10% to 50% is made up of proteins [8], [9]. The gel properties of
mucus are primarily caused by the formation of disulfide bonds between the cysteine-rich
domains of the mucin proteins [8], [10]. Of the 17 genes encoding mucins in the human
genome, MUCS5AC and MUCSB are the two major polymeric mucins of airway mucus

and are responsible for gel formation [8], [11].

Mucus hydration is controlled primarily by two ion channels in the airway
epithelial cells: the cystic fibrosis transmembrane conductance regulator (CFTR) which
regulates Cl” secretion, and the epithelial sodium channel (ENaC), which regulates Na*
absorption [12], [13]. The regulation of ion concentrations in the airway mucus primarily

by these two channels leads to the regulation of mucus hydration by osmosis [8], [12].

In CF pathology, mutations in CFTR gene lead to loss or impairment of CFTR
channel function in the airway epithelium [3], [12]. Therefore, loss of CFTR channel
function significantly reduces CI” secretion and water transport across the airway
epithelium, leading to mucus dehydration and resulting in thickened mucus that is more
viscous and stickier than healthy mucus [12], [14]. In addition, mucus composition is

altered in CF patients, in that CF mucus contains a greater concentration of mucins as
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well as DNA and inflammatory cytokines [10], [15], [16]. In CF mucus, the amount of
secreted mucins increases by approximately 3-fold compared to that of healthy mucus
[17]. This altered CF mucus solids composition further increases mucus adhesion to

airway surfaces [12].

1.2 CF mucus properties lead to chronic airway infections

The altered properties of CF airway mucus lead to the development of chronic
bacterial airway infections in CF patients by creating an airway microenvironment where
bacteria are able to thrive and evade host immune responses [18]. As mentioned earlier,
the damage to the lungs then caused by these infections is responsible for a large

proportion of the mortality in CF patients [3], [4].

Thickened CF mucus leads to impairment of the mucociliary clearance
mechanism, impairment of host immune cell migration, and impairment of antibacterial
treatment diffusion through the airway [12]. Mucociliary clearance is impaired because
(1) the dehydrated mucus layer is more viscous and therefore more difficult to move, and
(2) the periciliary layer volume is decreased due to increased reabsorption of ions and
therefore water, both leading to an impaired ability of the cilia to properly beat and propel
mucus upward [14], [19], [20]. Coughing, which in healthy humans aids in clearing
mucus, is also impaired due to the increased adherence of the dehydrated mucus to the
airway surface [12], [21]. In addition, sticky mucus plugs form within airways, further
obstructing the airways and leading to impaired airflow, bacterial growth, and

neutrophilic airway inflammation [22]. Therefore, these conditions provide an ideal



environment for bacterial growth and recurrent infections as bacteria is not cleared as

easily from the airway [12].

This impaired microenvironment of the CF airway allows bacteria to say in place
and attach to surfaces, resulting in the formation of bacterial biofilms [23], [24]. When
bacteria colonize a surface, flagellum synthesis is inhibited after surface attachment and
rapid bacterial growth occurs, leading to the formation of a biofilm [24], [25]. Biofilms
create additional challenges for antibiotic therapies as microbial aggregates that build up
in biofilms create a blockade that resists antimicrobial agents [26]. Additionally, the
bacteria within biofilms can produce exotoxins known as superantigens that allow
bacteria to evade the immune system [26], [27]. Biofilm formation is a key characteristic
of CF airway infection that contributes to antibiotic inefficacy and subsequent antibiotic

resistance.

Common pathological bacterial airway infections in CF patients are characterized
mainly by the two bacteria, Staphylococcus aureus and Pseudomonas aeruginosa [3],
[28]. The bacteria involved in CF airway infection varies with the patients age, with
infections in children being primarily S. aureus and infections in adults being primarily

P. aeruginosa [3], [28], [29].

P. aeruginosa is a Gram-negative opportunistic pathogen that is commonly
involved in nosocomial infections and is difficult to treat due to resistance to multiple
antibiotics [3], [30]. CF patients with chronic P. aeruginosa infection have been shown to
have more severe symptoms and lung degradation over time [3], [28]. P. aeruginosa uses

a number of mechanisms to adapt and persist in the CF lung, including the ability to



differentiate into a mucoid phenotype that aids in biofilm formation by increasing the

production of alginate and other polysaccharides [31], [32].

S. aureus is a Gram-positive opportunistic pathogen found ubiquitously in human
populations and environments [33]. S. aureus is estimated to have colonized 30% of all
humans, but is typically asymptomatic in healthy humans [34]. S. aureus is typically the
dominant pathogen in young CF patients, but is usually outcompeted eventually by more
dominant pathogens, typically P. aeruginosa [33], [35]. Methicillin-resistant S. aureus
(MRSA) is a particular strain of S. aureus that has acquired resistance to methicillin and
other beta-lactam antibiotics [34], [36]. MRSA is an increasingly common pathogen in
community- and hospital-acquired infections, being responsible for 10-fold more
infections than all multi-drug resistant (MDR) Gram-negative pathogens combined [34].
The prevalence of MRSA infections in CF is rapidly increasing, highlighting the dangers

of antibiotic resistance develop in CF pathogens [37].

P. aeruginosa and S. aureus have both been shown to form biofilms within CF
mucus [38], [39]. These CF biofilms are characterized by bacterial colonies surrounded
by a protective extracellular matrix [38]. Compared to planktonic bacteria, biofilms have
reduced antibiotic penetration and increased metabolic adaptation, making them more

difficult to eradicate and they show increased antibiotic resistance [40].

In addition to the two major bacteria identified here, other bacterial species have
been implicated in CF airway infections such as Haemophilus influenzae,
Stenotrophomonas maltophilia, Achromobacter, and Burkholderia cepacian complex [4],
[28], [29]. Additionally, fungus has been identified as a colonizer of the CF lung [41].

Specifically, the filamentous fungi Aspergillus fumigatus and Scedosporium

5



apiospermum as well as Candida albicans have been identified as the most prevalent
fungi in CF infections [42], [43]. However, it is unknown if these fungal infections are

commensal or pathogenic in nature [42], [43].

1.3 Conventional antibiotic therapy leads to antibiotic resistance development in CF

pathogens

Antibiotic resistance has emerged as one of the most serious threats to global
health, resulting in an estimated 1.2 million deaths annually [44], [45]. The World Health
Organization recognizes antimicrobial resistance as a top threat to global public health
and development [46]. As antibiotic resistance is constantly evolving, it is projected that
global mortality will rise to 10 million deaths annually by 2050 if actions are not taken to
control antibiotic resistance [44]. In a healthcare setting, antibiotic-resistant microbes
contribute to an increasingly significant proportion of hospital-acquired infections,

leading to increased mortality and morbidity [47].

From an economic standpoint, it is projected that antibiotic resistance could cost
the global economy up to $100 trillion USD by 2050 due to increased healthcare
expenditures and indirect effects on the economy [48]. Looking at this globally, the
growing development of antibiotic resistance would have greater economic impacts on
low-income countries, leading to increased levels of poverty [49]. These global health
and economic challenges presented by antibiotic resistance emphasize the urgent need for

alternative antimicrobial strategies.



The primary form of treatment for CF bacterial airway infections is antibiotic
therapy [4], [28], [33]. In the treatment of chronic infection, the aim of long-term
antibiotic therapy is to reduce microbial load in the lung and therefore reduce chronic
lung damage and chronic lung function loss [33]. While antibiotics have been
tremendously effective in reducing CF mortality, the widespread use of antibiotics has
led to the development of antibiotic resistance in common CF pathogens, making them

increasingly difficult to treat [50], [51], [52].

Antibiotic resistance arises when pathogens are exposed to sublethal
concentrations of antibiotics, allowing some bacteria to survive rather than being fully
eliminated [51], [53]. This incomplete eradication enables naturally resistant strains to
persist and multiply, while susceptible strains are eliminated [53], [54]. Over time,
resistance traits can spread across microbial populations via horizontal gene transfer [54],
[55]. These resistance genes can enable bacteria to evade antibiotics through mechanisms
such as cell wall changes that restrict antibiotic access, efflux pumps that pump out the
antibiotic, enzymes that modify and/or degrade the antibiotic, and the development of

alternative metabolic pathways to those inhibited by the drug [56].

Particularly in CF infections, thickened mucus impairs antibiotic diffusion,
leading to a failure to eradicate bacteria and subsequent antibiotic resistance development
[51]. Bacterial biofilms have an increased ability to form in CF mucus, and when a
biofilm is present, antibiotics that may be able to kill the metabolically active layer of
cells on the exterior of the biofilm are often unable to kill the interior bacterial cells,

thereby leading to antibiotic resistance development [57], [58].



For chronic P. aeruginosa lung infection, long-term inhaled antibiotic therapy,
typically with tobramycin, is a cornerstone of medical treatment [28]. Long-term inhaled
antibiotic therapy has been shown to slow lung function decline, reduce pulmonary
exacerbations, and reduce hospitalizations in CF patients with chronic P. aeruginosa
infection [28], [59]. Inhaled antibiotic therapy can also be used in early P. aeruginosa
infection to prevent establishment of a chronic infection [28]. However, long-term
inhaled antibiotic therapy can lead to the establishment of MDR P. aeruginosa infection
due to the many different mechanisms of antibiotic resistance development in P.

aeruginosa (28], [30].

For S. aureus, various anti-staphylococcal antibiotics have been used
prophylactically on children with CF to prevent the establishment of a chronic S. aureus
infection [33]. Antibiotics such as vancomycin and linezolid show potential in being used
in the treatment of S. aureus infection-induced acute pulmonary exacerbations [28], [60].
However, the widespread use of beta-lactam antibiotics has led to the emergence of
MRSA as a major pathogenic strain in CF and other infections [34], [36]. MRSA
infections are increasingly difficult to treat in CF and typically require combinations of

different antibiotics [61].

While the aggressive use of antibiotics in the treatment of airway infections has
overall led to a significant increase in CF life expectancy, this same aggressive use has
led to the spread of antibiotic resistance in most bacteria, leading to the development of

new strains such as MRSA that are increasingly difficult to treat [30], [33], [62], [63].



1.4 Existing combination therapies to treat CF infections

To prevent the continuing development of antibiotic resistance and better treat
MDR bacteria, combination therapies of conventional antibiotics with either other
antibiotics or other substances have been investigated in the hopes of targeting bacteria

from multiple angles to eradicate bacteria and prevent antibiotic resistance buildup.

Combinations of multiple antibiotics have been investigated in treating CF
infections. Specifically, tobramycin, a common treatment for Gram-negative P.
aeruginosa CF infections, has been combined with other antibiotics to produce promising
results. Combining tobramycin, an aminoglycoside antibiotic, with colistin, a polymyxin
antibiotic, has been shown to more effectively treat P. aeruginosa biofilms, potentially
due to the different mechanisms of action of each antibiotic [57], [64]. Tobramycin has
also been combined with beta lactam antibiotics in treating P. aeruginosa, with the
combinations better able to suppress planktonic and biofilm growth [65]. These examples
show that combinations of antibiotics that are able to attack bacteria with different

mechanisms of action can have synergistic effects in suppressing CF infections [66].

Conventional antibiotics have also been combined with mucolytic agents with the
intention of breaking up mucus, allowing for better diffusion of antibiotics through the
mucus layer [67], [68]. To further improve CF infection treatment, combining
conventional antibiotics with antibiofilm agents such as quercetin that disrupts biofilm
formation has been explored [67]. These examples show potential avenues for improving

the efficacy of conventional antibiotics on treating CF infections.



Finally, antibiotics have been combined with CFTR modulators to attempt to
better clear CF infections [69]. CFTR modulators, such as ivacaftor, are drugs that target
the CFTR ion channel with the aim of restoring CFTR function and therefore restoring
healthy mucus structure and function [70]. These drugs, only becoming available in the
past decade, are now at the forefront of cystic fibrosis research as they target the
underlying cause of CF, rather than the symptoms [70], [71]. While the combination of
antibiotic therapy with CFTR modulators has been investigated, it appears that chronic
CF infections may still be able to resist eradication despite modulator-induced

improvements in lung function combined with intense antibiotic treatment [69].

While many combination therapies to improve the efficacy of conventional
antibiotics in treating CF infection have been explored, the combination of conventional

antibiotics with antibacterial metal ion-based therapies has not been extensively explored.

1.5 Metal ions have antimicrobial effects

Metal ions have been shown to have antimicrobial effects through a variety of
mechanisms including damage to microbial cell membranes and cell walls, interactions
with microbial DNA, inhibition of enzymes or proteins, and the generation of reactive
oxygen species (ROS) [72], [73]. The generation of ROS, highly reactive molecules
containing oxygen such as peroxides and superoxide anions, has specifically been
identified as a major antibacterial mechanism of metal ions [74]. The ROS generated by
metal ions then damage bacterial cell membranes and have antibiofilm activity [74], [75].

As metal ions have been shown to target microorganisms through a variety of
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mechanisms simultaneously, there is a decreased risk of antibiotic resistance
development [74], [76]. Therefore, by combining metal ions with conventional
antibiotics, we can have a large variety of mechanisms that jointly target microorganisms

and therefore further reduce the risk of antibiotic resistance development [76].

In the context of CF lung infections, the use of metal ions could have additional
benefits, as they (1) are able to traverse through the mucus layer more easily due to their
small size and (2) may have some mucolytic effect that could therefore aid bacterial
clearance and antibiotic delivery [76]. Some possible mechanisms behind the mucolytic-
like effects of metal ions include the disruption of Ca?* crosslinking in mucus and the

generation of reactive oxygen species which can degrade mucus structure [77].

In this thesis, we explored the antibacterial effects of zinc and gallium ions. Zinc
has been shown to be an effective antimicrobial agent due to its inhibitory effects on
various metabolism pathways as well as its ability to generate ROS [74], [78], [79]. Zinc
oxide (ZnO) has been shown to be specifically effective against S. aureus and E. coli

[78], [80].

Gallium has had longstanding clinical uses as a diagnostic agent for cancer and
infections, a therapeutic agent for cancer, and as a potential anti-inflammatory and
immunosuppressive agent [81]. Recently, the antimicrobial properties of gallium have
been investigated. It is theorized that gallium acts as a competitive inhibitor in cellular
processes involving iron metabolism due to the resemblance between gallium and iron
atoms [78], [81]. Through this mechanism, gallium has been shown to be effective in

killing planktonic and biofilm P. aeruginosa as well as Mycobacterium tuberculosis [81].
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1.6 Borate bioactive glasses can facilitate the delivery of metal ions to CF airway

infections

While metal ions themselves may be useful in treating CF airway infections, a
delivery system is required to deliver these metal ions to sites of infection. Metallic
nanoparticles have been investigated as a mechanism to deliver antibacterial metal ions to
sites of microbial infections [55], [76], [82]. Metallic nanoparticles are able to attach to
bacterial membranes via intermolecular forces and then cross the membrane, leading to
the accumulation of metal ions inside the bacterium [55], [76], [83]. The accumulation of
metal ions inside the bacterium can then lead to the inhibition of enzyme function,
deactivation of proteins, inducing of oxidative stress, and modification of gene

expression [76], [83].

Borate bioactive glasses have shown potential as degradable matrices for tissue
engineering applications and as potential as carriers for metal ions [84], [85], [86]. Borate
bioactive glasses have demonstrated effectiveness in enabling the controlled release of
molecules to clinical areas of interest within the body in examples such as releasing
therapeutic strontium ions for bone regeneration or releasing conventional antibiotic
drugs to treat chronic osteomyelitis [87], [88]. Additionally, borate bioactive glasses have
been used in wound healing applications [84] and as drug delivery systems for cancer
treatment [89], [90]. The highly tunable nature of borate bioactive glasses makes them a
favorable candidate for an antibacterial metal ion delivery system in CF infections
because degradation rates can be adjusted to ensure proper release of metal ions to the

targeted sites of infection and full dissolution of the glass particles in the airways [91].
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The novel antibacterial therapy created in this thesis project is centered around the

combination of conventional antibiotics with metal ion-releasing borate bioactive glasses.

1.7 Current models of CF airway infection

A representative model of CF infection is required to assess the antibacterial
efficacy of novel therapies in a CF-like environment. Therefore, a review of current
models of CF lung infection was conducted to select a model to use in this project to

assess the novel antibiotic-metal ion combination therapy.

Many in vivo animal models have been used to study CF infection as well as CF
disease progression, mucociliary clearance deterioration, and CFTR restoration [92]. In
vivo models have been generated by modifying CFTR orthologs in various animals,
resulting in a CF-like pathophysiology in these animals [92], [93]. Pigs [94], [95] and
ferrets [96], [97] are the most commonly used animals to study CF infection in vivo
because both species, when genetically modified to knockout the CFTR ortholog gene,
are prone to developing spontaneous lung infections within weeks to months after birth
[95], [97], [98]. CF animal models have also been established in smaller animals such as
mice [99], [100], zebrafish [101], and tadpoles [102]. While such transgenic CF animal
models can provide valuable insights into CF disease and infection progression, there are
limitations to the translatability of these animal models to CF in humans [98], [103].
Additionally, animal models require a large amount of time and resources in comparison

to smaller and more controllable in vitro CF models [98].
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Due to the limitations and challenges associated with in vivo animal models, there
has been extensive investigation into the development of in vitro CF airway infection
models [104]. Several in vitro models have combined host cells with microbial cells
successfully, allowing for the study of bacterial-host interactions, biofilm formation, and
antibiotic efficacy [104], [105]. However, many models lack key components of the CF
airway microenvironment, such as a mucus-mimetic layer [106], [107]. Other in vitro
models have employed mucus-mimetic materials to better represent the CF airway
microenvironment [104]. Specifically, artificial sputum medium (ASM) [108] and
synthetic CF sputum medium (SCFM) [109], [110] have been created to supply a nutrient
environment reflective of the CF airway. However, these mucus-mimetic media lack the
complexity of the in vivo mucus layer, and specifically lack the viscoelastic properties of

mucus [ 104].

Therefore, current research has looked into the development of mucus-mimetic
materials to better recapitulate the viscoelastic properties of native healthy and CF
mucus. Purified mucin proteins alone do not accurately resemble the viscoelastic
properties of native mucus, as they lack non-mucin proteins and other components found
in mucus that contribute to mucus’ physical properties [111]. Therefore, a variety of
mucus-mimetic materials have been designed with different backbones such as non-
peptide mucin substitutes, mucin-based polypeptide backbones, and hydrogels to mimic

the viscoelastic properties of native mucus [112].

An ongoing project in the Leung lab focuses on developing and optimizing an in
vitro airway infection model to better mimic the structure and microenvironment of the

CF airway. To mimic native airway mucus in this model, mucus-mimetic hydrogels have
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been engineered and are composed of an alginate-mucin (ALG-MUC) interpenetrating
hydrogel network using calcium chloride (CaCl,) as a crosslinker [113], [114]. Two
formulations of ALG-MUC hydrogels were designed to mimic the properties of healthy
and CF airway mucus by increasing crosslinker and mucin content in the CF hydrogel to

mimic the thickened CF mucus properties [114].

Using these mucus-mimetic hydrogels, a novel in vitro airway infection model
was designed, incorporating human bronchial epithelial cells with common CF bacteria in
a CF-like airway microenvironment [114]. In this model, human bronchial epithelial cells
are seeded on a flat-bottom well plate, the mucus-mimetic hydrogels are deposited over
top, and bacteria are deposited over top of the mucus-mimetic hydrogels using an
aqueous two-phase system (ATPS) (Figure 1A) [114]. The ATPS uses two incompatible
polymers that partition into separate aqueous phases in order to confine bacteria to one of
the phases, allowing for the repeatable and controlled deposition of bacteria into the

model [114], [115].

In this thesis project, the existing in vitro airway infection model developed by
O’Brien et al. [114] was translated into a transwell insert system, where cell culture
media is delivered to the mammalian cells basolaterally, while the mucus layer
containing bacteria is deposited on the apical side of the mammalian cells (Figure 1B).
The purpose of this change was to improve the structural relevance of the model by

introducing a different route from the hydrogel layer for nutrient delivery to the
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mammalian cells. This newly developed model was then used to assess the antibacterial

efficacy of the antibiotic-metal ion combination therapy.
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Figure 1: Comparison of previously designed CF airway infection model to new
proposed CF airway infection model. A. The previously designed in vitro airway
infection model, within a flat-bottom well plate, contains a bronchial epithelial cell
monolayer, mucus-mimetic hydrogel, and an ATPS to confine bacteria [106]. B. The
newly proposed in vitro airway infection model, using a transwell insert, contains an
apical compartment with the same composition as the previous model but now with a
basolateral compartment containing cell culture media. Diagram created with
BioRender.com.

1.8 Rationale, hypothesis, and objectives

The major goal of this thesis project was to assess if the addition of metal ion-
releasing bioactive glass could augment conventional antibiotics to better eradicate

bacterial infection in a CF-like airway microenvironment.

In CF patients, lung damage and respiratory failure caused by chronic microbial
infections are the leading causes of mortality [3], [4]. CF patients are highly susceptible
to the development of chronic airway infections due to thickened mucus characteristic of

the CF airway, which leads to increased bacterial colonization as well as impaired
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diffusion of antibiotic drugs [12], [22]. Because of this compromised airway
environment, conventional antibiotics often fail to eradicate bacteria in CF infections,
thereby allowing the surviving population of bacteria to develop antibiotic resistance
[51]. Therefore, the development of new therapies to fully eradicate bacterial infections
in the CF airway is needed to prevent the development of antibiotic resistance. By
combining conventional antibiotics with metal-ion releasing bioactive glass, we aim to
create a therapy that will more effectively treat CF bacterial infections and prevent
antibiotic resistance development by targeting bacteria using multiple mechanisms of

action.

We hypothesized that the addition of metal-ion releasing bioactive glass will
augment conventional antibiotics to more effectively suppress bacterial growth in a CF-

like airway microenvironment. To test this hypothesis, there were two main objectives:

Objective 1: Create an in vitro airway infection model containing human
bronchial epithelial cells, mucus-mimetic hydrogels, and a bacterial culture established
using an ATPS. Convert the previously created airway infection model to a transwell
insert-based model to better mimic airway structure and allow for an additional route of
cell culture media delivery independent of the hydrogels/bacteria. Induce a quiescent-like

state on the bronchial epithelial cells to better represent native airway cells.

Objective 2: Assess the efficacy and safety of antibiotic-glass combinations using
the previously designed in vitro airway infection model. Antibacterial efficacy of the
antibiotic-glass combinations was assessed using a CFU/ml assay and cytotoxicity of the

antibiotic-glass combinations on the mammalian bronchial epithelial cells was assessed
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using a live/dead cell viability assay. A schematic of the overall experimental design can

be found in Figure 2 below.
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Figure 2. Schematic of overall experiment to test efficacy and safety of metal ion-
releasing bioactive glasses combined with conventional antibiotics. The CF airway
infection model is created with 16-HBE cells, a CF-mimetic hydrogel layer, and bacteria
deposited using an ATPS. 5 hours after bacteria deposition, the ATPS is replaced with
media containing antibiotic and glass extract. The model is cultured for another 43 hours
to a total time of 48 hours, after which antibacterial efficacy and mammalian cytotoxicity
of the antibiotic-glass combinations are assessed. Diagram created with BioRender.com.
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CHAPTER 2. Materials and Methods

2.1 Cell culture conditions

For this project, the 16-HBE cell line (16HBE140-) was used to mimic the
bronchial epithelial cell layer. For continuous culture, 16-HBE cells were cultured in a
1:1 ratio of Dulbecco’s Modified Eagle Medium (DMEM), high glucose (Thermo Fisher
Scientific, Gibco. Cat. No. 11965092), and Gibco Ham’s F-12 Nutrient Mixture (Thermo
Fisher Scientific, Gibco. Cat. No. 11765054) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Gibco. Cat. No. A5256701) and 1% antibiotic-
antimycotic (AA; Thermo Fisher Scientific, Gibco. Cat. No. 15240062). 16-HBE cells
were incubated at 37 °C and 5% COs. During continuous culture, 16-HBE were passaged
upon reaching 60% to 80% confluency and media was changed every 3 days to minimize

over confluency and accumulation of metabolites.

In the airway infection model, 16-HBE cells were cultured with a 1:1 ratio of
DMEM, low glucose (Thermo Fisher Scientific, Gibco. Cat. No. 11885084), and F-12
supplemented with 1% FBS. The lower FBS and glucose concentrations were used to
induce the 16-HBE cells into a quiescent-like state more representative of bronchial
epithelial cells and to prevent over confluency. Note that no AA was added to media for

experiments involving bacteria, to prevent interference with bacteria growth.

In the airway infection model, 16-HBE cells were seeded at a cell density of
approximately 30000 cells/well on transwell inserts (VWR, Avantor. Cat. No. 734-3263)
in a 24-well plate. The inserts were coated with collagen (Advanced BioMatrix, BICO.

PureCol® Bovine Collagen Solution, Type I, Cat. No. 5005) before cell seeding to
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encourage cell adhesion and promote a uniform distribution of cells on the inserts. The
collagen solution was added to the inserts at a concentration of 0.05 mg/ml for 2 hours
before the collagen solution was aspirated and the inserts were left to air-dry in the
biosafety cabinet for 45 minutes. Before adding the hydrogel and bacteria component of
the airway infection model, 16-HBE cells were grown for 48 hours in DMEM, high
glucose/F-12 + 10% FBS to reach full confluency, and then were grown for an additional

48 hours in DMEM, low glucose/F-12 + 1% FBS to induce a quiescent-like state.

2.2 Bacteria culture conditions

Within the airway infection model, two strains of bacteria were used:
Pseudomonas aeruginosa CF18 and Staphylococcus aureus ATCC 6538. The strain of P.

aeruginosa that was used in this project was isolated from the airways of a child with CF.

Frozen stocks of the two bacteria strains were prepared in their respective broths
with 25% (v/v) glycerol and were stored at -80 °C. P. aeruginosa was cultured using
Luria-Bertani (LB; Sigma-Aldrich. Cat. No. 1.10285) broth while S. aureus was cultured
using Brain Heart Infusion (BHI; Sigma-Aldrich. Cat. No. 1.10493) broth. To culture the
bacteria in preparation for use in experiments, the frozen stocks were streaked on 1.5%
(w/v) agar (Sigma-Aldrich. Cat. No. A1296) plates of their respective broth, and then the
plates were incubated for 16 to 18 hours at 37 °C and 5% CO.. Then, liquid cultures were
prepared by inoculating 3 ml of the respective broth with a single colony from each of the
streaked agar plates. The liquid culture was then cultured for 16 to 18 hours in a shaking

incubator at 200 rpm and 37 °C prior to use for experiments.
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2.3 ATPS preparation

An ATPS composed of polyethylene glycol (PEG) and dextran (DEX) was used
to contain the bacteria within a DEX droplet above the mucus-mimetic hydrogel layer of
the model. To prepare the ATPS, 5% (w/v) PEG (35 kDa, Sigma-Aldrich. Cat. No.
8.18892) and 5% (w/v) DEX (500 kDa, Pharmacosmos. Cat. No. 5510 0070 9006) were
dissolved in DMEM/F-12 + 10% FBS and in LB broth using a rocking platform shaker.
Previous lab members have optimized the containment of P. aeruginosa and S. aureus
using a 5% PEG/5% DEX ATPS and have found that LB broth is suitable for

containment and growth of S. aureus in addition to P. aeruginosa [114].

After mixing, the solutions were filter sterilized using a 0.22 um vacuum filtration
system and then centrifuged at 3000 g for 90 minutes to allow the two phases to separate.
Then, the separated PEG-rich and DEX-rich phase from each of the two ATPS were
collected by careful pipetting and stored at 4 °C. The preparation of these two ATPS
solutions was performed in order to harvest the PEG-rich phase from the 5% PEG/5%
DEX ATPS in DMEM/F-12 + 10% FBS to support cell growth, while also harvesting the
DEX-rich phase from the 5% PEG/5% DEX ATPS in LB broth to support bacteria

growth and confinement.

2.4 Preparation of hydrogel stock solutions

The mucus-mimetic hydrogels in the airway infection model were composed of
an alginate-mucin (ALG-MUC) hydrogel crosslinked by calcium chloride (CaCl»), and

therefore require alginate, mucin, and CaCl; stock solutions to be prepared.
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To prepare alginate stock solutions, alginic acid sodium salt powder (low
viscosity, MP Biomedicals. Cat. No. 154725) was sterilized by ultraviolet (UV) light by
placing the powder horizontally in a Falcon tube and then placing the tube in a UV
sterilizer for 60 minutes, rotating the tube every 20 minutes to maximize the sterilized
surface area. The alginic acid sodium salt was then dissolved in PBS and HEPES buffer
(Sigma-Aldrich. Cat. No. H3375) was added to prepare a stock solution of 30 mg/ml

alginate and 75 Mm HEPES buffer that was stored at 4 °C.

To prepare CaCl. stock solutions, CaCl, (Sigma-Aldrich. Cat. No. 746495) was
dissolved in deionized (DI) water and then filter sterilized using a 0.22 pum syringe filter

to a concentration of 2 mg/ml.

To prepare mucin stock solutions, Mucin Type II powder (from porcine stomach,
Sigma-Aldrich, Cat. No. M2378) was spread on a petri dish, then saturated with 95%
ethanol, and then heated in a 70 °C oven for 24 hours. Subsequently, the sterilized mucin
powder was collected and dissolved in PBS to produce a 200 mg/ml mucin stock solution

that was stored at 4 °C.

2.5 Preparation of hydrogels for use in the airway infection model

Formulations for a CF mucus-mimetic hydrogel, healthy mucus-mimetic
hydrogel, and alginate cushion were optimized and characterized previously in the lab
[114] and these formulations will be used in the healthy and CF airway infection models

(Table 1). The alginate cushion, containing no mucin, was incorporated into the model to
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prevent direct contact between the 16-HBE cells and the mucin, which was shown to

have a cytotoxic effect previously in the lab [114].

Table 1: Composition of mucus-mimetic hydrogels. ALG-MUC hydrogels were
previously optimized to mimic the airway mucus composition of CF patients and healthy
individuals [114]. An alginate cushion was also optimized to use as a non-mucin
containing barrier between the mucin-containing hydrogels and the 16-HBE cells.

Cushion Healthy CF
Alginate 1.50% 1.50% 1.50%
Mucin 0% 1% 4%
CaCl2 0.5 mg/ml 0.5 mg/ml 0.6 mg/ml

To assemble the hydrogels for use in the airway infection model, alginate and
mucin stock solutions were first mixed together and diluted with PBS to the desired
concentrations. CaCl, was then be added and mixed rapidly to allow for crosslinking of
the ALG-MUC hydrogel. After the hydrogel had begun to crosslink, the hydrogels were
deposited on top of the 16-HBE monolayer and given time to solidify. Following this
process, the alginate cushion was deposited at a thickness of 0.4 mm and incubated for 10
minutes to solidify. Then, the healthy or CF hydrogel was deposited on top of the alginate

cushion at a thickness of 1.1 mm and incubated for 30 minutes to solidify.

To promote uniformity of the hydrogel phase, the plate containing the airway
infection model was centrifuged at 100 g for 5 min to allow the gel to spread out. While
centrifuging the hydrogels, PBS was added to the basolateral compartment of the
transwell to prevent the insert membrane flexing and hydrogel aggregation in the center
of the insert. This centrifugation step was done prior to incubating the hydrogels to allow

them to solidify.
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2.6 Assembling the airway infection model

To assemble the airway infection model, 16-HBE cells were first seeded on
transwell inserts within a 24-well plate at a cell density of 30000 cells/well. Before
seeding the 16-HBE cells, the transwell inserts were coated with collagen to enhance cell
attachment. Then, the 16-HBE cells were grown for 48 hours with DMEM/F-12 + 10%
FBS in the apical and basolateral compartment until they reached 100% confluency. At
confluency, the growth media was removed from both compartments, washed with PBS,
and replaced with DMEM low glucose/F-12 + 1% FBS and cultured for an additional 48
hours to induce a quiescent-like state in the 16-HBE cells. Then, the media in the apical
compartment was removed, and the hydrogels were added on top of the 16-HBE
monolayer as described in Section 2.5. The alginate cushion was added first at a height of
0.4 mm, incubated for 10 minutes at 37 °C and 5% CO: to solidify, and then either the
healthy or CF mucus-mimetic hydrogel was added at a height of 1.1 mm and incubated
for 30 minutes at 37 °C and 5% CO:x to solidify, for a total hydrogel height of 1.5 mm to
mimic airway mucus thickness. After the gels had solidified in the incubator, the PEG-
rich phase from a 5% PEG/5% DEX ATPS in DMEM/F-12 + 10% FBS was added atop
the hydrogels in the apical compartment. Then, using the BioMek 4000 Automated
Liquid Handler (Beckman Coulter), a 0.5 MI droplet of the DEX-rich phase from a 5%
PEG/5% DEX ATPS in LB broth containing the chosen bacteria at an ODgoo of 0.01 was
added directly above the hydrogel layer, within the PEG-rich phase. The model was then
cultured at 37 °C and 5% CO- for 5 hours to allow the bacteria to settle into the hydrogel

phase in a controlled manner.
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After 5 hours of bacterial containment within the ATPS, the liquid ATPS phase
was removed from the model and replaced with media containing bioactive glass extract
and/or antibiotics. It was previously shown in the lab that P. aeruginosa failed to be
confined by the PEG/DEX ATPS after 5 hours, and therefore the ATPS phase is removed
after 5 hours, since the bacteria has diffused into the hydrogel layers by then. After
removing the ATPS phase, glass extract-antibiotic combinations dissolved in DMEM low
glucose/F-12 + 1% FBS were added to the apical compartment. The model was then
cultured at 37 °C and 5% CO; for an additional 43 hours to reach a total culture time of
48 hours, after which, bacterial growth and cell viability were assessed. A summary of

the airway infection model assembly is shown in Figure 3.
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Figure 3: Schematic of airway infection model assembly. The airway infection model
contains a 16-HBE monolayer on the surface of the apical compartment, followed by a
healthy or CF hydrogel layer. On top of that, an ATPS is added to contain bacteria to the
DEX droplet. The basal compartment is be supplied DMEM low glucose/F-12 + 1%
FBS. After 5 hours of bacterial confinement, the ATPS liquid phase is removed from the
apical compartment and bioactive glass extracts and antibiotics dissolved in DMEM, low
glucose/F-12 + 1% FBS are added. Diagram created with BioRender.com.
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2.7 Assessment of bacteria growth in the airway infection model

For experiments using one strain of bacteria, bacterial growth in the liquid and
hydrogel phases of the airway infection model were assessed using spot plating
techniques to determine CFU/ml. Firstly, 20 pul of the liquid phase of the apical
compartment was extracted. The rest of the liquid phase was then discarded, and the
hydrogel phases were pipetted into microcentrifuge tubes, which were then centrifuged at
10000 g for 10 minutes to pellet bacteria. The bacteria pellet was then resuspended in 50
M1 PBS to match the volume of the hydrogels. The centrifuging was done in order to get

the bacteria out of the hydrogels and into a liquid medium.

Then, a 96-well plate was used to serially dilute the liquid and hydrogel phase
samples from 10! to 10°. 20 MI from each dilution was then spot plated onto LB agar
plates divided into six sections, one for each dilution (Figure 4). The LB agar plates were
then incubated at 37 °C and 5% COx: for 16 to 18 hours, after which, the number of
colonies was recorded for dilutions where there was a countable range of colonies

between 30 and 300.

ol
| B

Figure 4: Spot plating to determine CFU/ml. A sample from the liquid or hydrogel
phase of the airway infection model is serially diluted from 10! to 10°. These dilutions are
then plated on LB agar, allowing for colonies to be counted at certain dilutions. In this
example, the 10* dilution is the countable dilution with a number of colonies between 30
and 300. Diagram created with BioRender.com.

26



Equation 1 was then used to calculate the CFU/ml of the liquid and hydrogel phases for

each condition:

__¢ (1)
N=o

In Equation 1, N is the concentration of viable bacteria in CFU/ml, C is the colony count,

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

For experiments using both P. aeruginosa and S. aureus cultured together, spot
plating could not be used to assess bacterial growth as the two types of bacterial colonies
would be indistinguishable in small droplets. Therefore, spread plating techniques were
used to determine the CFU/ml of each of the two bacteria when co-cultured together in

the model.

For spread plating, the liquid and hydrogel phase samples were prepared and
serially diluted in the same manner as for spot plating. Instead of plating multiple
dilutions onto one LB agar plate, 100 pl of one dilution was plated onto one LB agar
plate and then spread around the plate using a spreader. By using a greater volume of
sample and spreading it out, we were able to distinguish the P. aeruginosa colonies (blue,
fuzzy) from the S. aureus colonies (yellow, sharp) by color and morphology, thereby
allowing us to assess the growth of each bacteria species in the model. CFU/ml can be
calculated from these colony counts also using Equation 1. An example end product of

spread plating is shown in Figure 5.

27



e

Figure 5: Spread plating to determine CFU/ml of two bacteria species. A sample
from the liquid or hydrogel phase of the airway infection model is serially diluted from
10 to 10°. Each dilution is then plated and spread on one LB agar plate, allowing for
colonies each of species to be counted based on color and morphology. Diagram created
with BioRender.com.

2.8 Determination of antibiotic minimum inhibitory concentrations for bacteria in

the airway infection model

Prior to determining the potential antibacterial efficacy of the antibiotic-glass
combinations, the minimum inhibitory concentration (MIC) of each antibiotic for its
respective bacteria was determined in the healthy and CF airway infection models. The
antibiotics tobramycin (Sigma-Aldrich. Cat. No. 32986-56-4) and vancomycin (Sigma-
Aldrich. Cat. No. SBR00001) were selected for P. aeruginosa and S. aureus respectively

as they are common antibiotics used to treat their respective bacteria.

For the MIC experiments, the airway infection model was assembled as described
in Section 2.6 with either P. aeruginosa or S. aureus at an ODgoo of 0.01, and with either
the healthy or CF hydrogel. 5 hours after the addition of the bacteria to the model, the
ATPS liquid phase was replaced with DMEM, low glucose/F-12 + 1% FBS containing a
range of concentrations of either tobramycin for P. aeruginosa or vancomycin for S.

aureus. The tobramycin concentrations tested were: 0, 4, 8, 16, 32, and 64 pg/ml. The
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vancomycin concentrations tested were: 0, 8, 12, 16, 24, and 32 pg/ml. The airway
infection model was then cultured for 43 hours with these antibiotics, after which bacteria

growth was assessed.

Bacterial growth in the liquid and hydrogel phases of the airway infection model
were assessed using spot plating techniques as described in Section 2.7. Both the
experiment to determine the MIC of tobramycin on P. aeruginosa in the model and the
experiment to determine the MIC of vancomycin on S. aureus in the model were repeated
with three biological replicates. The MICoo of each antibiotic for its respective bacteria
was determined as the lowest concentration of antibiotic at which there is less than 10%

bacteria growth compared to the no treatment control.

2.9 Assessment of cell viability in the airway infection model

Cell viability was assessed using a live/dead assay consisting of calcein AM
(Thermo Fisher Scientific, Gibco. Cat. No. C1430) and ethidium homodimer-1 (Thermo
Fisher Scientific, Gibco. Cat. No. E1169), and Hoechst 33342 stain (Thermo Fisher
Scientific, Gibco. Cat. No. H3570). The calcein AM and ethidium homodimer-1 solutions
were first mixed together and diluted to 4 mM and 16 mM respectively in PBS, and the

Hoechst stain was diluted to 32.4 Mm in PBS.

The live/dead assay was performed keeping the apical compartment intact so as
not to disturb the structure of the model or wash out the unattached dead cells. Therefore,
the calcein AM/ethidium homodimer-1 working solution was first added to the

basolateral compartment and then the model was incubated at 37 °C and 5% CO; for 20
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minutes. The basolateral compartment was then rinsed and then the model was incubated
with the Hoechst stain in the basolateral compartment for 10 minutes at room temperature
protected from light. The basolateral compartment was then rinsed, and PBS was added

to image.

The EVOS™ FL Auto 2 Imaging System (Thermo Fisher Scientific, Gibco. Cat.
No. AMAFD2000) was used to image the live cells (GFP channel), dead cells (RFP
channel), and DNA (DAPI channel). ImageJ was then used to count the number dead-
stained and Hoechst-stained cells in each 10x or 20x magnification image. Cell viability
was then calculated using the number of dead cells and total cells from the Hoechst stain

using Equation 2.

N D )
Cell Viability = (1 — E) X 100%

In Equation 2, D is the number of dead cells and H is the number of Hoechst-stained

cells.

2.10 Preparation of bioactive glass extracts

16 borate bioactive glass formulations containing zinc and gallium ions were
created by the Boyd lab. The antibacterial efficacy of all 16 glasses on planktonic P.
aeruginosa and S. aureus was evaluated previously in the lab. From these 16 candidates,
we selected the top 3 candidates based on this planktonic antibacterial efficacy data to be

tested using the airway infection model. The ionic compositions of these 3 selected

30



candidates (#11, #13, #16) are shown in Table 2. To identify the glasses for the rest of the

thesis, they were named based on their composition of either Ga®>* and/or Zn>" ions.

Table 2: Compositions of the three bioactive glass formulations used in this project.

. B,O Na,O Zno Ga,0
Glass # Identifier m;; mo!z% ol % mozl %3
11 Ga®* Glass 56.28 30 0 13.72
13 Zn* Glass 62.78 30 7.22 0
16 Ga*'/zn** Glass 50 25.90 4.10 20

To prepare the glass extracts, 0.1 g of each glass was weighed and added to 10 ml
of cell culture media in a 50 ml Falcon tube, which was placed on a shaking incubator at
200 rpm for 48 hours at 37 °C to dissolve the glass and release the metal ions into the
media. The resulting mixture was then centrifuged, and the extracted supernatant was
collected and labelled as “dilution 1. These extracts were then diluted down to the

proper dilutions for each experiment.

2.11 Assessment of antibacterial efficacy and cytotoxicity of antibiotic-glass

combinations in CF airway infection model with bacteria in monoculture

The antibiotic-glass combinations were tested on either P. aeruginosa or S.
aureus using the CF airway infection model. Tobramycin-glass combinations were tested
on the CF model with P. aeruginosa while vancomycin-glass combinations were tested
on the CF model with S. aureus. The CF airway infection model was first assembled as

described in Section 2.6 with either P. aeruginosa or S. aureus at an ODgoo of 0.01.

Five hours after the addition of the bacteria to the model, the ATPS liquid phase

was replaced with DMEM, low glucose/F-12 + 1% FBS containing the antibiotic-glass
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combinations. For the tobramycin-glass on P. aeruginosa experiments, either 0 or 16
pg/ml tobramycin was used with each of the three glass extracts at a dilution of 0, 1/32,
or 1/16. For the vancomycin-glass on S. aureus experiments, either 0 or 16 pg/ml
vancomycin was used with each of the three glass extracts at a dilution of 0, 1/4, or 1/2.
The range of glass dilutions selected for each experiment was based upon previous work
done in the lab that assessed the antibacterial efficacy of the glasses on planktonic P.

aeruginosa or S. aureus.

The model was then cultured with the antibiotic-glass combinations to reach a
total culture time of 48 hours, after which bacteria growth in the liquid and hydrogel
phases was assessed using spot plating as described in Section 2.7 and 16-HBE cell
viability was assessed as described in Section 2.9. Both the experiment testing the
tobramycin-glass combinations on P. aeruginosa and the experiment testing the
vancomycin-glass combinations on S. aureus were repeated with three biological

replicates.

2.12 Assessment of antibacterial efficacy and cytotoxicity of antibiotic-glass

combinations in CF airway co-infection model with bacteria in co-culture

The antibiotic-glass combinations were tested on P. aeruginosa and S. aureus
cultured together using the CF airway infection model. For the first experiment, the same
parameters as the tobramycin-glass on P. aeruginosa in monoculture experiment were
used but S. aureus was now added to see if adding S. aureus would change how the

tobramycin-glass combinations affected P. aeruginosa growth. For the second
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experiment, the opposite was done meaning the same parameters as the vancomycin-glass
on S. aureus in monoculture experiment were used but P. aeruginosa was now added. A
summary of the specific antibiotic-glass combinations used in these polymicrobial
experiments as well as in the previously described monomicrobial experiments are listed

in Table 3 below.

Table 3: Summary of antibiotic-glass combinations used in each experiment. For
each experiment assessing antibiotic-glass efficacy in the monomicrobial or
polymicrobial airway infection model, the bacteria P. aeruginosa (PA) and/or S. aureus
(SA), the type and concentration of antibiotic, and the glass dilutions used in each
experiment are listed. The corresponding results sections for the monomicrobial and
polymicrobial experiments are identified as well.

Monomicrobial (3.4) Polymicrobial (3.5)
Bacteria PA SA PA+SA PA+SA
Treatment  tob-glass van-glass tob-glass van-glass
Ab Concentration 16 pg/ml 16 pg/ml 16 ug/ml 16 pg/ml
Glass Dilutions 1/32,1/16 1/4,1/2 1/32,1/16 1/4,1/2

For both polymicrobial experiments, the CF airway infection model was first
assembled as described in Section 2.6 with a combination of P. aeruginosa at an ODgoo of
0.005 and S. aureus at an ODsoo of 0.005 to reach a combined ODgoo of 0.01. Five hours
after the addition of the bacteria to the model, the ATPS liquid phase was replaced with
DMEM, low glucose/F-12 + 1% FBS containing the antibiotic-glass combinations. For
the tobramycin-glass on co-cultured bacteria experiments, either 0 or 16 pg/ml

tobramycin was used with each of the three glass extracts at a dilution of 0, 1/32, or 1/16.
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For the vancomycin-glass on co-cultured bacteria experiments, either 0 or 16 pg/ml

vancomycin was used with each of the three glass extracts at a dilution of 0, 1/4, or 1/2.

The model was then cultured with the antibiotic-glass combinations to reach a
total culture time of 48 hours, after which bacteria growth in the liquid and hydrogel
phases was assessed using spread plating as described in Section 2.7 and 16-HBE cell
viability was assessed as described in Section 2.9. Note that to reduce the total number of
LB agar plates used in these experiments, only the 10%, 10°, and 10° dilutions were plated
as these dilutions consistently contained colonies in the countable range. Both the
experiment testing the tobramycin-glass combinations on co-cultured bacteria and the
experiment testing the vancomycin-glass combinations on co-cultured bacteria were

repeated with two biological replicates.

2.13 Statistical analysis

All statistical analyses were performed using GraphPad Prism (Version 10.3.1).
An Ordinary Two-Way Analysis of Variance (ANOVA) with Sidak’s Multiple
Comparison’s Test with p values represented as * p <0.05, ** p <0.01, *** p <0.001,
*HE% p <0.0001 was used to determine statistical significance for the antibacterial
efficacy data of the antibiotic-glass combinations. The Sidak’s Multiple Comparison’s
Test was used because it is well-suited for situations where multiple independent
comparisons are being made, rather than situations where full pairwise comparisons or
comparisons to a single control are being made [116]. This is the same type of situation

where the Bonferroni method is used, but the Sidak method was chosen as it offers

34



slightly greater sensitivity than the Bonferroni method while still effectively controlling
the risk of false positives [116]. The two factors analyzed were: glass dilution, with three
levels depending on the experiment; and antibiotic concentration, with two levels, 0 and
16 pg/ml. This allowed us to identify statistical significance in the effects of glass alone

and glass + antibiotic on bacterial growth in the airway infection model.

Thes statistical significance of the cell proliferation data using different media
compositions was determined using an Ordinary Two-Way ANOVA with Sidak’s
Multiple Comparison’s Test with p values represented as * p < 0.05, ** p <0.01, *** p <
0.001, **** p <(0.0001. The two factors analyzed were: FBS concentration, with three
levels: 0%, 1%, and 10%; and glucose concentration, with two levels: 1.4 mg/dl and 3.2
mg/dl. This allowed us to identify statistically significant effects of FBS and glucose

concentration on 16-HBE proliferation.
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CHAPTER 3. Results

3.1 Establishing an ATPS to confine bacteria on top of the hydrogel phase of the

airway infection model

In developing the airway infection model, a repeatable method to produce an
ATPS on top of the mucus-mimetic hydrogels was developed. This was necessary as a

method to deposit bacteria into the airway infection model in a controlled manner.

3.1.1 Determining the height of DEX droplet deposition on the transwell insert

In the airway infection model, the BioMek 4000 Automated Liquid Handler was
used to deposit the DEX droplet within the PEG phase above the hydrogels as the DEX
droplet has a small volume of 0.5 pl that is difficult to successfully pipette by hand in a
repeatable manner. Therefore, the first step of developing this method was to calibrate the
BioMek and determine a distance from the bottom of the well for the BioMek to deposit
into the transwell insert. When determining this distance, it is important that when the
DEX droplet leaves the pipette tip, it is touching the pipette tip and the insert surface at
the same time so that the DEX droplet doesn’t split into multiple droplets. A range of
distances from 1.0 mm to 1.4 mm was determined to produce a sufficient droplet on the

insert surface (Figure 6).
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distance from bottom of well

A

no insert 1.0 mm 1.2 mm

4 mm

Figure 6: DEX droplets deposited on the surface of PET membrane inserts in a 24-
well plate. Phase contrast images were taken immediately after deposition using the
BioMek 4000 Automated Liquid Handler. DEX droplets were deposited at different
heights measured from the bottom of the well to account for the distance between the
insert surface and the well surface.

3.1.2 Visualizing bacteria confinement in the airway infection model

Next, an alginate-CaCl, hydrogel without mucins was deposited on the transwell
insert at a volume of 50 ul to mimic the thickness of the hydrogel phase in the airway
infection model. It was necessary to not use mucins for this hydrogel so we could image
the bacteria dispersion using brightfield microscopy. Then, the BioMek was used to
deposit a DEX droplet containing either no bacteria, P. aeruginosa, S. aureus, or both
bacteria on top of the hydrogel using a deposition height of 2.4 mm to account for the
hydrogel thickness of 1.4 mm. To ensure that the DEX droplet was being deposited
properly, there were groups with no insert and/or no hydrogel at according deposition
heights. Images were taken at Oh, 6h, and 24h to assess bacteria growth in the DEX
droplet. After 6 hours, there appears to be a defined area of bacterial growth visible on

top of the hydrogels, with no DEX droplet outline visible (Figure 7).
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ase contrast images of bacteria-containing DEX droplets

Figure 7: 6 hour ph
deposited on top of transwell inserts and/or mucus-mimetic hydrogels. The DEX
droplets were deposited at distances from the bottom of the well corresponding to the
height of the transwell insert and/or hydrogel with an additional 0.4 mm to account for
the distance between the pipette tip and the surface to deposit the DEX droplet on to. In
the hydrogel groups, we do not see a defined DEX droplet, rather a localized area of
bacterial growth.

3.1.3 Determining the height of DEX droplet deposition on the airway infection
model

For the next experiments to assess the ATPS confinement of bacteria on top of the
hydrogel phase of the airway infection model, only S. aureus was used as S. aureus is
better confined by the PEG/DEX ATPS after 5 hours, and therefore easier to visualize if
it is confined or not. The distance from the bottom of the well was varied from 2.0 mm to
2.8 mm to assess if DEX droplet deposition height has an effect on how well the bacteria

is confined in the airway infection model. It was found that changing the DEX deposition
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height did not have an effect on how well the bacteria was confined, with all heights
having a confined area of bacteria near the edge of the well (Figure 8).

At this time, it was noted that there appeared to be a trail of bacteria from the
center of the insert, where the DEX droplet was deposited, to the side of the insert, where
the final area of bacteria was. This sliding could have caused the bacteria to escape
confinement. This was due to the incubator not being level, and this was corrected in the
next experiments. Also, the BioMek was depositing the DEX droplets towards the top
and right of the inserts and therefore the BioMek was reprogrammed with a calibrated
X,Z position so that in the next experiments, DEX droplets were deposited in the center
of the insert.

distance from bottom of well
A

2.4mm

no gel

S. aureus

ctrl

Figure 8: 6 hour phase contrast images of S. aureus-containing DEX droplets
deposited on top of mucus-mimetic hydrogels within a transwell insert. The DEX
droplets were deposited at varying distances from the bottom of the well to attempt to
optimize the proper distance for a DEX droplet to form. In the hydrogel groups, we do
not see a defined DEX droplet, rather a localized area of bacterial growth.
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The range of DEX droplet deposition heights was increased to 2.4 mm to 4.0 mm
to see if higher heights would produce a droplet without puncturing the hydrogel. For this
experiment, the incubator was levelled and the BioMek was centered. There did not
appear to be any differences in bacteria confinement between deposition heights (Figure
9). However, it was noticed that the bacteria appeared to migrate to imperfections in the
hydrogel and therefore hydrogel uniformity in the insert needed to be improved (Figure

9).

Figure 9: Bacteria confinement on hydrogel. Using the BioMek 4000 Liquid Handler,
DEX droplets containing S. aureus (OD = 0.01) were deposited on an alginate hydrogel
within a transwell insert at different heights from 2.4 mm to 4.0 mm. Note that the
bacteria appears to migrate towards imperfections in the gel. 5 hour images.

3.1.4 Improving hydrogel uniformity

To improve hydrogel uniformity in the insert, the hydrogel was first manually
moved around after pipetting onto the insert to get it to fully cover the insert and
eliminate gaps in the hydrogel. Secondly, after hydrogel deposition, the entire plate was

centrifuged for 5 min at 100 g to get it to spread out uniformly. With this new
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centrifuging technique, it appeared that the area of bacterial confinement was much more
centered, defined, and consistent (Figure 10). However, when centrifuging, the
basolateral compartment was left empty, and therefore it appeared that the insert
membrane flexed inwards and therefore the hydrogel aggregated towards the center,
which is visible in the images as an empty outer ring of no hydrogel in the insert (Figure
10). Once again, the DEX droplet deposition height was manipulated, but there appeared
to be no difference in bacteria confinement in the range of 2.0 mm to 4.0 mm (Figure 10).
And therefore 2.5 mm was used going forward which is calculated based on height for tip
to not touch surface (0.4 mm) + height of insert relative to well surface (0.6 mm) + gel

thickness (1.5 mm).

distance
from

bottom of
well

insert w/o gel ; 1.0 mm
. |

no bacteria S. aureus

k
Figure 10: Bacteria confinement on hydrogel after centrifuging hydrogel. Using the

BioMek 4000 Liquid Handler, DEX droplets containing S. aureus (OD = 0.01) were
deposited on an alginate hydrogel within a transwell insert at different heights from 2.0
mm to 4.0 mm. For this experiment, the hydrogel was manually spread, and the plate was
centrifuged at 200 g for 5 min after gel deposition with an empty basolateral
compartment. 5 hour images.
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Following up on the last experiment, PBS was added to the basolateral
compartment while centrifuging to prevent the insert membrane flexing inwards. With
this change, there now appears to be no empty outer ring indicating that the gel is
covering the entire insert surface, and we see a more uniform droplet that doesn’t migrate

to the gel edge (Figure 11).

no bacteria S. aureus

With PBS in
basolateral
compartment

With air in
basolateral
compartment

Figure 11: Bacteria confinement on hydrogel after centrifuging hydrogel with PBS
in basolateral compartment. Using the BioMek 4000 Liquid Handler, DEX droplets
containing S. aureus (OD = 0.01) and no bacteria were deposited on an alginate hydrogel
within a transwell insert at a 2.5 mm deposition height from bottom of well. For this
experiment, the plate was centrifuged at 100 g for 5 min after hydrogel deposition with
PBS in the basolateral compartment to prevent insert flexing. 5 hour images.

3.2 Inducing quiescence in 16-HBE cells in the airway infection model

Inducing quiescence on 16-HBE cells via altering the FBS and glucose
concentration of the cell culture media was investigated to more accurately represent the

state of bronchial epithelial cells in the airway and prevent 16-HBE overgrowth.
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3.2.1 16-HBE viability and clumping with different FBS concentrations

16-HBE cells were grown for 5 days after reaching 100% confluency with
different FBS concentrations in the cell culture media. Phase contrast images were taken
and a live/dead assay was performed to assess cell health and viability with lowered FBS
concentrations. From the live/dead assay, it appears that all FBS conditions show a
monolayer of live cells (Figure 12). However, the higher FBS conditions (8%, 10%) had
more empty patches and clusters of overgrown cells visible under phase contrast
microscopy (Figure 12). Therefore, since 16-HBE survived under serum starvation,

decreasing 16-HBE proliferation by serum starvation was further investigated.

FBS [% v/v]
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Figure 12: Cell images and live/dead assay after 5 days growth post 100%
confluency with varying levels of FBS. Images were taken at 4x magnification to assess

cell confluency and cell survival 5 days after reaching 100% confluency when grown
with different FBS concentrations.



3.2.2 Determining optimal stain time of EAU proliferation assay

The EdU cell proliferation assay was selected to quantify 16-HBE proliferation
when adjusting media composition, which assesses proliferation by staining cells that
have proliferated during a chosen stain time. First, the stain time of the EAU reagent had
to be optimized to best capture differences in 16-HBE proliferation. Initially, a stain time
of 72 hours was chosen based on previous lab protocols. Using the 72 hour stain time,
almost all of the cells present stained by Hoechst were also stained by EdU, indicating

that almost all the cells had proliferated during the 72 hours (Figure 13).

FBS [% v/v]
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Figure 13: Representative cell images and EdU assay after 72 hours growth post
100% confluency with varying levels of FBS with a 72 hour EdU stain time. Images
were taken using an EVOS microscope to assess 16-HBE proliferation 72 hours after
reaching 100% confluency when grown with different FBS concentrations. EdU stains
cells that have proliferated over the 72 hours stained with EAU. Hoechst stains DNA,
thereby representing the total cell count.



Next, the EdU stain time was reduced to 24 hours to attempt to capture
differences in cell proliferation. With a 24 hour EdU stain time, we again see that almost
all of the Hoechst-stained cells were also EdU stained, and therefore the EdU stain time
needed to be further reduced (Figure 14). Interestingly, the 16-HBEs cultured with
DMEM/F-12 + 10% FBS for 4 days appeared to have less cells overall and cells
appearing bigger in size, potentially due to cell death due to excess over confluency

(Figure 14).
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Figure 14: Representative cell images and EdU assay after 4 days growth post 80%
confluency with varying levels of FBS with a 24 hour EdU stain time. Images were
taken using an EVOS microscope to assess 16-HBE proliferation 4 days after reaching
80% confluency when grown with different FBS concentrations. EQU stains cells that
have proliferated over the 24 hours stained with EQU. Hoechst stains DNA, thereby
representing the total cell count.

Next, an EdU assay was performed with EdU stain times of 1h, 2h, 6h, and 24h to

find a stain time where differences in proliferation were visible. 16-HBE were cultured



with cell culture media containing varying levels of FBS (0%, 1%, 10%) and glucose (3.2
mg/dl or 1.4 mg/dl) for 4 days, after which the EdU assay was performed. From the
representative merged EAU and Hoechst images, it appears that the 1h, 2h, and 6h stain
times were better able to show differences in proliferation compared to the 24h stain
time, in which all cells appeared to be EdU stained (Figure 15). Note again that in the
high glucose + 10% FBS group, the cells appear larger in morphology and less cells

overall, suggesting that over confluency leading to cell damage occurred (Figure 15).
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Figure 15: Comparison of EAQU assay images with different EAU stain times.
Representative 10x magnification merged images of EdU stain and Hoechst stain after 4
days growth post 80% confluency with different concentrations of FBS and glucose in
cell culture media. EdU stain time was varied to optimize the EdU proliferation assay.

Looking closer at the cell proliferation differences between high and low glucose,
we see that the difference in cell proliferation is apparent under the 1h, 2h, and 6h stain
times (Figure 16). For all future EAU proliferation experiments, a stain time of 2 hours
was selected as we can see a noticeable difference in proliferation and the EdU stain is

bright enough to be visible (Figure 16).
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Figure 16: Comparison of differences seen in 16- HBE prollferatlon with different
EdU stain times. 16-HBE were grown in either high or low glucose cell culture media
containing 0% FBS for 4 days. Representative 10x images of EdU stain, Hoechst stain,
and merge are shown. EdU stain time was varied to optimize the EdU proliferation assay.
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3.2.3 Effect of FBS and glucose on 16-HBE proliferation

The EdU assay was used with a 2 hour EdU stain time to quantify 16-HBE
proliferation when grown over 2 days and 4 days with cell culture media containing
different concentrations of FBS (0%, 1%, 10%) and glucose (3.2 mg/dl, 1.4 mg/dl). Cell
proliferation was quantified by dividing the number of EdU-stained cells to the number
of Hoechst-stained cells. After 2 days, there does not appear to be a difference in cell
proliferation in 16-HBEs cultured with different concentrations of FBS and/or glucose
(Figure 17). After 4 days, we see a decrease in cell proliferation in the low glucose
groups compared to high glucose (Figure 17). For the 10% FBS groups, we see a low
proliferation in high glucose 10% FBS, which is most likely due to over confluency-
related cell damage (Figure 17). There does not appear to be a difference in proliferation
between 0% and 1% FBS, and therefore 1% FBS was chosen for the cell culture media in

the airway infection model to prevent unnecessary serum starvation. The low glucose +
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10% FBS group had higher proliferation than the low glucose + 1% FBS group, therefore

1% FBS was chosen to decrease 16-HBE proliferation.
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Figure 17: EAU assay cell proliferation data after 2 days and 4 days of 16-HBE
cultured with different media compositions. 16-HBE were cultured for either 2 days or
4 days with cell culture media containing different concentrations of glucose and FBS,
after which an EdU assay was performed to assess cell proliferation. Error bars are mean
+ SEM. N=I. Ordinary Two-Way ANOVA with Sidak’s Multiple Comparisons Test; * p
<0.05, ** p<0.01, *** p <0.001, **** p <0.0001.

From the representative EQU and Hoechst images, we see a decreased 16-HBE
proliferation when cultured with low glucose (1.4 mg/dl) to high glucose (3.2 mg/dl) for
4 days (Figure 18). Based on this data, 16-HBE were cultured for a total of 4 days in the
airway infection model with cell culture media containing 1.4 mg/dl glucose and 1% FBS

to induce quiescence.
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Figure 18: Representative 20x magnification images of the EdU-stained and
Hoechst-stained cells for the low glucose + 0% FBS and high glucose + 0% FBS
groups. 16-HBE were cultured for either 2 days or 4 days with cell culture media

containing different concentrations of glucose and FBS, after which an EdU assay was
performed to assess cell proliferation.
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3.2.4 16-HBE viability with different media compositions

To ensure that changing the media composition would not decrease cell viability
below 90%, a live/dead assay was performed to assess cell viability of 16-HBE cells in
the airway infection model cultured with the two different media compositions for 4 days
after reaching confluency. The “quiescence media”, determined previously to slow down
16-HBE proliferation, contains 1.4 mg/dl glucose and 1% FBS while the “growth media”,
typically used to culture 16-HBEs, contains 3.2 mg/dl glucose and 10% FBS. When
cultured in either medium, the mammalian cells in the healthy and CF airway infection
model had cell viabilities greater than 90% and therefore potential cytotoxicity associated
with lowered nutrient supply is not a significant concern for the airway infection model

(Figure 19).
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Figure 19: 16-HBE viability in the healthy and CF airway infection model when
cultured with lower glucose and FBS. 16-HBE were cultured in the airway infection
model with either media containing 1.4 mg/dl glucose and 1% FBS (quiescence medium)
or media containing 3.2 mg/dl glucose and 10% FBS (growth medium) for 4 days, after
which 16-HBE viability was determined using a live/dead assay. N=1. Mean + SD.

3.3 Determining relevant MICoo of chosen antibiotics in the airway infection model

After designing the in vitro airway infection model with a transwell insert system
and quiescence-induced bronchial epithelial cells, the antibacterial efficacies of the two
antibiotics selected for this project were examined in the airway infection model. This
was done to determine the effective MICyo of tobramycin for P. aeruginosa and
vancomycin for S. aureus to determine an antibiotic concentration to use with the
bioactive glasses that will allow us to see if more bacterial growth is inhibited with the

addition of the bioactive glasses.
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3.3.1 Determining MICoyo of tobramycin on P. aeruginosa in the airway infection
model

The antibacterial efficacy of tobramycin on P. aeruginosa was determined in the
healthy and CF airway infection models by adding a range of tobramycin concentrations
to the airway infection model and measuring P. aeruginosa growth (Figure 20). The
airway infection model was grown for a total of 48 hours with tobramycin and P.
aeruginosa, and then spot plating was performed to assess P. aeruginosa growth. P.
aeruginosa growth data was obtained for both the healthy and CF models and the liquid
and hydrogel phases of each model. Based on this data, the MICyqo of tobramycin on P.
aeruginosa was determined to be 32 pg/ml for the CF hydrogel phase since this was the
lowest concentration at which P. aeruginosa growth decreased by more than 90% (Figure
20). Therefore, for the tobramycin-glass combination experiments, 16 pg/ml (MICqo/2)
was chosen as the single tobramycin concentration so that some bacteria growth in the
hydrogel phase would be inhibited by tobramycin, but not so much that the augmentative

effect of the bioactive glass couldn’t be seen.
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Figure 20: Treatment of P. aeruginosa with different tobramycin concentrations to
determine minimum inhibitory concentration within the airway infection model.
CFU/ml was obtained after 48 hours of culture of P. aeruginosa in the model with
varying tobramycin concentrations dissolved in cell media, added to the apical
compartment. The MICo line marks the CFU/ml at which bacteria growth is 10% of the
no treatment control. Mean + SEM. N=3.
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3.3.2 Determining MICoo of vancomycin on S. aureus in the airway infection model
The antibacterial efficacy of vancomycin on S. aureus was determined in the
healthy and CF airway infection models by adding a range of vancomycin concentrations
to the airway infection model and measuring S. aureus growth. The airway infection
model was grown for a total of 48 hours with vancomycin and S. aureus, and then spot
plating was performed to assess S. aureus growth. S. aureus growth data was obtained for
both the healthy and CF models and the liquid and hydrogel phases of each model.
Initially, the range of vancomycin concentrations chosen was from 0.125 pg/ml to 2
pg/ml as 0.125 ng/ml was determined previously in the lab to be the MIC of vancomycin
on S. aureus when grown planktonically. When using this range of vancomycin
concentrations in the airway infection model, no significant antibacterial effect was
observed (Figure 21A). In the next trial, the range of concentrations was expanded to
0.125 pg/ml to 32 pg/ml in order to better capture the antibacterial range of vancomycin
in the airway infection model. While an antibacterial effect was observed at 32 ng/ml
vancomycin, there appeared to be a jump from no effect to an effect from 8 pg/ml to 32
pg/ml (Figure 21B). Therefore, a narrower range of concentrations from 8 pg/ml to 32
pg/ml was selected for the final experiment to determine the MICoyo of vancomycin for S.

aureus in the airway infection model.
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Figure 21: Treatment of S. aureus with different vancomycin concentrations in the
airway infection model to determine a range of antibacterial concentrations. CFU/ml
were determined after 48 hours of culture of S. aureus in the model with varying

vancomycin concentrations dissolved in cell media, added to the apical compartment.
N=I.

Using the new range of vancomycin concentrations, the MICoo of vancomycin on
S. aureus was determined to be 32 ng/ml for the CF hydrogel phase since this was the
lowest concentration at which S. aureus growth decreased by more than 90% (Figure 22).
Therefore, for the vancomycin-glass combination experiments, 16 ng/ml (MICoo/2) was
chosen as the single vancomycin concentration so that some bacteria growth in the

hydrogel phase would be inhibited by vancomycin, but not so much that the augmentative

effect of the bioactive glass couldn’t be seen.
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Figure 22: Treatment of S. aureus with different vancomycin concentrations to
determine minimum inhibitory concentration within the airway infection model.
CFU/ml were determined after 48 hours of culture of S. aureus in the model with varying
vancomycin concentrations dissolved in cell media, added to the apical compartment.
The MICy line marks the CFU/ml at which bacteria growth is 10% of the no treatment
control. Mean + SEM. N=3.

3.4 The effect of antibiotic-glass combinations on monomicrobial P. aeruginosa and

S. aureus growth and mammalian cell viability in the CF airway infection model

Combinations of one of the three bioactive glass extracts (Ga**, Zn**, Ga**/Zn*")
and one of the two antibiotics were added to the CF airway infection model for a total of
48 hours, after which bacteria growth and mammalian cell viability were assessed.
Tobramycin-glass combinations were added to the CF airway infection model with P.
aeruginosa (initial ODgoo = 0.01) in monoculture, while vancomycin-glass combinations
were added to the CF airway infection model with S. aureus (initial ODgoo = 0.01) in
monoculture. A summary of the antibiotic-glass combinations used in these

monomicrobial experiments can be found in Table 3.
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3.4.1 Effect of tobramycin-glass combinations on P. aeruginosa growth
The antibacterial efficacy of the bioactive glass extracts combined with
tobramycin on P. aeruginosa growth was examined in the CF airway infection model

after culturing the model for a total of 48 hours.

For the initial experiment on the tobramycin-glass combinations, glass extract
dilutions of 1/256 and 1/512 were used since these dilutions had been shown to have an
antibacterial effect on planktonic P. aeruginosa from work done by previous lab
members. These glass dilutions were combined with either 0 or 16 ng/ml tobramycin

based on the determined MICy¢/2 from Section 3.3.1.

All three glass extracts at dilutions of 1/256 and 1/512 did not appear to have an
effect on P. aeruginosa growth in the hydrogel phase or liquid phase of the CF airway
infection model (Figure 23). Therefore, these dilutions were deemed too high to have an
antibacterial effect in the CF airway infection model, and therefore lower dilutions of

glass extracts were investigated.

As for tobramycin efficacy on P. aeruginosa in the CF airway infection model,
we see that 16 ng/ml tobramycin decreased P. aeruginosa growth to around 50% in the

hydrogel phase and to around 5% in the liquid phase (Figure 23).
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Figure 23: P. aeruginosa growth in the monomicrobial CF airway infection model
with different tobramycin-glass combinations with low glass concentrations. The CF
airway infection model, containing P. aeruginosa, was cultured with glass extracts
containing Ga*>* and/or Zn?" ions at two different dilutions (1/512, 1/256) with or without

16 pg/ml tobramycin for 48 hours. P. aeruginosa growth in the hydrogel phase and liquid
phase was normalized to the no treatment control of each phase. N=1.

Since the glass extracts at a dilution as low as 1/256 were shown not to have an
antibacterial effect in the CF airway infection model, the glass extract dilutions needed to
be decreased. We chose to decrease the glass extract dilutions by 8-fold to 1/32 and 1/16
to reflect the 8-fold increase we found in the MICo of tobramycin for P. aeruginosa in

the CF airway infection model compared the MICyqg of tobramycin on planktonic P.

aeruginosa (Table 3).
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At glass extract dilutions of 1/32 and 1/16, the Ga** glass and Ga®*/Zn*" glass
both significantly decreased P. aeruginosa growth compared to the no treatment control
in the hydrogel phase of the CF airway infection model (Figure 24). The Zn** glass,

however, did not significantly reduce P. aeruginosa growth in the hydrogel phase (Figure

24).

When the Ga>* glass was combined with 16 pug/ml tobramycin, P. aeruginosa
hydrogel phase growth decreased in comparison to tobramycin alone and glass alone,
thereby showing some augmentative effect of the Ga** glass on tobramycin on
suppressing P. aeruginosa growth (Figure 24). However, the tobramycin-Ga®*/Zn?" glass
combinations had similar P. aeruginosa hydrogel phase growth to the Ga**/Zn?" glass

alone, thereby not showing any augmentative effect on suppressing P. aeruginosa growth

(Figure 24).
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Figure 24: P. aeruginosa growth in the hydrogel phase of the monomicrobial CF
airway infection model with different tobramycin-glass combinations. The CF airway
infection model, containing P. aeruginosa, was cultured with glass extracts containing
Ga*" and/or Zn*" ions at two different dilutions (1/32, 1/16) with or without 16 pg/ml
tobramycin for 48 hours. P. aeruginosa growth was normalized to the no treatment
control. Mean = SEM. N=3. Ordinary Two-Way ANOVA with Sidak’s Multiple
Comparisons Test; * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. Raw data
with CFU/ml values are available in Figure 36 (Appendix A).
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In the liquid phase of the CF airway infection model, we see similar trends in P.

aeruginosa growth in comparison to the hydrogel phase but magnified (Figure 25).

Similarly to the hydrogel phase, the Ga** glass and Ga**/Zn** glass both decrease P.

aeruginosa growth in the liquid phase, and the Zn?" glass did not have a significant effect

on P. aeruginosa liquid phase growth (Figure 25). It is difficult to discern augmentative

trends between the Ga**-containing glasses and tobramycin in suppressing P. aeruginosa

growth in the liquid phase because P. aeruginosa growth is decreased to near zero by

both Ga**-containing glasses (Figure 25).
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Figure 25: P. aeruginosa growth in the liquid phase of the monomicrobial CF
airway infection model with different tobramycin-glass combinations. The CF airway
infection model, containing P. aeruginosa, was cultured with glass extracts containing
Ga®" and/or Zn** ions at two different dilutions (1/32, 1/16) with or without 16 pg/ml
tobramycin for 48 hours. P. aeruginosa growth was normalized to the no treatment
control. Mean = SEM. N=3. Ordinary Two-Way ANOVA with Siddk’s Multiple
Comparisons Test; * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. Raw data

with CFU/ml values are available in Figure 37 (Appendix A).

3.4.2 Effect of vancomycin-glass combinations on S. aureus growth

The antibacterial efficacy of the bioactive glass extracts combined with

vancomycin on S. aureus growth was examined in the CF airway infection model after

culturing the model for a total of 48 hours.
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Glass extract dilutions of 1/4 and 1/2 were used in these vancomycin-glass
combinations (Table 3). These dilutions were selected to reflect the 8-fold decrease in
glass extract dilution adjustment that was made for the tobramycin-glass combinations in
Section 3.4.1 as the 1/32 dilution for these glasses was shown to be effective at
suppressing planktonic S. aureus growth previously in the lab. These glass dilutions were
combined with either 0 or 16 pg/ml vancomycin based on the determined MICoqo/2 from

Section 3.3.2.

At the selected glass extract dilutions of 1/4 and 1/2, the Ga** glass and Zn?" glass
both significantly decreased S. aureus growth compared to the no treatment control in the
hydrogel phase of the CF airway infection model (Figure 26). The Ga**/Zn*" glass,

however, did not significantly reduce S. aureus growth in the hydrogel phase (Figure 26).

When the Zn** glass at the 1/4 dilution was combined with 16 pg/ml vancomycin,
S. aureus hydrogel phase growth decreased in comparison to vancomycin alone and glass
alone, thereby showing some augmentative effect of the Zn>* glass on vancomycin on
suppressing S. aureus growth (Figure 26). However, the vancomycin-Ga*" glass
combinations had similar S. aureus growth to the Ga*>* glass alone, thereby not showing

any augmentative effect on suppressing S. aureus growth (Figure 26).
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Figure 26: S. aureus growth in the hydrogel phase of the monomicrobial CF airway
infection model with different vancomycin-glass combinations. The CF airway
infection model, containing S. aureus, was cultured with glass extracts containing Ga**
and/or Zn>" ions at two different dilutions (1/4, 1/2) with or without 16 pg/ml
vancomycin for 48 hours. S. aureus growth was normalized to the no treatment control.
Mean + SEM. N=3. Ordinary Two-Way ANOVA with Sidak’s Multiple Comparisons

Test; * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. Raw data with CFU/ml
values are available in Figure 38 (Appendix A).

In the liquid phase of the CF airway infection model, S. aureus growth was near
zero in all groups containing 16 pg/ml vancomycin (Figure 27). S. aureus liquid phase
growth was decreased when cultured with the Ga** and Zn?" glasses, only at the 1/2

dilution (Figure 27). However, due to variability in the liquid phase growth data between

trials, these results were not statistically significant.
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Figure 27: S. aureus growth in the liquid phase of the monomicrobial CF airway
infection model with different vancomycin-glass combinations. The CF airway
infection model, containing S. aureus, was cultured with glass extracts containing Ga**
and/or Zn>" ions at two different dilutions (1/4, 1/2) with or without 16 pg/ml
vancomycin for 48 hours. S. aureus growth was normalized to the no treatment control.
Mean + SEM. N=3. Ordinary Two-Way ANOVA with Sidak’s Multiple Comparisons

Test; * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. Raw data with CFU/ml
values are available in Figure 39 (Appendix A).

3.4.3 Mammalian cell viability in the monomicrobial CF airway infection model
with different antibiotic-glass combinations

16-HBE viability was determined using a live/dead assay after the CF airway
infection model was cultured with antibiotic-glass combinations for 48 hours and
bacterial growth was assessed. During these experiments, P. aeruginosa or S. aureus was

present in monoculture for the 48 hours.

For the model cultured with P. aeruginosa exposed to tobramycin-glass
combinations for 48 hours, all groups containing 16 pg/ml tobramycin had a 16-HBE
viability > 90% (Figure 28). However, the groups with 0 pg/ml tobramycin and no glass

extracts did not have any cells that remained attached to insert surface, and therefore cell
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viability was marked down as 0% (Figure 28). In instances when we see no cells

remaining, it is likely that bacterial overgrowth resulted in mass 16-HBE death.

The groups cultured with the Ga** glass and the Ga*"/Zn*" glass with or without
16 pg/ml tobramycin had a 16-HBE viability > 90% (Figure 28). However, the groups
cultured with the Zn?* glass and 0 pg/ml tobramycin had no cells remaining in a similar

manner to when no glass or tobramycin was present (Figure 28).
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Figure 28: 16-HBE viability in the monomicrobial CF airway infection model with
different tobramycin-glass combinations. The CF airway infection model, containing
P. aeruginosa, was cultured with glass extracts containing Ga** and/or Zn>" ions at two
different dilutions (1/32, 1/16) with or without 16 pg/ml tobramycin for 48 hours, after
which 16-HBE viability was determined using a live/dead assay. Mean + SEM. N=3.

For the model cultured with S. aureus exposed to vancomycin-glass combinations
for 48 hours, the groups without glass and either 0 pg/ml or 16 pg/ml vancomycin all had
a 16-HBE viability > 90% (Figure 29). When cultured with all three glass extracts and
either 0 pg/ml or 16 pg/ml vancomycin, 16-HBE viability remained greater than 90%

(Figure 29).
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Figure 29: 16-HBE viability in the monomicrobial CF airway infection model with
different vancomycin-glass combinations. The CF airway infection model, containing
S. aureus, was cultured with glass extracts containing Ga** and/or Zn** ions at two
different dilutions (1/4, 1/2) with or without 16 pg/ml vancomycin for 48 hours, after
which 16-HBE viability was determined using a live/dead assay. Mean = SEM. N=3.

3.5 The effect of antibiotic-glass combinations on co-cultured P. aeruginosa and S.

aureus growth and mammalian cell viability in the CF airway co-infection model

Combinations of one of the three bioactive glass extracts (Ga**, Zn**, Ga*"/Zn*")
and one of the two antibiotics were added to the CF airway co-infection model for a total
of 48 hours, after which bacteria growth and mammalian cell viability were assessed.
Either tobramycin-glass or vancomycin-glass combinations were added to the CF airway
co-infection model with P. aeruginosa (initial ODgoo = 0.005) and S. aureus (initial
ODsoo = 0.005) cultured together to assess how bacterial growth responses differ in a
polymicrobial environment. The specific antibiotic-glass combinations used in these
polymicrobial experiments as well as in the previous monomicrobial experiments can be

found in Table 3.
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3.5.1 Effect of tobramycin-glass combinations on P. aeruginosa and S. aureus
growth

The antibacterial efficacy of the bioactive glass extracts combined with
tobramycin on P. aeruginosa and S. aureus growth was examined in the polymicrobial
CF airway co-infection model after culturing the model for a total of 48 hours. Glass
extract dilutions of 1/32 and 1/16 were combined with either 0 or 16 pg/ml tobramycin,

the same combinations used on the P. aeruginosa model in Section 3.4.1.

There was significantly decreased P. aeruginosa hydrogel phase growth
compared to the no treatment control for the groups containing either the Ga** glass or
the Ga**/Zn?" glass (Figure 30). For the Zn** glass, however, there was no significant
change in P. aeruginosa hydrogel phase growth (Figure 30). Similar trends are seen in

the P. aeruginosa liquid phase growth data (Figure 31).

In the polymicrobial model, the presence of Ga*" glass and Ga**/Zn*" glass
resulted in an increase in S. aureus hydrogel phase growth compared to the no treatment
control to around 450% and 300% growth respectively (Figure 30). The presence of the
Zn*" glass did not appear to impact S. aureus growth in the polymicrobial model (Figure
30). Remember that for this experiment, the glass extracts were at much higher dilutions
(1/32, 1/16) compared to the vancomycin-glass experiments (1/4, 1/2) and therefore may
not be as effective in suppressing S. aureus growth which was seen in the monomicrobial
vancomycin-glass experiments (Figure 26). Increased S. aureus growth in the presence of

Ga*" and Ga®*/Zn*" glass was not seen in the liquid phase (Figure 31).
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The presence of 16 pg/ml tobramycin did not appear to have an impact on S.
aureus hydrogel phase growth in the model, except for the Ga**/Zn?" glass and 16 pg/ml

tobramycin group in which S. aureus growth was decreased in comparison to Ga**/Zn**

glass alone (Figure 30).
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Figure 30: P. aeruginosa growth and S. aureus growth in the hydrogel phase of the
polymicrobial CF airway co-infection model with different tobramycin-glass
combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga*>* and/or Zn*" ions at two different
dilutions (1/32, 1/16) with or without 16 pg/ml tobramycin for 48 hours. Bacterial growth
was normalized to the no treatment control. Mean + SEM. N=2. Ordinary Two-Way
ANOVA with Sidak’s Multiple Comparisons Test; * p < 0.05, ** p < 0.01, *** p <

0.001, **** p <0.0001. Raw data with CFU/ml values are available in Figure 40
(Appendix B).
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Figure 31: P. aeruginosa growth and S. aureus growth in the liquid phase of the
polymicrobial CF airway co-infection model with different tobramycin-glass
combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga*>* and/or Zn*" ions at two different
dilutions (1/32, 1/16) with or without 16 pg/ml tobramycin for 48 hours. Bacterial growth
was normalized to the no treatment control. Mean + SEM. N=2. Ordinary Two-Way
ANOVA with Sidak’s Multiple Comparisons Test; * p < 0.05, ** p < 0.01, *** p <
0.001, **** p <0.0001. Raw data with CFU/ml values are available in Figure 41

(Appendix B).
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3.5.2 Effect of vancomycin-glass combinations on P. aeruginosa and S. aureus
growth

The antibacterial efficacy of the bioactive glass extracts combined with
vancomycin on P. aeruginosa and S. aureus growth was examined in the polymicrobial
CF airway co-infection model after culturing the model for a total of 48 hours. Glass
extract dilutions of 1/4 and 1/2 were combined with either 0 or 16 pg/ml vancomycin, the

same combinations used on the S. aureus model in Section 3.4.2.

There was significantly decreased P. aeruginosa hydrogel phase growth
compared to the no treatment control for the groups containing either the Ga** glass or
the Ga**/Zn?" glass (Figure 32). For the Zn** glass, however, there was no significant
change in P. aeruginosa hydrogel phase growth, but there appears to be a trend of
decreased P. aeruginosa growth at the 1/2 glass dilution (Figure 32). Similar trends are

seen in the P. aeruginosa liquid phase growth data (Figure 33).

In the polymicrobial model, the presence of the Ga**/Zn?" glass resulted in an
increase in S. aureus hydrogel phase growth compared to the no treatment control to
around 300% growth (Figure 32). For the Ga®" glass, there was a lesser increase in S.
aureus growth to 195% and 133% for the 1/4 and 1/2 dilutions respectively (Figure 32).
The presence of the Zn?" glass did not have a consistent effect on S. aureus growth
(Figure 32). In the liquid phase however, the presence of all three glasses at the 1/2
dilution resulted in S. aureus growth decreasing (Figure 33).

The presence of 16 pg/ml vancomycin, by itself, greatly decreased S. aureus
growth in the hydrogel phase which was consistent when combined with the Zn** glass

(Figure 32). However, when combined with the Ga®" glass, the inhibitory effect of
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vancomycin was not present, and when combined with the Ga**/Zn*" glass, S. aureus

growth was increased in comparison to the no treatment control (Figure 32).
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Figure 32: P. aeruginosa growth and S. aureus growth in the hydrogel phase of the
polymicrobial CF airway co-infection model with different vancomycin-glass
combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga*>* and/or Zn*" ions at two different
dilutions (1/4, 1/2) with or without 16 pg/ml vancomycin for 48 hours. Bacterial growth
was normalized to the no treatment control. Mean + SEM. N=2. Ordinary Two-Way
ANOVA with Sidak’s Multiple Comparisons Test; * p < 0.05, ** p < 0.01, *** p <

0.001, **** p <0.0001. Raw data with CFU/ml values are available in Figure 42
(Appendix B).

68



Ga* Glass
2.0 suse
= oY
E N
2 | e
5215
8w
58
£ 8 107
£5
[+]
3 0.5
o
0.0 T T T
0 1/a 112

Glass Dilution

Ga®* Glass

»
=
]

FxEE
Ty
xx
%

.

=~
«n
1

Normalized
S. aureus growth
-
=]
1

hed
w
1

e
>

T
0 1/4 12
Glass Dilution

Hg/ml van
=0
= 16

pg/ml van
= 0
= 16

P. aeruginosa

Zn?* Glass

g
=
1

-
@n
1

Normalized
P. aeruginosa growth
P -
o o
1 1

e
o

ill i

growth

pg/ml van
=0
.= 16

T
0 1/4 1/2

Glass Dilution

S. aureus growth

Zn?* Glass

Normalized
- n
o o
1 ]

S. aureus growth
P
1

e
o
L

e
>

Hg/ml van
o

T
0 1/4 12
Glass Dilution

H = 16
0 F}I b oh

Ga**/Zn?* Glass

2.0
£
e
YT
o 815 ——in
H = Li2) pg/ml van
R 4
g2 1.0 = 0
s = 16
25
3 0.5
o
0.0 T T T
0 1/4 112
Glass Dilution
Ga**/zn?* Glass
2.0
£
= E 1.5+ -
=Y * Hg/ml van
= x
g 2 1.0 =0
5% = 16
Zm
o 957
0.0 'ﬂ 5 il

L T
0 114 1/2
Glass Dilution

Figure 33: P. aeruginosa growth and S. aureus growth in the liquid phase of the
polymicrobial CF airway co-infection model with different vancomycin-glass
combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga*>* and/or Zn*" ions at two different
dilutions (1/4, 1/2) with or without 16 pg/ml vancomycin for 48 hours. Bacterial growth
was normalized to the no treatment control. Mean £ SEM. N=2. Ordinary Two-Way
ANOVA with Sidak’s Multiple Comparisons Test; * p < 0.05, ** p < 0.01, *** p <
0.001, **** p <0.0001. Raw data with CFU/ml values are available in Figure 43

(Appendix B).

3.5.3 Mammalian cell viability in the polymicrobial CF airway co-infection model

with different antibiotic-glass combinations

16-HBE viability was determined using a live/dead assay after the CF airway co-

infection model was cultured with antibiotic-glass combinations for 48 hours and
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bacterial growth was assessed. During these experiments, P. aeruginosa and S. aureus

both were present in co-culture for the 48 hours.

For the polymicrobial model exposed to tobramycin-glass combinations for 48
hours, all groups containing 16 pg/ml tobramycin had a 16-HBE viability > 90% (Figure
34). However, the groups with 0 pug/ml tobramycin and no glass extracts did not have any
cells that remained attached to insert surface, and therefore cell viability was marked

down as 0% (Figure 34).

The groups cultured with the Ga** glass and the Ga**/Zn** glass with or without
16 pg/ml tobramycin had a 16-HBE viability > 90% (Figure 34). However, the groups
cultured with the Zn** glass and 0 pg/ml tobramycin had no cells remaining in a similar
manner to when no glass or tobramycin was present (Figure 34). All of the trends seen
here were also seen in the monomicrobial P. aeruginosa model exposed to tobramycin-

glass combinations (Figure 28).
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Figure 34: 16-HBE viability in the polymicrobial CF airway co-infection model with
different tobramycin-glass combinations. The CF airway co-infection model,
containing P. aeruginosa and S. aureus, was cultured with glass extracts containing Ga**
and/or Zn** ions at two different dilutions (1/32, 1/16) with or without 16 pg/ml
tobramycin for 48 hours, after which 16-HBE viability was determined using a live/dead
assay. Mean + SEM. N=2.

70



For the polymicrobial model exposed to vancomycin-glass combinations for 48
hours, all groups containing no glass extract and either 0 pg/ml or 16 pg/ml vancomycin
did not have any cells that remained attached to the insert surface (Figure 35). When all
three glass extracts were added to the model with or without vancomycin, 16-HBE

viability was greater than 90% (Figure 35).
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Figure 35: 16-HBE viability in the polymicrobial CF airway co-infection model with
different vancomycin-glass combinations. The CF airway co-infection model,
containing P. aeruginosa and S. aureus, was cultured with glass extracts containing Ga*"
and/or Zn** ions at two different dilutions (1/4, 1/2) with or without 16 pg/ml
vancomycin for 48 hours, after which 16-HBE viability was determined using a live/dead
assay. Mean + SEM. N=2.
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CHAPTER 4. Discussion

Lung damage and respiratory failure caused by chronic microbial infections are
the leading causes of mortality in CF patients [3], [4]. The CF airway is a favourable
microenvironment for the development of chronic airway infections due to the unique
properties of CF mucus [18]. In CF pathophysiology, a genetic mutation results in
impaired airway epithelium ion transport, leading to a dehydrated, thickened mucus layer
[12], [14]. This thickened mucus layer then leads to impaired mucociliary clearance and
cough clearance, allowing bacteria to more easily colonize the CF airway [19], [21].
Additionally, thickened mucus impairs diffusion of antibiotic drugs through the CF
airway [22]. All of these factors provide difficulties for conventional antibiotics, leading
to failures to eradicate CF infections, thereby allowing the surviving bacteria to develop
antibiotic resistance [51], [53]. This emphasizes the need for the development of novel
antibacterial therapies to suppress CF infections while preventing antibiotic resistance

development.

The research outlined in this thesis involved the development of a novel
combination therapy to treat CF airway infections by targeting pathogens from multiple
mechanisms of action. By utilizing multiple routes to suppress pathogen growth, this
novel therapy has the potential to reduce the development of resistance to conventional
antibiotics. In this thesis project, conventional antibiotics were combined with metal ion-
releasing bioactive glasses, and then the antibacterial efficacy of these combinations was
assessed in an in vitro model of CF airway infection to determine if the addition of metal

ion-releasing bioactive glasses could augment conventional antibiotic efficacy.
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The antibacterial efficacy of the antibiotic-glass combinations was first assessed
on P. aeruginosa and S. aureus cultured separately, with tobramycin and vancomycin
used for P. aeruginosa and S. aureus respectively. The antibacterial efficacy of the
antibiotic-glass combinations was then assessed on P. aeruginosa and S. aureus cultured

together in the airway infection model.

4.1 The in vitro airway infection model mimics the healthy and CF airway

microenvironment

The in vitro airway infection model developed in this project allows the co-culture
of common CF bacteria with human bronchial epithelial cells in an airway-like
microenvironment. The manipulation of the composition of the mucus-like component of
the model allows for a simple method to produce the physical and biological
characteristics of a healthy-like and a CF-like airway model. By adjusting the mucin and
crosslinker concentration, we can mimic the differences in viscoelastic properties in
healthy and CF mucus [17]. We can also mimic the increased mucin content which is

seen in native CF mucus [17].

In this thesis project, the existing airway infection model previously developed in
the lab was translated to a transwell insert system to more accurately mimic the airway
structure, providing a distinct route for nutrient transport to the 16-HBE cells, separate
from the mucus layer. In a native airway, nutrient transport occurs through the basolateral
side of epithelial cells [117]. In the previous airway infection model, nutrient delivery

was occurring through the apical side of the 16-HBE cells and nutrients would have to
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pass through the mucus layer to get to the cells [114]. With this new modification to the
model, nutrient delivery occurs through the basolateral side to be consistent with native

airway structure and to prevent interference from the mucus layer on the nutrient supply.

Additionally in the model developed in this project, a quiescent-like state was
induced on the 16-HBE cells by lowering their nutrient supply to produce a slower
proliferation state, more representative of the native bronchial epithelium [118]. This was
done successfully by lowering the FBS and glucose content of the 16-HBE media (Figure

17) which resulted in no significant additional cytotoxicity (Figure 19).

In interpreting the results from the airway infection model, it is important to
consider the potential effects of confounding variables that may influence the outcome
independently of the experimental treatment. While several core variables (e.g. hydrogel
composition, incubation conditions, inoculum size) were tightly controlled to ensure
experimental consistency, other factors that are more difficult to control may contribute
to inter-replicate variability and should be considered when interpreting the model’s
reproducibility and predictive accuracy. The table below summarizes key confounding
variables that may have impacted the outputs of the model, indicating which were

controlled for and which were not (Table 4).
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Table 4: Summary of confounding variables in the airway infection model. Key
confounding variables that may influence the model outputs are listed with a description
and potential impact on results.

Confounding Variable

Description

Controlled?

Potential Impact on Results

Temperature and CO,

Standard incubation conditions
(37°C, 5% CO,)

Yes

Affects bacterial growth kinetics

Incubation time before  Time bacteria were allowed to Yes Influences biofilm maturity and resistance
treatment adhere/grow before antibiotic- to treatment
glass treatment
Initial bacteria The bacterial ODg,y, added at Yes Influences biofilm maturity and resistance
concentration time zero to treatment
Hydrogel composition Mucus-mimetic hydrogel Yes Alters bacterial adherence and biofilm
properties (concentration, formation, diffusion of treatment
components)
Operator technigue Manual steps in hydrogel No Minor inconsistencies may affect
variability preparation and deposition, reproducibility of outputs
spot plating, etc
Heterogeneity in MNatural phenotypic variation No Could lead to variability in susceptibility
bacterial subpopulations within the same strain to treatment
pH shifts during Localized pH changes from No Could alter bacterial/mammalian cell
incubation bacterial or mammalian cell viabiltiy and treatment ion release kinetics
metabolism
Hydrogel dehydration Minor drying during incubation No Could impact hydrogel properties and
or shrinkage or handling therefore nutrient and treatment diffusion
Limited oxygen diffusion Potential oxygen gradients in Mo Could cause heterogeneous bacterial
in hydrogel deeper hydrogel regions growth and affect mammalian cells
lon sequestration by Hydrogel may bind or bufferthe  No Could reduce free ion concentration,

hydrogel components

released treatment metal ions

lowering antibacterial efficacy

4.2 Antibacterial efficacy of tobramycin and vancomycin was determined in the

healthy and CF airway infection model

The MICy of tobramycin and vancomycin for P. aeruginosa and S. aureus,

respectively, were determined in the healthy and CF airway infection model to determine

reasonable antibiotic concentrations to combine with the bioactive glass extracts. In doing
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this, we generated data that shows us differences in antibiotic efficacy in the healthy vs

CF models and in the hydrogel vs liquid phase.

We see that the MICoo of both antibiotics in the CF airway infection model is
higher than in the healthy CF model for P. aeruginosa (Figure 20) and S. aureus (Figure
22). This was expected because in human CF infections, the increased CF mucus
thickness leads to a reduction in antibiotic transport and efficacy [12], [51]. Therefore,
this difference in antibiotic efficacy in the healthy vs. CF models supports the validity of

the airway infection model in modelling healthy and CF airway environments.

For P. aeruginosa, there was a similar amount of bacteria growth in the liquid
phase compared to the hydrogel phase with and without tobramycin (Figure 20).
However, P. aeruginosa growth in the liquid phase was reduced to zero at the highest
tobramycin concentration, while some bacteria remained in the hydrogel phase (Figure
20). Conversely, there was around a 100-fold decrease in S. aureus growth in the liquid
phase compared to the hydrogel phase without vancomycin (Figure 22). With increasing
concentrations of vancomycin, S. aureus growth in the liquid phase quickly dropped to
zero, while S. aureus growth in the hydrogel phase decreased at a much slower rate
(Figure 22). One potential explanation for the comparative decrease in liquid phase
growth only for S. aureus is that S. aureus is non-motile while P. aeruginosa, possessing
pili and flagella, is motile [119]. Therefore, S. aureus may have stayed in the hydrogel
phase and not migrated to the liquid phase as much as a motile bacteria like P.

aeruginosa.
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4.3 P. aeruginosa and S. aureus growth were decreased in the presence of specific

glass extracts in monomicrobial CF infections

P. aeruginosa and S. aureus growth in the monomicrobial CF airway infection
model over 48 hours were assessed in the presence of each of the three bioactive glass
extracts (Ga*', Zn**, Ga**/Zn?") and the antibiotics, tobramycin and vancomycin,

respectively.

At the 1/32 dilution, both Ga**-containing glasses significantly suppressed P.
aeruginosa growth while the Zn?*-only glass did not suppress P. aeruginosa growth
(Figure 24). The antibacterial efficacy of the Ga**-containing glasses on P. aeruginosa
was expected because Ga** is known to be effective specifically against bacteria
dependent on iron metabolism, and has been shown to be effective against P. aeruginosa
by interfering with iron-mediated metabolic pathways [81], [120]. Iron uptake in P.
aeruginosa has been shown to be important in regulating quorum sensing and activating
several virulence genes [121]. Specifically in CF infection, P. aeruginosa has been
shown to upregulate pathways to acquire iron during chronic infection in order to grow
and proliferate [122]. The Ga** ion, due to many similarities in its ionic properties to the
Fe*" ion, can act as an iron-mimetic in biological systems as it will bind with high affinity
to iron-binding sites, leading to the disruption of biological pathways where Fe*" is
required [123], [124]. Specifically, Ga*" and Fe** have similar octahedral ionic radii and
tetrahedral ionic radii [125]. Therefore, since P. aeruginosa requires Fe** uptake to grow
during CF infection, Ga** ions, acting as a competitive inhibitor of Fe*", are taken up
instead, leading to the disruption of metabolic pathways in P. aeruginosa and subsequent

bacterial death. This outlines a potential mechanism explaining why the Ga*'-containing
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glass extracts were effective at suppressing P. aeruginosa growth in the airway infection
model. Additionally, gallium has been shown to have antibiofilm activity against Gram-
negative biofilms, specifically Acinetobacter baumannii and P. aeruginosa [126], [127].
Therefore, gallium’s efficacy against P. aeruginosa may be due not only to its role as a

competitive iron inhibitor, but also due to its role as an antibiofilm agent.

Conversely, the Zn>"-only glass did not suppress P. aeruginosa growth in the CF
airway infection model. This was surprising as zinc is known to have antibacterial
efficacy against a variety of bacterial species through various antibacterial mechanisms
[128]. Zn** ions can inhibit glycolysis in bacteria and increase membrane permeability to
protons, leading to the further disruption of metabolic pathways [129], [130].
Additionally, Zn** ions are able to generate ROS that can damage bacterial cell
membranes and have antibiofilm activity [79], [131]. It is possible that the concentration
of Zn*" ions added to the model was too low to have an effect on P. aeruginosa growth
and with a higher concentration, Zn>" ions would suppress P. aeruginosa growth through
one or multiple of the aforementioned antibacterial pathways. However, it is important to
mention that zinc itself is an essential mineral for P. aeruginosa and the uptake of zinc is
necessary for many of the growth, colonization, and virulence functions of P. aeruginosa
[132], [133]. Therefore, it may be possible that at the low concentration of Zn** ions that
were supplied to P. aeruginosa in the airway infection model by the 1/32 and 1/16 Zn**
glass extract dilutions, the Zn>* ion concentration was too low to function as an
antibacterial agent, and rather the Zn>" ions were taken up by P. aeruginosa to be used in

its own supportive pathways.
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Looking at S. aureus growth when cultured with the bioactive glass extracts at the
1/4 dilution, the Ga®" glass and the Zn?" glass significantly suppressed S. aureus growth
while the Ga**/Zn** glass did not suppress S. aureus growth significantly (Figure 26).
The antibacterial efficacy of the Ga*"-only glass on S. aureus was expected because Ga>*
is known to have antibacterial efficacy by interfering with iron metabolism and having
some antibiofilm activity [123], [131]. S. aureus, similarly to P. aeruginosa, relies upon
iron as an essential mineral for growth, proliferation, and colonization [134], [135].
Therefore, we expected the Ga*"-containing glasses to suppress S. aureus growth

similarly to P. aeruginosa, potentially by interfering with iron metabolism.

The antibacterial efficacy of the Zn?*-only glass on S. aureus was also expected
because Zn?" ions have a number of potential antibacterial mechanisms, including
bacterial glycolysis inhibition, ROS generation, and bacterial membrane disruption [79],
[130]. Additionally, zinc-based particles have previously been shown to be effective

against Gram-positive bacteria in particular [78], [80].

However, the lack of efficacy of the Ga*>*/Zn** glass on suppressing S. aureus
growth was not expected. Since both Ga** and Zn** ions would be present, this may
suggest that there is some antagonistic effect between the two ions that leads to no net
suppression of S. aureus growth. One potential explanation is that the presence of Zn**
ions could interfere with the ability of Ga*" ions to be mistakenly imported by S. aureus
in place of Fe** ions, and therefore this would reduce the antibacterial efficacy of Ga**
ions. Another potential explanation is that the Ga** and Zn** ions together could form
metal complexes that are poorly bioavailable, thereby reducing the concentration of free

ions. Nonetheless, this is an interesting finding that warrants further investigation.
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4.4 Specific glass extracts augmented antibiotics to suppress P. aeruginosa and S.

aureus growth in monomicrobial CF infections

P. aeruginosa and S. aureus growth in the monomicrobial CF airway infection
model over 48 hours were assessed in the presence of each of the three bioactive glass
extracts (Ga*', Zn**, Ga**/Zn?") and the antibiotics, tobramycin and vancomycin,
respectively. From this data, we evaluated if the antibiotic-glass combinations were able
to suppress bacterial growth more than antibiotic alone or glass alone, allowing us to

evaluate if the glass extracts were able to augment antibiotic efficacy.

For the P. aeruginosa model cultured with tobramycin-glass combinations, the
results show that the Ga**-only glass at the 1/32 and 1/16 dilution combined with
tobramycin had a significantly lower P. aeruginosa growth than for tobramycin alone and
for the Ga**-only glass alone (Figure 24). Therefore, the Ga**-only glass was shown to
augment tobramycin to better suppress P. aeruginosa growth in the CF airway infection
model. This observed augmentation could be explained by the targeting of P. aeruginosa
through different mechanisms, as Ga®>" ions may act primarily by disrupting iron
metabolism [124] while tobramycin acts primarily by disrupting protein synthesis and

outer membrane function [136].

For the Ga®*/Zn?" glass, P. aeruginosa growth was similar when cultured with
and without tobramycin (Figure 24) and therefore we concluded that there was no

augmentation of the antibiotic efficacy of tobramycin on P. aeruginosa in the presence of

the Ga>*/Zn?" glass.
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For the S. aureus model cultured with vancomycin-glass combinations, the results
show that the Zn?"-only glass at the 1/4 dilution combined with vancomycin had a
significantly lower S. aureus growth than for vancomycin alone and for the Zn**-only
glass alone (Figure 26). Therefore, the Zn>"-only glass was shown to augment
vancomycin to better suppress S. aureus growth in the CF airway infection model. This
observed augmentation could be explained by the targeting of S. aureus through different
mechanisms, as Zn>" ions primarily act through ROS generation and bacterial glycolysis
inhibition [79], [130] while vancomycin acts primarily through bacterial cell wall

disruption [137].

For the Ga**-only glass, S. aureus growth was similar when cultured with and
without vancomycin (Figure 26) and therefore we concluded that there was no
augmentation of the antibiotic efficacy of vancomycin on S. aureus in the presence of the

Ga’*-only glass.

These findings suggest that in a monomicrobial CF-like airway
microenvironment, gallium-releasing bioactive glass can augment tobramycin to suppress
P. aeruginosa growth and zinc-releasing bioactive glass can augment vancomycin to

suppress S. aureus growth.
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4.5 Polymicrobial CF infections show complex and different bacterial growth
responses to antibiotic-glass combinations compared to monomicrobial CF

infections

P. aeruginosa and S. aureus growth in the polymicrobial CF airway co-infection
model over 48 hours were assessed in the presence of tobramycin-glass combinations and

vancomycin-glass combinations.

In the polymicrobial model, P. aeruginosa growth was significantly decreased by
the Ga**-containing glasses, but largely unaffected by the Zn** glass (Figure 30; Figure
32). This was the same trend that was seen when P. aeruginosa was cultured in the
monomicrobial model with tobramycin-glass combinations (Figure 24). Therefore, the
results from the polymicrobial model suggest again that Ga** ions are able to suppress P.
aeruginosa growth by mimicking Fe*" ions in bacterial iron metabolism and/or through
antibiofilm action [124], [127]. The results also again suggest that the Zn** ion
concentration present in the Zn** bioactive glass extract was too low to have an

antibacterial effect on P. aeruginosa.

Interestingly, the decrease in P. aeruginosa growth when cultured with the Ga*'-
containing glasses was much greater in the polymicrobial model (Figure 30; Figure 32) in
comparison to the monomicrobial model (Figure 24). This is likely due to the innate
competition between P. aeruginosa and S. aureus found in such polymicrobial infections
[138]. A potential explanation for this finding is that due to this constant competition, any
event that decreases the growth of one bacterium is magnified because the other
bacterium is then able to grow more and therefore increasingly inhibit the other bacteria.

Therefore, it is likely that when Ga>" ions inhibited P. aeruginosa growth, S. aureus was
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then able to grow more and therefore further inhibit P. aeruginosa growth. Coinciding
with this theory, we see that S. aureus growth was increased in the polymicrobial model

when the Ga**-containing glasses were added.

An initially surprising finding from the polymicrobial growth data was that S.
aureus growth in the polymicrobial model was increased by up to 4-fold when cultured
with the Ga**-containing glasses (Figure 30; Figure 32). This was initially surprising as in
the monomicrobial model, S. aureus growth was significantly decreased by the same
Ga**-only glass (Figure 26). However, this finding may be explained by considering the
complex interplay and competition between P. aeruginosa and S. aureus in this
polymicrobial environment. P. aeruginosa is widely known to outcompete S. aureus in
polymicrobial infections through a variety of mechanisms [139], [140], [141]. Therefore,
a possible explanation for this finding is that the addition of Ga*" ions leads to the
suppression of P. aeruginosa growth, which then decreases the P. aeruginosa-mediated
suppression of S. aureus growth. Therefore, S. aureus growth is higher in these
conditions where P. aeruginosa growth is inhibited in comparison to the no treatment
control in which P. aeruginosa is free to grow and outcompete S. aureus. At first glance,
this finding diverges from the earlier finding that S. aureus growth was decreased in the
presence of the Ga*"-only glass in a monomicrobial environment (Figure 26). But in the
context of a polymicrobial environment, these findings suggest the anti-pseudomonal
effects of the Ga®*-containing glasses outweigh the anti-staphylococcal effects, and
therefore inhibiting P. aeruginosa growth does more to increase S. aureus growth than

the Ga>" ions themselves do to decrease S. aureus growth.
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The results also showed that S. aureus growth was not significantly decreased
when cultured with the Zn?"-only glass in the polymicrobial model (Figure 30; Figure
32). This finding diverged from the monomicrobial model in which S. aureus growth was
decreased in the presence of the Zn>*-only glass (Figure 26). Taking the competition
between P. aeruginosa and S. aureus into account, it is possible that the inhibition by P.
aeruginosa on S. aureus growth was far greater than the inhibition from the Zn>" ions and
therefore we don’t observe a significant difference caused by the presence of the Zn**-

only glass.

4.6 Effects of antibiotic-glass combinations on bacterial growth differ in the liquid

phase compared to the hydrogel phase

P. aeruginosa and S. aureus growth in the liquid and hydrogel phases of the
monomicrobial and polymicrobial CF airway infection models over 48 hours were
assessed in the presence of the antibiotic-glass combinations. From this monomicrobial
and polymicrobial data, we saw that trends in bacterial growth differed between the liquid

phase and the hydrogel phase of the model.

For the two monomicrobial models cultured with antibiotic-glass combinations,
the results showed that the antibiotics alone had a much greater inhibitory effect on their
respective bacteria’s growth in the liquid phase (Figure 25; Figure 27) compared to the
hydrogel phase (Figure 24; Figure 26). Similarly, we saw that the antibiotic-glass
combinations had a magnified inhibitory effect on bacterial growth in the liquid phase

(Figure 25; Figure 27) compared to the hydrogel phase (Figure 24; Figure 26). A simple
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explanation for this magnification of antibiotic-glass efficacy on the liquid phase could be
that the antibiotic-glass combinations were added directly to the liquid phase of the
model and therefore would be most efficacious on bacteria residing in the liquid phase.
Furthermore, the treatment would be able to freely diffuse through the liquid phase,
whereas its diffusion through the mucus-mimetic hydrogels may be more restricted,
thereby reducing its impact on hydrogel phase growth. An additional explanation for this
finding could be that the bacteria were able to form biofilms using the mucus-mimetic
hydrogel layer as a substrate, and therefore in this biofilm form, the antibiotic-glass
treatments were less effective against the bacteria compared to the liquid phase where

bacteria would likely be in a planktonic state [24], [58].

For the polymicrobial models cultured with antibiotic-glass combinations, the
results showed that P. aeruginosa growth in the liquid phase when cultured with both
tobramycin-glass (Figure 31) and vancomycin-glass combinations (Figure 33) had similar
growth trends compared to the hydrogel phase but magnified. This finding was similar to
what we saw with the monomicrobial growth data. However, we found that S. aureus
growth differed in the liquid phase compared to the hydrogel phase in a polymicrobial
context. In both the polymicrobial models cultured with tobramycin-glass and
vancomycin-glass, the results showed that S. aureus growth in the hydrogel phase was
either unchanged or increased with the addition of the Ga**-containing glasses (Figure
30; Figure 32). In the liquid phase, however, we saw that S. aureus growth was decreased
with the addition of the Ga**-containing glasses (Figure 31; Figure 33). This finding
could once again be explained by the impaired diffusion of the treatment through the

mucus layer and biofilm-induced resistance to the treatment which would therefore
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impair the treatment’s efficacy on hydrogel phase bacteria, while leaving liquid phase

bacteria susceptible.

4.7 Bronchial epithelial cell viability is maintained in the presence of all effective

antibiotic-glass combinations against P. aeruginosa in the CF model

16-HBE viability was assessed in the monomicrobial and polymicrobial CF
airway infection models with the addition of the antibiotic-glass combinations. The P.
aeruginosa monomicrobial model and the P. aeruginosa and S. aureus polymicrobial
model were both cultured with tobramycin-glass combinations for 48 hours. The S.
aureus monomicrobial model and the P. aeruginosa and S. aureus polymicrobial model

were both cultured with vancomycin-glass combinations for 48 hours.

In the P. aeruginosa model (Figure 28) and the polymicrobial model (Figure 33),
cell viability was maintained when 16 pg/ml tobramycin was added, but there was mass
cell death when no tobramycin and no glass were added. The likely explanation for this is
that bacteria overgrowth due to the lack of tobramycin led to cytotoxicity and mass cell
death. Specifically, it appears that P. aeruginosa overgrowth led to cell death because (1)
P. aeruginosa was the only bacteria present in the monomicrobial model and when it was
uninhibited, mass cell death occurred (Figure 28), and (2) in the polymicrobial model,
tobramycin resulted in mammalian cell survival (Figure 33) and tobramycin suppressed

P. aeruginosa growth and not S. aureus growth (Figure 30).

Additionally in the models cultured with tobramycin-glass combinations, we see

that mammalian cells survive when the models were cultured with the two Ga>*-
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containing glasses and mammalian cells die when the models were cultured with the
Zn*"-only glass (Figure 28; Figure 33). In line with this observation, we see that P.
aeruginosa growth is significantly inhibited by the Ga**-containing glasses and not the
Zn*"-only glass in both the monomicrobial and polymicrobial models (Figure 24; Figure
30). Therefore, these results support the conclusion that 1, the Ga**-containing glasses are
effective at suppressing P. aeruginosa growth and 2, mammalian cell death occurs in the

airway infection model when P. aeruginosa growth is uninhibited.

P. aeruginosa can cause mammalian cell cytotoxicity through a number of
potential mechanisms. P. aeruginosa possesses Type III secretion system (T3SS) protein
complexes, needle-like apparatuses that allow P. aeruginosa to inject cytotoxins directly
into host cells [142]. Through this T3SS mechanism, P. aeruginosa has been shown to
modify host amyloid proteins, secreted by host cells as an innate immune mechanism,
into cytotoxic prions [143], [144]. P. aeruginosa’s high motility and production of
numerous virulence factors, including pyocyanin which generates ROS, contributes to its

potential cytotoxicity [145], [146].

The cell viability data from the S. aureus monomicrobial model (Figure 29) and
the polymicrobial model (Figure 34) cultured with vancomycin-glass combinations
further support the theory that uninhibited P. aeruginosa growth results in mammalian
cell death and also suggests that uninhibited S. aureus growth does not result in
mammalian cell death. In the S. aureus monomicrobial model, when there is no
vancomycin and no glass, we see that 16-HBE viability is greater than 90%, suggesting
that S. aureus overgrowth does not cause significant cytotoxicity to the degree of P.

aeruginosa overgrowth (Figure 29).
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The lack of cytotoxicity from S. aureus overgrowth may be explained by the
differences in the pathogenic mechanisms of P. aeruginosa and S. aureus. While P.
aeruginosa colonization leads to ROS generation through pyocyanin synthesis and this
leads to cytotoxicity, S. aureus does not produce ROS-generating metabolites [147].
Additionally, S. aureus is non-motile while P. aeruginosa is motile, and therefore S.
aureus may have spread less quickly through the hydrogel phase and cell layer, leading to
less cytotoxicity [119]. This difference in 16-HBE cytotoxicity also reflects clinical
outcomes in which P. aeruginosa infections are associated with a higher mortality rate

than S. aureus infections [148].

In the polymicrobial model containing both P. aeruginosa and S. aureus,
mammalian cell death occurs in the groups with no glass and either O or 16 pg/ml
vancomycin (Figure 34), suggesting that P. aeruginosa overgrowth, which is not
inhibited by vancomycin (Figure 32), once again leads to mass 16-HBE death. When we
add the glass extracts to the polymicrobial model at a dilution of 1/4 and 1/2, we see that
mammalian cell viability is maintained (Figure 34), suggesting that all three glass
extracts at a dilution of 1/4 and 1/2 sufficiently prevented P. aeruginosa overgrowth.
Note that at a dilution of 1/32 and 1/16, the Zn** glass did not appear to prevent P.
aeruginosa overgrowth because mass cell death did occur for these groups (Figure 33).
This suggests that the Zn>* glass is only able to prevent P. aeruginosa overgrowth at the
lower dilutions and not at higher dilutions, while the Ga**-containing glasses prevent P.

aeruginosa overgrowth even at the higher dilutions.

Overall, the cell viability data from the CF airway infection model cultured with

antibiotic-glass combinations shows us that mammalian cell viability is successfully
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maintained when cultured with antibiotic-glass combinations at high enough

concentrations to inhibit bacterial growth.
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CHAPTER 5. Conclusions

5.1 Limitations and Future Directions

To ensure that the developed in vitro airway infection model accurately represents
key features of airway infections in CF, several validation strategies could be employed
aiming to assess the biological relevance, reproducibility, and predictive capabilities of
the model. Validating the microbial growth patterns, biofilm formation, and host cell
responses observed in the model against data from CF patient samples would help to
determine how well the in vitro environment replicates in vivo conditions. Additionally,
incorporating measurable outputs such as transepithelial electrical resistance or
inflammatory markers could help to determine the ability of the model to mimic host
responses in real-world CF infection pathophysiology. To validate the reproducibility of
the model, measures could be taken to demonstrate that the model produces consistent
results across multiple experimental runs pertaining to cell viability, bacterial growth
patterns, and treatment responses across different cell passages, hydrogel batches, and
bacterial strains. Lastly, the model’s predictive validity could be assessed by applying
clinically used antibiotics and comparing the model’s bacterial growth responses to
established clinical outcomes. By incorporating these strategies, the model’s credibility
can be strengthened, supporting its potential utility in studying CF airway infections and

evaluating novel therapeutic approaches.

There are a number of potential limitations associated with the airway infection
model that was used to test the antibiotic-glass combinations in this project. While the

mucus-mimetic hydrogels of the model are able to mimic the physical properties of the
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CF and healthy mucus layer, these hydrogels lack several elements that contribute to the
complexity of native airway mucus. Future work could look at incorporating some of
these components such as DNA, lipids, and non-mucin proteins [12] into the mucus-
mimetic layer of the model and assess how the addition of these components impacts
antibiotic-glass efficacy. The airway infection model also lacks a host immune
component. Future work could look at adding host immune cells to the model to explore
how host immune cells interact with and impact the efficacy of antibiotic-glass

combinations in a CF-like microenvironment.

In CF patients, microbial infections are typically chronic in nature as the impaired
CF airway microenvironment creates a predisposition to persistent and recurring
infections [28], [149]. In this project, the airway infection model was only cultured for a
total of 48 hours with bacteria and therefore is limited in capturing this chronic nature of
CF airway infection. While this time course may be sufficient to model bacterial growth
in early and acute infections, the model is limited in predicting antibiotic-glass efficacy
against bacteria in a more representative chronic infection context. Future work could
focus on extending the time course of the model to better capture the long-term host-
pathogen interactions and microbial adaptations found in chronic CF airway infections

[150], [151].

Another key limitation of this work is a lack of certainty that the metal ions
contained in the original bioactive glass formulations fully dissolved into the glass extract
solutions that were used to prepare the antibiotic-glass combinations used in this thesis
work. When preparing the bioactive glass extract solutions, a precipitate remained after

48 hours of dissolving the glasses in the shaking incubator. This precipitate could have
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contained undissolved glass, and therefore not all of the metal ions contained in the
glasses would have dissolved into the extract solution. To ensure the glass extracts are
produced consistently, the dissolution time and temperature are clearly defined in the
methods section. Before conducting future work with these antibiotic-glass combinations,
it would be worthwhile to conduct a spectroscopy analysis on the bioactive glass extracts
to confirm the presence of the Ga>" and Zn?" ions in the extract solutions, and that these

metal ions are present in similar concentrations to that of the original glass formulations.

In hopes of advancing the work done in this project, future work could focus on
optimizing the glass formulations in a number of ways. Firstly, the antibacterial ion
concentrations could be changed or the type of ions used could be changed to better
target specific CF pathogens. Secondly, ion composition could be altered to better tune
the speed of ion release to more effectively treat CF infections or to ensure that the
glasses are fully dissolved into solution. Fortunately, the highly tunable nature of borate
bioactive glasses allows for extensive investigation into the efficacy of different glass

compositions on treating CF infections [91].

Additionally, the efficacy of the antibiotic-glass combinations developed in this
project could be investigated against other CF pathogens such as H. influenzae, S
maltophilia, and A. fumigatus [4], [28]. The airway infection model created in this project
also has the potential to easily be modified to model other mucosal bacterial infections
such as in the GI tract, urogenital tract, etc. Therefore, the novel model and combination
therapy created in this thesis project are highly adaptable and can be applied across a

wide range of mucosal infection contexts.
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5.2 Conclusions

In this thesis project, a novel combination therapy to treat bacterial airway
infections in CF patients was developed using a combination of conventional antibiotics
with metal ion-releasing bioactive glasses. The results of this research show that in a CF-
like airway microenvironment, P. aeruginosa and S. aureus growth can be suppressed by
the addition of metal ion-releasing bioactive glasses without compromising mammalian
cell viability. It was shown that specific glass extracts can augment conventional
antibiotics to better suppress bacterial growth in a monomicrobial CF airway infection
model for both P. aeruginosa and S. aureus. The findings from the polymicrobial CF
airway co-infection model containing both P. aeruginosa and S. aureus show
increasingly complex and different responses to the antibiotic-glass combinations in
comparison to the monomicrobial infection models. Importantly, mammalian cell
viability was maintained in the presence of all effective antibiotic-glass combinations in
the CF airway infection model while bacterial growth was simultaneously suppressed.
These findings demonstrate the potential utility of such antibiotic-glass combinations as
effective therapeutics for airway infections in CF patients and as a means of slowing the

development of resistance to conventional antibiotics in CF pathogens.
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Figure 36: Concentration of P. aeruginosa (CFU/ml) in the hydrogel phase of the
monomicrobial CF airway infection model with different tobramycin-glass
combinations. The CF airway infection model, containing P. aeruginosa, was cultured
with glass extracts containing Ga** and/or Zn*" ions at two different dilutions (1/32, 1/16)
with or without 16 ng/ml tobramycin for 48 hours. Mean + SEM. N=3.
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Figure 37: Concentration of P. aeruginosa (CFU/ml) in the liquid phase of the
monomicrobial CF airway infection model with different tobramycin-glass
combinations. The CF airway infection model, containing P. aeruginosa, was cultured
with glass extracts containing Ga®" and/or Zn*" ions at two different dilutions (1/32, 1/16)
with or without 16 pg/ml tobramycin for 48 hours. Mean + SEM. N=3.
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Figure 38: Concentration of S. aureus (CFU/ml) in the hydrogel phase of the
monomicrobial CF airway infection model with different vancomycin-glass
combinations. The CF airway infection model, containing S. aureus, was cultured with

glass extracts containing Ga®* and/or Zn>" ions at two different dilutions (1/4, 1/2) with or
without 16 pg/ml vancomycin for 48 hours. Mean + SEM. N=3.
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Figure 39: Concentration of S. aureus (CFU/ml) in the liquid phase of the
monomicrobial CF airway infection model with different vancomycin-glass
combinations. The CF airway infection model, containing S. aureus, was cultured with

glass extracts containing Ga** and/or Zn** ions at two different dilutions (1/4, 1/2) with or
without 16 pg/ml vancomycin for 48 hours. Mean £ SEM. N=3.

109



Ga®* Glass
1010
'g —_
[}
2® 100
o g
3o ug/ml tob
82 100 = 0
‘93 = 16
E E 107
<= AL
108 T T T
0 32 116
Glass Dilution
Ga*™* Glass
1u10_
£Z
T8 100
g pg/mi tob
oo
22 qo5- =0
£E = 16
w2 7
e E 10
10¢ T
0 132 116

Glass Dilution

S. aureus growth
[CFU/mI, log scale]

P. aeruginosa growth

[CFU/mI, log scale]

Appendix B

P. aeruginosa growth

Zn?* Glass
1n10
10°
ug/ml tob
108 =0
= 16
107
108
0 132 116
Glass Dilution
S. aureus growth
Zn?* Glass
1010_
109_
pg/ml tob
108 = 0
= 16
107_
108 .
0 1032 116

Glass Dilution

S. aureus growth
[CFU/mI, log scale]

P. aeruginosa growth
[CFU/mI, log scale]

Ga*'1zn®* Glass

101
10°
pg/ml tob
10® =0
= 16
107 "I" |’I‘|
108 T II%I
0 1/32 116
Glass Dilution
Ga**/zn* Glass
1010
109
Hg/ml tob
108 /o
= 16
107
10¢

0 1/32 116
Glass Dilution

Figure 40: Concentration of P. aeruginosa and S. aureus (CFU/ml) in the hydrogel
phase of the polymicrobial CF airway co-infection model with different tobramycin-
glass combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga*>* and/or Zn** ions at two different
dilutions (1/32, 1/16) with or without 16 pg/ml tobramycin for 48 hours. Mean + SEM.

N=2.
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Figure 41: Concentration of P. aeruginosa and S. aureus (CFU/ml) in the liquid

phase of the polymicrobial CF airway co-infection model with different tobramycin-
glass combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga*>* and/or Zn*" ions at two different

dilutions (1/32, 1/16) with or without 16 pg/ml tobramycin for 48 hours. Mean + SEM.
N=2.
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Figure 42: Concentration of P. aeruginosa and S. aureus (CFU/ml) in the hydrogel
phase of the polymicrobial CF airway co-infection model with different vancomycin-
glass combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga** and/or Zn** ions at two different

dilutions (1/4, 1/2) with or without 16 pg/ml vancomycin for 48 hours. Mean = SEM.
N=2.
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Figure 43: Concentration of P. aeruginosa and S. aureus (CFU/ml) in the liquid
phase of the polymicrobial CF airway co-infection model with different vancomycin-
glass combinations. The CF airway co-infection model, containing P. aeruginosa and S.
aureus, was cultured with glass extracts containing Ga*>* and/or Zn*" ions at two different

dilutions (1/4, 1/2) with or without 16 pg/ml vancomycin for 48 hours. Mean = SEM.
N=2.
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