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ABSTRACT

The human mucus layer plays a vital role in maintaining health by acting as a selectively
diffusive barrier to opportunistic pathogens and foreign particles that enter the body. In areas
such as the respiratory and gastrointestinal tract, the mucus hydrogel lining provides a unique
microenvironment inhabited by both commensal and pathogenic bacteria, where the bacteria use
mucin, the glycoprotein that makes up the mucus hydrogel network, as an attachment site. To
model the host-microbe interactions, in vitro, in both health and disease, it is crucial to provide a
proper microenvironment that can support the growth of both mammalian and microbial cells in
a controlled manner. Recent advances in modelling host-microbe interactions include
compartmentalized microfluidic devices or transwell co-cultures. However, these techniques lack
sufficient control of the mucus microenvironment and require highly specialized skills to
fabricate and operate, and therefore are difficult for the average life science laboratory to adopt.

In this study, we aim to address these concerns by fabricating an artificial mucus layer using a
simple ionic gelation technique with calcium chloride to generate an alginate-mucin (ALG-
MUC) semi-interpenetrating polymer network hydrogel to be incorporated into a polyethylene
glycol-dextran (PEG-DEX) aqueous two-phase system (ATPS) co-culture platform. We
demonstrated the utility of ALG-MUC hydrogels using two sets of mammalian-microbial co-
cultures. First, we used a human bronchial epithelial cell line, 16-HBE, co-cultured with a
common airway pathogen, Pseudomonas aeruginosa. The second was a colorectal
adenocarcinoma cell line, Caco-2, co-cultured with a gut pathogen, Shigella flexneri.
Additionally, we characterized the viscosity and diffusivity of the ALG-MUC hydrogels.

The findings showed that the ALG-MUC hydrogels were compatible with a PEG-DEX ATPS by
reducing PEG-mediated cytotoxicity when cells were overlaid with a hydrogel layer. It was also
found that diffusion of biomolecules (IgG and LL-37) was more affected by hydrogel
composition (presence of mucin) rather than differences in viscosity. Moreover, the
concentration of mucin as well as ATPS formulation affected the spatial distribution and
antibiotic resistance of bacteria within this multiphase co-culture system.

The ALG-MUC hydrogel was shown to have similar diffusive characteristics to natural mucus as
well as support the simultaneous culture of pathogenic bacteria with mammalian cells, in vitro.
With the ability to readily form a mucus-like hydrogel directly on top of mammalian cells, we
provide a controlled co-culture platform that has the potential for assessing host-pathogen
interaction and antibiotic testing in a realistic microenvironment. Future studies will further
characterize the bacterial colony formation within the hydrogel layer and explore different ATPS
formulation with modified ALG-MUC compositions to model complex bacterial infections at the
mucosal interface.
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CHAPTER 1. INTRODUCTION
1.1 Thesis Overview

This thesis contains 6 chapters describing the novel work that has been carried out to
fabricate an artificial mucus hydrogel for the purposes of modelling host-microbe interaction at
the mucosal interface. Chapter 1 provides a thorough review of the current host-microbe
interaction models as well as the role of the human mucus layer in both health and disease.
Chapter 2 outlines the main research aims and objectives of this project. This is followed by the
methods and materials used to carry out this work in Chapter 3. Chapter 4 describes the key
findings of the research that has been conducted. Chapter 5 will discuss the impact of this
research project and its relevance to the current literature, as well as some of the limitations.
Finally, Chapter 6 summarizes the key findings and conclusions made throughout this project

followed by considerations for future work.

1.2 Current Models for Host-Microbe Interaction

The human mucus layer is a niche microenvironment where complex interactions
between pathogenic and commensal bacteria as well as host cells take place. Alterations in the
bacterial composition or dysregulation in mucus homeostasis can result in chronic infection and
inflammation in diseases such as inflammatory bowel diseases (IBD) and cystic fibrosis (CF).!2
A representative host-microbe interaction model is essential for gaining a better understanding of
the complex interactions and potential new drug therapies. To accurately model the complexities
of host-microbe interaction at the human mucosal interface, researchers must consider an

appropriate mucosal microenvironment and controlled bacterial abundance and composition



within the model. The current gold standard for modeling host-microbe interaction remains to be
the use of animal models, predominantly with the use of mice,’ with an emergence of in vitro
mammalian-microbial co-culture models in recent years. Considering the variation in microbial
composition between individuals,* in vivo studies utilize gnotobiotic (or germ-free) animals,
which allows for the inoculation of a specified bacterial composition.>” Over the years, in vivo
studies have been instrumental in uncovering the role of the human microbiota in IBDs and
chronic respiratory infections caused by CF.*!! However, due to differences in pathophysiology

between animal and humans, in vivo findings do not always translate into clinical findings.!'*!

1.2.1 In Vivo

With the use of gnotobiotic animals, IBD can be induced using various methods
including genetic modification,'* chemical induction,'> and adaptive transfer.'® One of the earlier
models of IBD is interleukin-10 (IL-10) knockout mice. IL-10 plays an important role in the anti-
inflammatory response, and by generating IL-10 deficient mice with targeted deletion, mouse
models develop spontaneous inflammation of the colon.'*!” One study using IL-10 deficient
mice demonstrated the inoculation of Akkermansia muciniphila, an otherwise non-pathogenic
bacteria, promoted intestinal inflammation, suggesting that 4. muciniphila is a potential
pathobiont of the gut.'® The chemical induction of colitis in mice can be carried out by oral
administration of dextran sulfate sodium (DSS) through drinking water, which is a well-
established method for studying colitis in mice.'> The uptake of DSS and distribution within
animal tissue demonstrate its capability of penetrating the mucosal barrier. DSS has been found
to accumulate in macrophages leading to lowered phagocytic ability, resulting in increased

bacterial load and inflammation.'>!* Another study utilizing the DSS colitis model demonstrated



a shift in microbiota species between colitis induced mice and control mice.?’ More recently,
adaptive transfer models have gained more attention, where naive T cells from healthy mice are
transferred into syngeneic (immunologically compatible) immunodeficient mice.?!*? This model
has demonstrated inflammation of the small intestine 6-12 weeks after the T cell transfer.?!

Despite the advances in modelling IBD in vivo, there are several differences between the
human and mouse GI tract. First, the distribution of goblet cells (mucus-producing) in humans
are highly abundant from the cecum to the rectum. Compared to mice, where goblet cells are
more abundant in the proximal colon with a lowered abundance towards the distal colon and
rectum.!? Second is the location of antimicrobial peptide (AMP) secreting cells. Paneth cells are
a specialized secretory cell found within the GI epithelium, that secrete AMP products to
maintain homeostasis of the microbiota.?® In humans, Paneth cells are found throughout the
intestinal tract with highest abundance in the small intestinal crypts.>* In comparison, Paneth
cells are uniquely localized in the cecum in mice.'? These differences in specialized cell
distribution between animals and humans can affect how the microbiota within the GI tract are
distributed in animal models regardless of bacterial composition that is introduced.

Using mice to model CF has shown both success and failure in mimicking the human
lung CF phenotype. CF in humans typically results in thickened airway mucus leading to
reduced mucociliary clearance and chronic infection.?*” Animal models in CF studies involve
genetic modification of the cystic fibrosis conductance regulator (CFTR) gene, which is
responsible for regulating ion transport into the mucus layer to maintain homeostasis of the
airway surface liquid (ASL), also known as the periciliary layer (PCL).?® Murine models have
been shown to generate altered mucociliary clearance, but ciliary beating frequencies were not

different from the normal mice.!®* It has been hypothesized that an alternative chloride



conductance regulator in the mouse airway epithelial cells secrete chloride ions into the ASL
resulting in less severe airway pathology.’®*! Although mouse models have demonstrated some
impairment of the mucociliary clearance, CFTR knockout mice do not develop spontaneous
infection of the lung, which has been thought to be the result of the clean conditions the mice are

t.32 Other studies have found CF mouse models to show no difference in ASL levels, which

kep
are known to harbor antimicrobials that efficiently kill opportunistic pathogens, thereby
preventing spontaneous infection from occurring in these models.** As a result, CF studies
utilizing the mouse model frequently challenge the animals with pathogenic bacteria.***
However, new techniques involving the use of P. aeruginosa embedded agarose beads for
bacterial inoculation has been shown to better resemble CF patient infection in mice.*®

To broaden the range of animal models, pigs and ferrets have been explored as potential
alternatives to the mouse CF model. Stoltz et al. (2010) reported the use of a pig model which
was able to generate spontaneous disease progression and infection of the airway like that of CF
patients.’” Like pigs, ferrets have also demonstrated spontaneous lung infection and impaired
mucociliary transport.!! The limitations of using large animal studies are that they require more
space and resources, leading to increased cost of pre-clinical studies. Other studies reported life
threatening complications with both pigs and ferrets, that required surgical intervention, making

it even more difficult for widespread implementation.?”*

1.2.2 In Vitro
Given these challenges with animal models, there has been an increasing interest in
developing a representative in vitro host-microbe interaction model. Some of the established

models include the use of compartmentalized systems for mammalian microbial co-culture



including microfluidic devices and transwell co-culture.****> The use of microfluidic devices and
transwells are similar in that both techniques involve compartmentalization using a semi-
permeable membrane to separate endothelial and epithelial cell growth (in microfluidic devices),
or compartmentalization of the mammalian cell and bacterial cell populations (in transwell co-
culture). Jalili-Firoozhinezad et al. (2019) have demonstrated the use of a gut-on-a-chip, where
differentiated, mucus producing epithelial cells were grown in the upper channel of the
microfluidic device with endothelial cells in the lower compartment and isolated bacteria were

introduced into the system by flow through the upper channel.*

An airway model has also been
developed using microfluidics to mimic the fungal and bacterial interactions in the bronchial
microenvironment.*?

In contrast, transwell co-culture techniques allow for the simultaneous growth of
mammalian cells and bacterial cells within the same compartment (transwell insert), while
providing the additional fresh media through the receiver well.*!#**4> The two different cell
populations can also be grown in either compartment, separated by the semi-permeable
membrane, which can be used to assess chemical communication between the host and microbial
cells as well as immune cell migration.** Although the use of both microfluidic devices and
transwell co-culture have been shown to effectively maintain mammalian-microbial interaction
over several days, there are some clear limitations. Both techniques, while allowing for mucus
production, can be limited by the amount of mucus that is produced, where differentiated cell
mucus production has been shown to produce thin layers of mucus over long periods of
time.***%46 Microfluidic device fabrication tends to require highly trained personnel and

specialized equipment, thus limiting its adoption and use in the general life science laboratory.*

Transwell co-culture techniques, while commercially available and convenient, do not allow for



controlled bacterial growth and can be limited to chemical communication without physical
interaction between the two cell populations.

In addition, another co-culture method which has been less explored is the use of a liquid-
liquid scaffolding for bacterial deposition onto mammalian cells, known as aqueous two-phase
system (ATPS) co-culture.*” An ATPS is a biphasic system that can be formed by dissolving two
immiscible polymers in solution that generates a lower and upper phase and can be used to
manipulate the distribution of cells by physical separation. The application of ATPS in
mammalian-microbial co-culture involves resuspension of a bacterial population in the lower
phase, where a single droplet of the bacteria-rich lower phase can be deposited directly onto a
mammalian monolayer, grown in the upper phase. For instance, Dwidar et al. (2013)
demonstrated the deposition of Escherichia coli onto a mammalian monolayer using a
polyethylene glycol-dextran (PEG-DEX) ATPS, where the lower DEX-phase was used to
confine bacteria to a localized region on top of a mammalian monolayer grown in the upper
PEG-phase.*’ The use of an ATPS co-culture allows for efficient bacterial deposition to localized
regions of the culture vessel; however, the limits of the ATPS stability over time has not yet been
explored. Additionally, this system lacks the mucus hydrogel layer to provide the niche

microenvironment for bacterial interaction.

1.3 Role of Mucus in the Human Body

The human mucus layer is known to play a crucial role in maintaining health by acting as
a protective barrier for the underlying epithelial cells.*® In areas such as the respiratory and GI
tract, the mucus hydrogel lining provides a unique microenvironment inhabited predominantly

by commensal bacteria, which is collectively known as the microbiota. By harboring commensal



bacteria within the mucus layer, added protection is provided by bacterial competition between
the commensal bacteria and any opportunistic pathogens that may enter the body.*>*’
Additionally, the mucus layer is also known to harbor a range of secreted antimicrobial
biomolecules, such as AMPs and immunoglobulins (Ig).>%!

The mucus layer is a selectively diffusive barrier that allows for oxygen and nutrient
diffusion to the underlying epithelial cells while preventing harmful pathogens and foreign
particles from coming in direct contact with the mucosal tissue by size exclusion (or steric
hinderance) and interaction filtering of smaller molecules.’>>* In the GI tract, specifically in the
colon, the mucus layer is organized in a bi-layer structure, where the inner layer (closer to the
epithelium) is a sterile, dense layer. The outer layer (closer to the intestinal lumen) is less dense,
which allows commensal bacteria to diffuse in and reside.’>’ Harboring commensal bacteria in
the mucus layer provides a mutually beneficial relationship between the microbiota and the host.
Mucus is constantly secreted into the lumen of the gut by goblet cells and can be used by the
bacteria as a carbon source as well as attachment sites.’®*° In return, commensal bacteria groups
such as Firmicutes and Bacteroides aid in nutrient breakdown of otherwise indigestible
polysaccharides for the host.®® Additionally, commensal bacteria compete with incoming
pathogens for space by secreting bacteriocins as a direct mechanism to kill pathogens.**!

In the airway, the mucus layer function is conserved; however, the mechanism of
protection differs based on the mucus layer arrangement and physiology.®? Here, the mucus
hydrogel layer is much thinner (~50 um) than in the GI tract (123 — 830 um), and rests on top of
the ASL that allows for ciliary motion of the upper airway epithelial cells.®>** The ciliary motion

thus propels the upper mucus layer out of the airway, which may have entrapped pathogens and

inhaled foreign particles.®> Furthermore, the mucus is constantly being replenished by secretory



goblet and Club cells to maintain the mucociliary escalator.®® Like the GI mucus, the role of
commensal bacteria in the airway has also been demonstrated to provide host protection against
bacterial pathogens. A probiotic species, Bifidobacterium longum, was shown to protect host
lungs from Klebsiella pneumoniae by inducing increased reactive oxygen species (ROS)
production in alveolar macrophages to reduce the bacterial load of pathogenic K. pneumoniae.®’
Other studies demonstrate and characterize the bacteriocin production and activity of
Bifidobacterium and Lactobacillus species.®®%° However, bacterial strains such as Pseudomonas
aeruginosa have demonstrated resistance to bacteriocins, which can lead to chronic infection of
the lungs.”®

Additionally, in both the airway and intestinal mucosal surface, epithelial cells secrete
IgA and AMPs, such as alpha-defensin and LL-37, that become incorporated into the mucus
hydrogel as part of the innate defense provided by the mucus.’®’! These biomolecules are
typically retained in the mucus layer through electrostatic and physical interactions with the
negatively charged mucin glycoproteins that make up the mucus hydrogel network.>® Although
not as commonly found in GI mucus as IgA, IgG has also been reported to be found in patient
airway mucus secretions, which plays a major role in host defense in the distal airway and

adaptive immunity.’>"?

1.4 Composition and Structure of Mucins and their Contribution to Mucus Function
The mucus layer is a viscoelastic biological hydrogel, secreted by goblet cells, that is

known to have non-Newtonian rheological properties.’* Hydrogels can be defined as water

swollen crosslinked polymer networks, where the mucus hydrogel network consists of

crosslinked (covalent and non-covalent) glycoproteins, called mucins, along with lipids, salts,



and other proteins involved in host defense.” The core peptide of a mucin monomer generally
consists of repeated PTS domains (proline-threonine-serine) that become highly glycosylated,
giving mucin a brush-like structure, with cysteine-rich terminals that allow for disulfide

crosslinking between monomers (Figure 1).”
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Figure 1: Illustration of mucin monomer structure and glycoprotein components. (A)
Schematic of a mucin monomer with the core glycosylated region and flanked regions with low
glycosylation (Adapted from Bansil & Turner, 2006).”> (B) Schematic of mucin network formed
through various covalent and non-covalent interactions (Adapted from Wagner et al., 2018).7

In humans, the mucus hydrogel mainly consists of the gel-forming mucins secreted into
the extracellular space.”’ After the translation of mucin peptides, post-translational glycosylation

takes place and mucins are then tightly packed into secretion granules within epithelial and



goblet cells.”® Once cells are signaled to degranulate and release mucin into the extracellular
environment, the mucin electrolyte content becomes diluted leading to swelling and the
formation of a mucus hydrogel.”

The size and structure of mucin have a direct impact on the physical properties of mucus.
Mucin monomers are known to have a broad range in molecular weight, ranging from 250 kDa
to 2 MDa, where the bulk of the mucin mass is derived from the O-linked oligosaccharide side
chains.®® The combination of long interconnected mucin chains, physical entanglement, and ionic
interaction between the carbohydrate sidechains all contribute to the viscoelastic properties of
mucus in that it is more viscous at low shear rates and less viscous at higher shear rates.”* The
viscoelasticity of mucus can be altered based on the ionic composition. Chen et al. (2010)
demonstrated that increased bicarbonate concentrations in mucus reduces the viscosity by
chelating calcium ions and thus reducing the ionic interaction between mucin chains.’' This
illustrates the importance of maintaining homeostasis within the mucus through ion channel
regulators at the mucosal interface for healthy barrier function of the mucus layer.

Maintaining the microbiota is another important function of the mucus layer. The
carbohydrate sidechains of mucin peptides carry negatively charged sulfate and sialic acid
groups.®? These negative charges allow mucus to interact with positively charged secreted
AMPs, such as alpha-defensins and LL-37.7! Additionally, secreted IgA and IgG are retained in
the mucus layer through interaction of similar oligosaccharide structures as the mucin.>® Upon
secretion of IgA, they are known to be covalently bound to glycosylated secretory components.®?
Studies have demonstrated the localization of AMPs and Ig within the mucus layer to prevent

commensal bacteria from over proliferation, %7184
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1.5 Mucus Dysregulation and Associated Pathologies

Knowing the importance of the role mucus plays in maintaining human health, it is not
surprising that its dysregulation leads to complications and disease progression. Mucus
dysregulation in the airway typically leads to chronic infection of the lungs due to excessive
accumulation of mucus that is unable to be cleared via ciliary motion.®* Inflammatory bowel
disease has been thought to be caused by dysbiosis due to prolonged mucus dysregulation in the
GI tract, although the direct cause remains unclear.”*

Associated pathologies of mucus dysregulation in the airway can either be caused by
mucus hypersecretion or thickened mucus due to dysfunctional ion channels in the epithelia.®’
Mucus hypersecretion is most commonly known to occur in chronic obstructive pulmonary
diseases (COPD), typically occurring in individuals who smoke or are exposed to high levels of
air pollutants.®®® Inhaled particulate (i.e. cigarette smoke or air pollutants) will trigger epithelial
cells to secrete neutrophil chemoattractant that concentrate at the airway lumen.”® It has been
shown that patients with COPD have increased neutrophil accumulation in the airway
epithelium, which stimulates degranulation of mucin producing cells with neutrophil elastase.”
Cystic fibrosis, on the other hand, has been well studied and stems from mutations in the CFTR
gene that is responsible for chloride ion homeostasis in the lung. Without a functional CFTR
channel, mucus becomes dehydrated resulting in loss of the ASL layer and the inability to clear
mucus out of the airway.®! This thickened mucus provides a microenvironment for opportunistic
bacteria to replicate and persist, with a common opportunistic pathogen being P. aeruginosa,
which are notorious for their persistence and antibiotic resistance once colonized in the thickened

airway mucus.”? P. aeruginosa in a mucoid state are known to secrete alginate, which allow for
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the bacteria to better resist administered antibiotics as well as avoidance from the host immune
response.”>%?

Diseases in the GI tract includes IBDs, such as Crohn’s disease (CD) and Ulcerative
Colitis (UC), which can be defined as chronic inflammation and ulceration of the mucosa.
Generally, it is thought to be a shift in the abundance of commensal bacteria to larger proportions
of pathogenic bacteria.’* In contrast, other studies suggest disruption in the mucus layer leads to
extended exposure to commensal bacteria, which normally does not cause inflammation.”!8
There has also been evidence produced that suggest some patients have genetic predispositions
to IBDs which result in altered O-glycosylation of mucins, in turn causing poor barrier function
of the mucus layer.”>® To investigate the role of microbial species in IBDs, multiple studies
have been carried out involving the inoculation of mouse models with patient derived
commensal and pathogenic bacterial species.”””*® However, Tamboli et al. (2004) emphasize the
importance of distinguishing between the fecal flora (typically what is used in animal studies)
and the mucosal flora, suggesting that the use of fecal flora may not be a full representation of
intestinal microbiota.”

Moreover, other species of bacteria have developed different mechanisms of bypassing
the mucus layer under healthy conditions, such as Helicobacter pylori and Shigella flexneri. H.
pylori can change the pH of the mucus microenvironment to reduce the viscosity allowing the
bacteria to pass through the mucus layer in the stomach.!® Species such as S. flexneri produce
mucolytic enzymes that breakdown the mucin chains where mucin is used as a nutrient source as

they pass through the dense mucus layer of the colon to infect underlying cells.!”!

1.6 Applications and Biocompatibilities of Aqueous Two-Phase Systems
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The formation of an ATPS can be achieved by mixing either two immiscible polymers, a
polymer and a salt, or ionic liquids and alcohols in a solvent such as water at specific
concentrations, which eventually separate into two distinct phases.!?? This separation
phenomenon is based on the incompatibility of the two solutes chosen, where the hydrophobic or
hydrophilic properties determine the separation.'?> However, this is not always the case, where
specific concentrations of polymer or salt are required for phase separation to occur. By
generating a plot of concentrations of polymer 1 and polymer 2 or salt, a binodal curve can be
used to determine the concentrations needed for phase separation where concentration ratios
above and to the right of the curve will phase separate, whereas concentrations below and to the

left of the curve will form a common phase (Figure 2).!%
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Figure 2: Schematic example of an aqueous two-phase system binodal curve. Concentrations
at or above the binodal curve will form an aqueous two-phase system (T, C, or B), with tie-lines
(T-B), which indicate formulations of the same phase composition and varying mass ratios of the
top and bottom phase. Figure adapted from Igbal et al. (2016).!%
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In the past, ATPS has been predominantly used for partitioning and isolation of
biomolecules as a more economical purification technique. When using a polymer-polymer
ATPS such as PEG and DEX, generally hydrophobic molecules will partition into the upper
PEG-rich phase while hydrophilic molecules partition into the lower DEX-rich phase.!**!1%° The
use of both a PEG-DEX and PEG-phosphate ATPS are both widely used tools for protein
isolation and purification with yield recoveries ranging from 89% to 95%.!%1%7 In addition to
differentiating and partitioning proteins based on hydrophobicity, Kim et al. (2015) demonstrated
the ability of a PEG-DEX ATPS to isolate extracellular vesicles for molecular characterization of
biological fluids.!%

In recent years, researchers have expanded the use of ATPS in novel applications such as
cell partitioning and micropatterning for studying interactions of different cell populations as
well as optimization of immune assays such as enzyme-linked immunosorbent assay
(ELISA).'%-"'I ' While the applications mentioned are important for advancing the ATPS
technology, the use of ATPS in mammalian-microbial interaction has potential and has been
largely unexplored. One study has demonstrated the use of a PEG-DEX ATPS in mammalian-
microbial co-culture by depositing bacteria-rich DEX phase directly on top of mammalian cells
grown in a PEG-phase.*’ Additionally, Yaguchi et al. (2012) demonstrated the ability to study
bacterial interaction between species using ATPS.!? These cell population interaction studies
allow for the physical contact between cells as well as chemical communication by free diffusion
of proteins through the ATPS interface.*”:!'%!13 However, one of the major limitations of a PEG-
DEX ATPS in mammalian-microbial co-culture is that PEG is cytotoxic towards mammalian

cells in a molecular weight dependent manner.!'* The mechanism of PEG-mediated cell death is
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primarily due to its ability to interrupt cellular membranes as well as generation of reactive

oxygen species (ROS).!

1.7 Biomedical Applications of Alginate Hydrogels

Alginate is a naturally occurring polymer that can be isolated from brown seaweed and
has numerous uses within the biomedical field. Applications include cell encapsulation, drug
delivery, wound healing, and fabrication of synthetic biomaterials.!!>"!'7 These applications all
involve the formation of alginate hydrogels through crosslinking with divalent cations, such as
Ca?". Alginate can be described as linear co-polymers containing blocks of (1, 4)-linked p-D-
mannuronate (M) and a-L-guluronate (G) residues. The composition of both the G and M
residues dictate the crosslinking density between monomers, where it is only the G residues that
are thought to form ionic crosslinks between alginate monomers.!!® Characteristics that make
alginate such a desirable material for biomedical applications are its ease of use and
biocompatibility both in vivo and in vitro.

Alginate molecules are known to be inherently non-cell adhesive, where cell
encapsulation or tissue engineering applications typically require alginate modification or
combining with cell adhesive molecules to form hybrid hydrogels.!!>!1%12° A popular method of
alginate modification involves the covalent attachment of arginine-glycine-aspartic acid (RGD)
ligands, which have demonstrated significantly increased cell adherence to alginate substrates.!!
These modified alginate hydrogels have been shown to allow for cell encapsulation and
differentiation for tissue regeneration and transplantation applications.'?!!??> Alternatively, other
studies have used a blended hydrogel network involving alginate and gelatin or collagen, which

are natural components of the extracellular matrix (ECM) within the human body.!!%12°
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Similarly, these studies also demonstrate the successful adherence of mammalian cells that can
be differentiated and were studied for up to 30 days.!?° Interestingly, alginate hydrogels have
also been used to study P. aeruginosa biofilm formation by encapsulation, which was found to
form bacterial aggregates similar to those found in CF patient mucus.'?® This finding is not
surprising considering the alginate production of P. aeruginosa during chronic infection of the
lung.”

Other biomedical applications of alginate include drug delivery and fabrication of wound
dressings. Small molecular weight drugs have been ionically linked to alginate hydrogel beads
that have shown slowed and controlled release of anti-inflammatory drug, flurbiprofen, which
was controlled by crosslinking density.!'® Anticancer drugs such as Doxorubicin and
Methotrexate were previously shown to be covalently linked to alginate hydrogel backbones and
incorporated within the pores of the hydrogel, respectively. This allowed for a combination
treatment method that could enable fast release of Methotrexate and slowed release of the
Doxorubicin through hydrolysis of the linker molecule.!?* In the fabrication of alginate wound
dressings, alginate hydrogels are first formed through ionic crosslinking, like the mentioned
applications; however, they are further processed by freeze drying to form porous sheets. These
freeze-dried sheets can be applied to wounds to absorb any fluids and maintain the moisture of
the site and minimize the risk of bacterial infection.!?> Furthermore, these alginate dressings can
be functionalized with bioactive factors that increase the healing process by promoting cell
proliferation.!!”-126

Although uncommon, two studies involving the mixture of alginate and mucin to
fabricate mucus-like hydrogels have been identified, where alginate is used as the gel-forming

network considering the loss of gelation ability in reconstituted purified mucin. For example,
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Pacheco et al. (2019) generated an alginate-mucin hydrogel by crosslinking with calcium
carbonate (CaCOs3) and D-(+)-gluconic acid 6-lactone (GDL), allowing the immobilization of
mucin within a crosslinked alginate hydrogel.!?” The intended application of this hydrogel was
for the assessment of drug diffusion, where conventional methods tend to neglect the thick
mucus layer that orally administered drugs face when ingested.'?” In contrast, Taylor et al.
(2005) simply mixed alginate and mucin solutions to allow for alginate-mucin and mucin-mucin
interaction to be used as a substrate for studying P. aeruginosa growth in a mucus-like
microenvironment.'?® Both formulations were reported to have viscoelastic properties similar to
native mucus and are promising hydrogel formulations to address a simple modifiable mucus

hydrogel for various applications.
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CHAPTER 2. THESIS AIMS
2.1 Overview

The overall goal of this thesis is to address the need for a simple, yet robust in vitro
mammalian-microbial co-culture platform for studying host-microbe interaction. By designing
and fabricating an artificial mucus hydrogel for a PEG-DEX ATPS mammalian-microbial co-
culture using common laboratory chemicals and equipment, this model can be easily accessible
and utilized in the typically equipped life science laboratory for disease modelling and antibiotic
resistance testing. Although some work has been done to recapitulate the mucus
microenvironment by cell differentiation, this process is time consuming and is limited by the
low levels of mucus secretion. The investigation of alternative mucus microenvironments for
host-microbe interaction remains largely unexplored.

The principal aims of this study are to: (1) Explore alginate hydrogel formulations to
fabricate a mucus-like hydrogel that can be readily formed on top of mammalian cells and is
compatible with a PEG-DEX ATPS co-culture system. (2) Characterize and understand the
relationships between the physical properties and the biological functions of an alginate-mucin
hydrogel in an ATPS co-culture system. (3) Establish a mammalian-microbial co-culture using a

PEG-DEX ATPS for bacterial deposition on top of an artificial mucus hydrogel.

2.2 Aim 1: Identification of Hydrogel Formulations Suitable for ATPS Mammalian-
Microbial Co-Culture
Objective: To identify a hydrogel formulation that can be readily formed directly on top of

mammalian cells and characterize its compatibility with ATPS mammalian-microbial co-culture
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based on specific design criteria including: gelation time, cytocompatibility, mammalian cell
adherence, selective diffusivity, and the stability of ATPS formation (Table 1).

Hypothesis 1: With a hydrogel overlaying the mammalian monolayer, the PEG-mediated
cytotoxicity will be reduced and allow for a stable ATPS formation directly on top of the
hydrogel surface.

Rationale: The ease of use of alginate hydrogels as well as its cytocompatibility and non-cell
adherent characteristics are all desired properties of an artificial mucus for the application of
direct addition on top of a mammalian monolayer. To mimic the natural biochemical
characteristics of mucus within an alginate hydrogel, alginate-mucin (ALG-MUC) semi-
interpenetrating polymer network (semi-IPN) can be fabricated, where mucin is immobilized
within the crosslinked alginate network. The simple ionic crosslinking of alginate also allows for
the ability to easily tune the physical characteristics of the ALG-MUC semi-IPN by modifying
the crosslinking density. Additionally, PEG used in current ATPS formulations is known to be
cytotoxic towards mammalian cells; therefore, a mucus layer can function as a barrier to mitigate

direct contact of PEG with the underlying mammalian cells.
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Table 1: List of artificial mucus hydrogel design parameters.

Design Criteria

Design Input

Design Rationale

Gelation time

Cytocompatibility

Mammalian cell
adherence

Selective diffusivity

The time of hydrogel gelation
should take no longer than 1 hour.

Hydrogels overlaid onto
mammalian cells shall not cause
significant cell death compared to
when no hydrogel is present.

Hydrogels shall be non-cell
adherent in that mammalian
monolayer remains intact after
removal of hydrogel layer.

Hydrogel overlay shall provide
mammalian cells protection from
PEG-mediated cytotoxicity in that
cell viability does not significantly
differ from cells grown in normal
cell culture media.

Media is removed during the
gelation process, which can result
in significant cell death.

Natural mucus is non-harmful
toward host cells.

Cell adherent hydrogels may
result in cell migration into the
network, which is not
representative of natural mucus
epithelium cell behavior.

PEG is cytotoxic towards
mammalian cells; therefore,
hydrogel must mitigate PEG
diffusion while allowing for
nutrient and oxygen diffusion for
cell survival.

Stable ATPS Hydrogel surface shall remain flat ~ Upon deposition of the DEX-

formation after gelation to allow for stable phase droplet, a flat hydrogel
DEX droplet formation upon ATPS  surface is required to avoid
deposition. movement of the DEX droplet.

2.3 Aim 2: Characterization of Alginate-Mucin Hydrogel Viscosity and Diffusivity

Objective: To measure the viscosity of the artificial mucus hydrogels, assess the diffusivity of

DEX and relevant biomolecules (IgG, LL-37) through the hydrogels, and compare the observed

physical characteristics to the biological functions observed in objective 3.

Hypothesis 2: Increasing the mucin content within the alginate-based hydrogel will increase

hydrogel viscosity and reduce the diffusivity of biomolecules and deposited bacteria compared to

alginate hydrogels without mucin.
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Rationale: The physical characteristics, such as viscosity and diffusivity, of mucus can affect
how the mucus layer functions. The rate at which molecules and bacteria travel through mucus
can be altered based on the composition, where low viscosity materials will allow for increased
diffusion and vice versa. Therefore, it is important to have the ability to control the physical
properties of the artificial mucus hydrogel. Mucins are also known to carry overall negative

charges, which can impact the diffusion of charged molecules through electrostatic interactions.

2.4 Aim 3: Establishment of a Mammalian-Microbial Co-Culture using a PEG-DEX
ATPS Containing an Artificial Mucus Layer
Objective: To demonstrate the spatial distribution of bacterial species within the ATPS co-
culture with an artificial mucus hydrogel layer and assess the effect of mucin on bacterial growth
as well as the effects of antibiotics on bacterial growth within the artificial mucus hydrogels.
Hypothesis 3a: Alginate-based hydrogels containing mucin will provide a microenvironment for
increased bacterial growth and bacterial persistence after antibiotic treatment.
Hypothesis 3b: Alginate-based hydrogel containing mucin will provide an improved barrier
function to pathogenic bacteria to reduce the level cell death of the underlying mammalian cells
compared to alginate hydrogel without mucin.
Rationale: The human mucus layer provides a spatially complex microenvironment for
polymicrobial growth and host-microbe interaction. Host cell death and inflammatory response
are often dependent on the barrier function of the mucus layer and proximity of the microbes to
the mucus-epithelium interface. Therefore, it is important to assess the spatial distribution of
bacterial species within the system to understand the barrier functions of the artificial mucus in

this in vitro model (Figure 3). Moreover, bacterial antibiotic resistance within the mucus
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environment is a common occurrence in chronic infection; thus, it is important to assess the

effects of antibiotics on bacterial proliferation within this in vitro co-culture system.

PEG PEG L

Bacteria
DEX

DEX Mucus hydrogel
Mammalian cells
/ =
Figure 3: Illustration of a PEG-DEX ATPS mammalian-microbial cell co-culture with and
without an artificial mucus hydrogel layer. Mammalian-microbial co-culture, where bacteria

cells are grown directly on top of a mammalian monolayer (left) or on top of an incorporated
artificial mucus hydrogel layer (right) with bacteria confined within a DEX-phase droplet.
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CHAPTER 3. MATERIALS AND METHODS
3.1 Preparation of Aqueous Two-Phase System Formulations

Aqueous two-phase system (ATPS) formulations were prepared using polyethylene
glycol (PEG, 35 kDa, Sigma-Aldrich) and dextran (DEX, 500 kDa, Pharmacosmos). The two
formulations used consisted of 5% PEG/5% DEX (5% ATPS) and 10% PEG/10% DEX (10%
ATPS) (w/v), where PEG and DEX were dissolved in either RPMI medium (Gibco) or
Dulbecco’s Modified Eagle Medium (DMEM, 1x, Gibco) containing 1% (v/v) fetal bovine
serum (FBS, Thermo Fisher Scientific) and 1% (v/v) antibiotic-antimycotic (anti-anti, 100x,
Gibco) (F1 and F2, Table 2). Anti-anti was only used for PEG-mediated cytotoxicity assays
when bacteria was not being introduced into the cell culture (F3 and F4, Table 2). To make the
ATPS, PEG and DEX were dissolved in cell culture medium (RPMI or DMEM) by mixing
overnight on a rocking platform shaker (VWR) followed by addition of 1% (v/v) FBS and 1%
(v/v) Anti-Anti, then sterilized by suction filtration (0.22 um). Filter sterilized ATPS were
centrifuged for 90 minutes at 3000 x g to obtain phase separation of the PEG-phase (upper) and
DEX-phase (lower). The two phases were then aliquoted into separate Falcon tubes and stored at

4 °C.

Table 2: List of ATPS formulations used within this study.

Weight and Volumes for 40 ml

PEG (g) DEX (g) FBS (ml) Anti-Anti (ml)
F1 2 2 0.4 0.4
F2 4 4 0.4 0.4
F3 2 2 0.4 -
F4 4 4 0.4 -
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3.2 Mammalian Cell Culture

Cell lines used in this study include a human bronchial epithelial cell line, 16-HBE
(kindly provided by Dr. Elizabeth Cowley, Dalhousie University), and a colorectal
adenocarcinoma cell line, Caco-2 (kindly provided by Dr. Andrew Stadnyk, Dalhousie
University). 16-HBE cells were grown and maintained in DMEM/F-12 media (10% FBS, 1%
anti-anti), a 1:1 ratio mixture of DMEM (Gibco) and Ham’s F-12 Nutrient Mixture (Gibco), at
37 °C, 5% COz. Caco-2 cells were grown and maintained in DMEM (10% FBS, 1% Anti-Anti)
at 37 °C, 5% COaz. During experiments, cells were seeded into 24-well plates at a cell density of
~4000 cells/well (for Caco-2) and ~8000 cells/well (for 16-HBE) then grown for 24 hours
followed by a media change to low FBS containing RPMI (1% FBS, 1% Anti-Anti) or DMEM
(1% FBS, 1% Anti-Anti) for 16-HBE and Caco-2, respectively. Mammalian cell stocks were
stored and maintained in the appropriate culture media containing 5% dimethyl sulfoxide

(DMSO, Sigma-Aldrich) at ~1 million cells/ml in cryotubes at -196 °C, in liquid nitrogen.

3.3 Bacterial Strains and Culture

Bacterial strains used include Pseudomonas aeruginosa PA14 and Shigella flexneri
MOOT (gifted by Dr. Zhenyu Cheng, Dalhousie University). P. aeruginosa cultures were grown
in LB broth (Sigma-Aldrich) supplemented with 250 pg/ml carbenicillin disodium salt (Sigma-
Aldrich) and incubated at 37 °C with shaking at 200 rpm. All cultures were grown from single
colonies after streaking LB agar (1.5 %, w/v, Sigma-Aldrich) plates (250 pg/ml carbenicillin)
from frozen stocks. P. aeruginosa stocks were stored in 1 ml LB broth containing 25% (v/v)

glycerol and 250 pg/ml carbenicillin at -80 °C.
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S. flexneri cultures were grown in tryptic soy broth (TSB, Fisher Scientific) supplemented
with 100 pg/ml ampicillin (Sigma Aldrich) and incubated at 37 °C with shaking at 200 rpm. All
cultures were grown from single, red-pigmented colonies after streaking TSB Congo red (200
pg/ml, Sigma-Aldrich) agar (1.5 %, w/v) plates (100 pg/ml ampicillin) from frozen stocks. S.
flexneri stocks were stored in 1 ml TSB containing 25% (v/v) glycerol and 100 pg/ml

carbenicillin at -80 °C.

3.4 Preparation of Alginate and Alginate-Mucin Interpenetrating Polymer Network
Hydrogels

To find the appropriate alginate gelation technique for ATPS co-culture, three different
crosslinking methods were explored using either: (1) 100 mM CaCla, (2) CaCOs, or (3) low
concentration CaClz (4.5 mM — 6 mM). Alginate stock solutions were made by mixing alginic
acid sodium salt (low viscosity, MP Biomedicals) in distilled water for a 2% (w/v) solution that
was mixed slowly using a magnetic stir rod overnight and filtered sterilized (0.45 pm). Filtered
alginate solutions were then frozen in 50 ml Falcon tubes (15 ml per tube, frozen on side) at -20
°C and lyophilized (FreezeZone 2.5 Liter Benchtop Freeze Dryer, LABCONCO) for 24 hours.
Prior to use, the lyophilized alginate was placed into a petri dish and UV sterilized (254 nm
wavelength) for 1 hour, then reconstituted in PBS. Unused lyophilized alginate was stored at -20
°C and used within 2 weeks after reconstitution.

To crosslink alginate hydrogels with 100 mM CaCla, 300 ul of a 1% (w/v) alginate
solution was added to a 24-well plate. Crosslinking solutions were made by dissolving calcium

chloride (CaCl, Sigma-Adrich) in water at 100 mM and filter sterilized (0.22 pm). Crosslinking
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solution was then deposited (300 pl) on top of the 1% alginate in a dropwise manner to crosslink
the alginate solution, where excess CaCl, solution was removed using a pipette.

Slow alginate hydrogel crosslinking was carried out using calcium carbonate (CaCOs,
Sigma-Aldrich) and D-(+)-gluconic acid d-lactone (GDL, Sigma-Aldrich) at a 1:2 (CaCO3:GDL)
molar ratio to maintain a neutral pH. First, an alginate solution was mixed with a CaCO3
suspension in PBS and vortexed for 1 minute. GDL solution (in PBS) was then added and
vortexed for 1 minute, where the alginate:CaCO3:GDL mixture was transferred into a 24-well
plate and incubated at 37 °C for 30 minutes for gelation. All solutions were added at volumes for
final concentrations of 1% (w/v) alginate and 60 mM:120 mM CaCOs;:GDL.

Alternatively, alginate hydrogels were crosslinked using CaCl» at low concentrations (4.5
mM — 6 mM) to form partially crosslinked, soft alginate hydrogels. The low concentration CaCl,
solutions were made in DMEM by mixing aliquots of a filter sterilized (0.22 pm), 100 mg/ml
CaCl; stock solution (in distilled water) at different volumes to generate CaCl, concentrations of
either 9 mM, 9.5 mM, 10 mM, 11 mM, or 12 mM. All crosslinker solution were made fresh prior
to crosslinking. To fabricate the partially crosslinked alginate hydrogels, 2% (w/v) alginate
solutions were mixed with the CaCl; crosslinker solution (in DMEM, 9 mM, 9.5 mM, 10 mM,
11 mM, or 12 mM), where alginate and CaCl, volumes were mixed at a 1:1 ratio for final
concentrations of 1% (w/v) alginate and CaCl, concentrations of 4.5 mM, 4.75 mM, 5 mM, 5.5
mM, or 6 mM. Alginate:CaCl, mixtures were immediately transferred to a 24-well plate and
incubated for 1 hour at 37 °C for gelation.

Alginate-mucin (ALG-MUC) semi-interpenetrating polymer networks (semi-IPN)
hydrogels were prepared using low CaCl, concentrations as described above. Four different

ALG-MUC semi-IPN hydrogels were tested: 1% alginate with 0.1% mucin (1%
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ALG/0.1%MUC), 1% alginate with 0.5% mucin (1% ALG/0.5% MUC), 1% alginate with 1%
mucin (1% ALG/1% MUC), and 1% alginate with 1.5% mucin (1% ALG/1.5% MUC). A 3%
(w/v) alginate solution was mixed with a 10% (w/v) solution of Mucin Type II (Sigma-Aldrich),
where mucin was sterilized by spreading dry mucin on a petri dish and covered with 95% ethanol
to be incubated at 70 °C for 24 hours, followed by reconstituting the sterilized mucin in PBS.
The alginate and mucin solutions were mixed in a microcentrifuge tube or Falcon tube at
volumes that would generate the desired final concentrations, where an amount of PBS was
added to make up half of the total volume. The remaining half of the total volume was DMEM
containing 9 mM, 9.5 mM, 10 mM, 11 mM, or 12 mM CaCl,, where the ALG-MUC hydrogel
mixture was mixed carefully using a pipette to prevent air bubble formation (See Table 3 for
example volumes). Immediately after mixing the hydrogel mixtures, they were then deposited
into 24-well plates either into an empty well (for hydrogel stability testing, Tilt Test) or directly

onto a monolayer within a 24-well plate, where plates were incubated at 37 °C for one hour.

Table 3: Alginate and alginate-mucin semi-IPN hydrogel component volumes (pl) for a 900
pl hydrogel.

Hydrogel Formulation

1% ALG 1% ALG/ 1% ALG/ 1% ALG/ 1% ALG/
0.1% MUC 0.5% MUC 1% MUC 1.5% MUC
3% alginate sol. 300 300 300 300 300
PBS 150 141 105 60 15
10% mucin sol. 0 9 45 90 135
CaCl, (in DMEM) 450 450 450 450 450
Total vol. 900 900 900 900 900

To test the stability of the hydrogel (at various crosslinking concentrations: 4.5 mM, 4.75
mM, 5 mM, 5.5 mM, and 6 mM) after one hour of gelation, a modified inverted tube test' (“tilt
test”) was carried out using a 24-well plate. The 24-well plates, containing 500 pl of hydrogel
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per well, were tilted at an ~80 ° angle for 10 seconds and imaged using a digital camera to

observe the stability of the hydrogels.

3.5 Assessing the Roles of Hydrogels in PEG-Mediated Cytotoxicity Mitigation

To demonstrate the cytotoxic effects of PEG-phase media on 16-HBE cells, cells were
seeded into wells of a 24-well plate at 40% confluency (~8000 cells/well) and incubated for 24
hours. Culture media was then changed to low FBS media (RPMI, 1% FBS, 1% anti-anti) and
incubated for 24 hours. Media was then removed from each well and cells were washed once
with PBS followed by the addition of a 5% (F1) and 10% (F2) PEG-phase solution and incubated
for 96 hours. A Live/Dead Assay (Thermo Fisher Scientific) and Hoechst stain (Hoechst 33342,
Thermo Fisher Scientific) were performed to assess cell viability at 48-, 72-, and 96-hour time
points. Calcein AM and Ethidium homodimer-1 working concentrations were both at 4 x 10
mM, while Hoechst was used at 5 pg/ml (8.1 x 10 mM), all diluted in PBS.

To assess the ability of alginate-based hydrogels in mitigating PEG-mediated
cytotoxicity, 16-HBE cells were seeded into 24-well plates as mentioned above and incubated in
PEG-phase solutions (5% and 10%) with 300 pl of hydrogel overlaid on top of the monolayer.
Cells were washed once with PBS followed by the addition of 1% ALG or ALG-MUC (1%
ALG/0.5% MUC or 1% ALG/1% MUC) hydrogels. PEG-phase (F1 or F2) or RPMI media (1%
FBS and 1% Anti-Anti) was added on top of the hydrogels and incubated at 37 °C, 5% CO, for
48 hours. After the incubation period, media and hydrogels were removed from the wells by
suction and Live/Dead Assay and Hoechst stain were performed to assess cell viability.

After Live/Dead staining, fluorescent microscopy was performed where 5 images were

taken per well using DAPI (nuclei), GFP (live cells), and RFP (dead cells) channels. Each image

28



was analyzed using Celleste Image Analysis Software to count the number of nuclei and dead

cells. Cell viability was calculated by using equation 1.

Total # of cells — Dead cells
Total # of cells

Cell Viability (%) = x 100 (1)

3.6 Determination of Hydrogel Viscosities using a Falling Ball Viscometer Method

Mucin-Alginate hydrogels were formulated as described above, making a total volume of
6 ml of hydrogel in 15 ml centrifuge tubes. Hydrogel density was measured each time by
weighing 0.5 ml of the hydrogel sample on a scale. The 6 ml hydrogel samples were transferred
into shortened 15 ml centrifuge tubes (cut at the 7 ml mark) for viscosity measure using a falling
ball viscometer method.

To measure the hydrogel viscosity, 4 mm (diameter) chrome steel ball bearings (Bearings
Canada) were dropped into the tubes containing either a 1% ALG, 1% ALG/0.5% MUC, or 1%
ALG/1% MUC hydrogel sample. First, 2 balls were dropped into the tubes consecutively and
recorded using a digital camera at 60 frames per second. A third ball was dropped into the
hydrogel sample either 1 hour or 3 hours after the initial two drops. Recorded videos were
analyzed using Tracker software to generate distance-time (D-T) graphs of the vertical distance
travelled by the dropped balls. The terminal velocities of each ball were determined by
performing a linear regression (line-of-best-fit) at the linear portion of each D-T curve on Prism
GraphPad to determine the slope of the first drop in each hydrogel sample. The viscosity of each
hydrogel was then calculated using equation 2 below, derived from Stoke’s Law, where 1 is the
viscosity, r is the radius of the steel ball, g is gravity, py is the density of the steel ball, p is the

density of the hydrogel, and vt is the terminal velocities of the initial drops (Drop 1).
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3.7 Measurement of Diffusion Coefficient within Hydrogels by Fluorescent Imaging
Diffusion coefficients of fluorescein tagged DEX, IgG, and LL-37 were all assessed by
fluorescent imaging over time. FITC-DEX (150 kDa, Sigma Aldrich) and 5-FAM-LL-37
(AnaSpec) were used at 50 pg/ml, while Anti-Human IgA-FITC (IgG-FITC, Sigma Aldrich)
were diluted 1:30 in PBS (37 pg/ml). To assess diffusion through alginate and alginate-mucin
semi-IPN hydrogels, straight channels within a polydimethylsiloxane (PDMS) chip were
fabricated using a 3D printed mold, where channels were 0.5 mm (height) x 0.5 mm (width) x 10
mm (length) with 2 mm diameter biopsy punched holes (vertical) at both ends. PDMS chips were
formed using a silicone elastomer kit (Sylgard) by mixing PDMS elastomer with curing agent at
a 10:1 ratio (elastomer:curing agent) and poured into the 3D printed molds to be degassed in a
vacuum chamber and cured at room temperature (RT) for 48 hours. PDMS chips were then
incubated in PBS at 37 °C overnight prior to use to remove any air trapped within the chip, and
plasma oxidized onto glass slides (Figure 4A). Hydrogel mixtures were then formed as
mentioned above and injected into the straight channels using a wide bore pipette tip until
hydrogel front reached the end of the channel and incubated at RT for 1 hour (Figure 4B).
Custom pipette tips were 3D printed using an opaque resin with a straight edge and narrowing tip
as reservoir holders that were inserted at both ends of the straight channels (Figure 4A). Prior to
fluorescent imaging, reservoirs at each end of the straight channels were filled with half diluted
DMEM (in PBS) using a 25-guage syringe and incubated at RT for 3 hours to allow the hydrogel

to reach the swelling capacity. The diluted DMEM was then removed from the reservoir opposite
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to the hydrogel injection site and filled with the fluorescent mixture (in half diluted DMEM)
using a 25-gauge syringe needle. The diffusion device was then placed into a humidified
chamber (single-well plate containing presoaked Kim wipes) and imaged for 6 hours at 4-minute
intervals.

Diffusion profiles (2 mm, starting at the hydrogel-liquid interface) were generated using
Imagel for the first 30 frames (2 hours). Fluorescent values were normalized to the fluorescence
of a channel only containing fluorescent solution, where a matrix of normalized data was used to
calculate the effective diffusion coefficient using a custom MATLAB code from Hettiaratchi et
al. (2018) to fit the data to a 1-dimensional diffusion function (equation 3), where erfc is the
complementary error function, F is the fluorescence normalized to the initial timepoint, x is the
distance from the reservoir-hydrogel interface (cm), t is elapsed time, and Der is the effective

diffusion coefficient (cm?/s).!3°

F(x,t)xerfc( ad > (3)

2\/Degrt
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Figure 4: Schematic of PDMS diffusion device set-up. (A) PDMS straight channel chip
assembly, where PDMS chips were covalently attached to a glass slide, followed by insertion of
3D-printed pipette tip reservoirs. (B) Side view of PDMS straight channel containing hydrogel
and fluorescein tagged molecules reservoir.

3.8 PEG-DEX ATPS Contact Angle Measurement on Hydrogel Surfaces

The stability of an ATPS is dependent on the interfacial tension between the two phases,
which is positively correlated with the contact angle formed by the DEX droplet on the surface in
which it is in contact.'®! Therefore, to assess the stability of the ATPS on the different alginate-
based hydrogel surfaces the contact angles of the DEX droplets were measured. To measure the
contact angle of DEX droplets, custom well plates were fabricated by using a hand-held rotary

tool (Dremel Micro) to carve out 4 wells from a 24-well plate. Wells were cut out to have a front
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and back opening where glass cover slips were epoxied for a front and rear window with a
plastic ledge at the front window to prevent meniscus formation (Figure 5). Alginate and
alginate-mucin hydrogels were fabricated as mentioned above and deposited into the custom
wells until the volume was level with the plastic ledge. After 1 hour of incubation at RT, an
ATPS was formed on each hydrogel surface and tissue culture polystyrene (TCPS) with a 2 pl
DEX droplet and imaged from a sideview using a Trinocular Stereo Zoom Microscope (3.5X —
180X, AmScope). Contact angles were then estimated using the angle tool on Imagel, where two
angles were measured per DEX droplet and averaged.

Additionally, the DEX droplet dispersion was assessed by imaging of a fluorescent DEX
droplet on the different alginate-based hydrogels surfaces. To generate the fluorescent DEX-
phase, 15 pl of a 1% (w/v) FITC-DEX (150 kDa) was added to 300 pl of either a 5% or 10%
DEX-phase. Alginate-based hydrogels (1% ALG, 1% ALG/0.5% MUC, and 1% ALG/1% MUC)
were formed in 24-well plates using 300 pl of hydrogel and 200 ul of PEG-phase deposited on
top of the hydrogel. The fluorescent DEX was deposited (2 pl) into the PEG-phase using a liquid
handling robot (Biomeck 4000, Beckman Coulter) and allowed to settle onto the hydrogel

surface for 5 minutes.

33



Rear Window
Coverslip

Dremeled 24 well plate

Front Window
Coverslip

Untreated plastic ledge

Figure 5: Custom 4-well plate used for sideview imaging of ATPS formulation on alginate-
based hydrogels. Custom well plate cut using a Dremel, where coverslips were epoxied to form
a side window with a plastic ledge to prevent meniscus formation after hydrogel deposition.

3.9 Determination of Minimum Inhibitory Concentration (MIC) of Ciprofloxacin for P.
aeruginosa and S. flexneri

Minimum inhibitory concentrations (MIC) of ciprofloxacin for the two strains of bacteria
used (P. aeruginosa and S. flexneri) were determined by performing a broth dilution technique
adapted from Wiegand et al. (2008). First, each bacterial strain was grown in overnight cultures
and serially diluted to be plated on agar plates to perform a colony forming unit (CFU) count to
determine the correlation between measured optical density at 600 nm (ODsoo) and CFU/ml.

Both P. aeruginosa and S. flexneri were grown in the appropriate broth for 18 hours. The
overnight cultures were diluted by a factor of 10 in their respective broth and ODgoo was
measured using Varioskan Lux plate reader (Thermo Fisher Scientific). The diluted cultures
were further diluted seven times (1:10 dilutions). Dilutions of 10 — 10”7 were plated (100 pl)

onto agar plates and spread using a sterile spreader. Plates were then incubated for 18-20 hours.
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Only plates containing colony counts of 100 — 400 colonies per plate were used to calculate the
CFU/ml associated with the measured ODsoo.

To determine the MIC of ciprofloxacin for P. aeruginosa and S. flexneri, ciprofloxacin
was added to 1 ml of bacterial culture broth (LB for P. aeruginosa and TSB for S. flexneri) in a
microcentrifuge tube for a final concentration of 64 pg/ml. A 100 pl aliquot of the Ciprofloxacin
containing broth was added to the first well of 2 rows in a 96-well plate, where the following 9
wells in each row contained 50 pl of the respective broth in each well. The antibiotic was then
serially diluted by a factor of 1:2. The last two wells of each row were used as a growth control
(GC) and sterility control (SC), where the GC well contained 50 pl of broth and the SC well
contained 100 pl of broth. Bacteria overnight cultures were then adjusted to bacterial densities of
1 x 108 CFU/ml by determining the OD to adjust to using the ratio of OD to CFU/ml as
described above. The adjusted bacteria culture was added (50 pl) to each antibiotic containing
well and the GC well for a final bacterial density of 5 x 10° CFU/ml and antibiotic
concentrations at half of the original concentration (Table 4). The 96-well plate was then
incubated at 37 °C, 5% COx- for 16 hours. The next day, the MIC was determined by visually
inspecting for bacterial growth (cloudiness), where the first clear well adjacent to a cloudy well

was concluded to be the MIC.

Table 4: Antibiotic (Ciprofloxacin) dilutions carried out and 96-well plate layout with
growth control (GC) and Sterility Control (SC).

Well Number

| 2 3 4 5 6 7 8 9 10 11 12

Ciprofloxacin
Concentration 32 16 8 4 2 1 0.5 0.25 0.125 0.0625 GC SC

(ng/ml)
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3.10 Determination of Bacteria Abundance within the Liquid and Hydrogel Components of
an ATPS Co-Culture through Colony Forming Unit Counting

Bacterial distribution within the co-culture system was determined by performing a
colony forming unit (CFU) count by single plate-serial dilution spotting (SP-SDS) as described
by Thomas et al. (2015).!*? Briefly, PEG-phase and hydrogels were removed using a pipette
(wide bore for hydrogels, ~3 mm diameter) and transferred into separate microcentrifuge tubes.
Samples were then diluted with 500 ul of PBS and vortexed for 30 seconds per tube. Tubes were
then centrifuged at 16,000 x g for 10 minutes to pellet bacteria and resuspended in 200 ul (PEG-
phase sample) or 300 pl (hydrogel sample) of PBS. Resuspended samples were then serial
diluted in a 96-well plate (10 — 10). Diluted samples were then spot plated (20 pl) accordingly
in each section of the agar plates and airdried for 10 minutes to be incubated at 37 °C, 5% CO
for 16 hours. Colonies were counted the next day and CFU/ml was calculated using the equation

(4), where N is the CFU/ml, C is the colony count, and D is the number of 1:10 dilutions.

Cx50
N= 10-D (4)

3.11 Establishment of Mammalian-Microbial Co-Culture

Two sets of mammalian-microbial co-cultures were carried out: 16-HBE cells with P.
aeruginosa and Caco-2 cells with S. flexneri. First, each cell line was seeded into a 24-well plate
at ~40% confluency and incubated for 24 hours at 37 °C, 5% CO». A media change was then
performed, RPMI (1% FBS) for 16-HBE cells and DMEM (1% FBS) for Caco-2 cells, and
incubated for 24 hours at 37 °C, 5% CO,. Alginate and alginate-mucin hydrogels (300 ul) were

deposited on top of the monolayers and incubated at 37 °C for 1 hour to allow for hydrogel
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gelation. As hydrogels were incubating, P. aeruginosa and S. flexneri overnight cultures were
resuspended in DEX-phase at a bacterial density of ~3 x 10¥ CFU/ml. PEG-phase (200 pl) was
then carefully pipetted into each well containing hydrogels followed by deposition of 0.5 pul of
the bacteria-rich DEX-phase, with the respective mammalian cells, using a Biomek 4000
(Beckman Coulter) liquid handling robot. The 24-well plate was then imaged for 12 hours using
an automated microscope (Evos FL Auto 2, Invitrogen) with an onstage incubator at 37 °C, 5%
CO; with 80% humidity.

Co-culture experiments involving the use of antibiotic were initially set up as mentioned
above but incubated for 7 hours to establish bacterial communities within the DEX droplet. After
the 7-hour incubation, the PEG-phase was carefully removed using a pipette, and 200 ul of PEG-
phase supplemented with 0.125 pg/ml Ciprofloxacin (Sigma-Aldrich) was added slowly to avoid
disrupting the bacterial communities formed on top of the hydrogels. The antibiotic treated co-
cultures were then incubated for another 12 hours under the same conditions. Live/Dead and
Hoechst staining was carried out after both antibiotic treatment and non-antibiotic treatment

experiments.

3.12 Statistical Analysis

All statistical analysis was performed on Graphpad Prism (Version 7.0), where mean
values were reported with standard deviation (SD) as error bars (mean = SD). At least 3
independent experiments were carried out prior to any statistical analysis. Statistical significance
for all cell viability tests were determined using multiple t-test. Statistical significance of

viscosity values and contact angles was determined by performing a one-way and two-way
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analysis of variance (ANOVA), respectively. A two-way ANOV A was also carried out for

effective diffusion coefficient and bacterial abundance data.
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CHAPTER 4. RESULTS
4.1 Comparison of Alginate Hydrogel Crosslinking Methods

To fabricate a hydrogel as an artificial mucus layer for this in vitro system, alginate was
selected as the main component of the hydrogel network for its cytocompatibility, non-cell
adherent characteristics, and ease of use. The first method of alginate crosslinking tested was
using conventional CaCl, concentrations of 100 mM. This method allowed for instant alginate
gelation as the CaCl» solution was deposited on top of the alginate in a dropwise manner. The
resulting hydrogels were found to form uneven surfaces, which was an undesirable characteristic
for ATPS formation. The uneven surface topology was identified after depositing a volume of
DMEM media onto the hydrogel, where the thicker areas of hydrogel were covered by less
media, and therefore observed as clear patches, and thinner areas of hydrogel were covered with

more DMEM, observed as pink patches (Figure 6).

100mM CaCl,
1-2 sec |
O —— N X
1% Alg ) | =

Figure 6: Illustration of fast gelling alginate using 100 mM CaCl.. Alginate hydrogel (1%,
w/v) formed through the addition of a 100 mM CaCl; solution in a drop-wise manner,
demonstrating an uneven hydrogel surface formation within a 24-well, as indicated by the large (

», thin hydrogel region) and small arrows (=, thick hydrogel region).

Through the testing of the initial alginate crosslinking method, it was apparent that the

rate at which the crosslinking reaction was occurring was an additional variable to consider. This
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led to testing a slowed gelation method using CaCOs as the crosslinking agent. Because CaCO3
is poorly soluble in water, a weak acid such as GDL is needed to dissociate Ca** from the CO3*"
for crosslinking to occur. This method allowed for a slower rate of crosslinking, where the
alginate:CaCOs3:GDL mixtures were vortexed in centrifuge tubes prior to depositing into a 24-
well plate and incubated for 30 minutes for full gelation to occur (Figure 7A). When incubated in
a PEG-phase solution, hydrogels were found to contract considerably over time. Additionally,
the hydrogels formed using this technique were opaque as opposed to the transparent hydrogel
formed when using CaCl as the crosslinking agent (Figure 7B). Air bubble formation was also

observed due vortexing of the hydrogel mixture prior to deposition.

J
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10-30 min
ALG + CaCO,
W + GDL J L N\
ALG + CaCO,
+ GDL

B 0% PEG 5% PEG 10% PEG

Alginate

Figure 7: Slow gelling alginate hydrogels using CaCQO3 and GDL. (A) Illustration of 1%
alginate hydrogel fabrication using CaCO3; and GDL for controlled gelation. (B) Alginate
hydrogel contraction after incubation in a 5% and 10% PEG-phase solution for 24 hours.
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Another alternative method to using 100 mM CaCl, was to use lower concentrations of
CaCl; to form more pliable, partially crosslinked hydrogels. This low CaCl> method was tested at
concentrations ranging from 4.5 — 6 mM, where alginate solutions were mixed with the CaCl,
crosslinking solution prior to depositing the hydrogel mixture into a 24-well plate. To test
whether these low CaCl> concentrations could form intact alginate hydrogels, the 24-well plates
were tilted to an ~80 °© angle to visually assess the stability, where the stability of the hydrogel
was based on whether the hydrogels would shift after 10 seconds. This tilt test revealed that at
the lower end of the CaClz concentration range (4.5 mM, 4.75 mM, and 5 mM), hydrogels were
more fluid-like, showing a shift within the well as the plate was tilted (Figure 8A, 0% mucin
row). Hydrogels crosslinked using the higher CaCl, concentrations (5.5 mM and 6 mM) were
more hydrogel-like with improved structural stability, where the hydrogel surface remained
parallel to the bottom of the 24-well plate as it was tilted (Figure 8A, 0% mucin row).

Mucin was then added to the alginate mixtures prior to mixing with the CaCl
crosslinking solutions to form an alginate-mucin semi-IPN, where mucin monomers were
immobilized within the crosslinked alginate network (Figure 8B). The lower crosslinked
hydrogels (4.5 mM — 5 mM) with added mucin were observed to be less fluid-like, compared to
alginate hydrogels without mucin. Additionally, it was found that the addition of mucin reduced
the pH of the hydrogel environment, as indicated by the colour change of the Phenol Red (Figure
8A). Therefore, based on the stability and pH of these hydrogels, the 0.5% and 1% mucin
containing alginate hydrogels were chosen for further experimentation, along with the 0% mucin

alginate gel for comparison purposes (at 5.5 mM CaCly).
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Figure 8: Qualitative assessment of alginate-based hydrogel structural integrity at various
CaCl2 concentrations. (A) Alginate-based hydrogels crosslinked using low CaCl,
concentrations in a 24-well plate tilted on an 80° angle. (B) Illustration of alginate-mucin semi-
IPN with CaCl; crosslink bridges between alginate monomers.

When incubating the partially crosslinked alginate hydrogels in PEG-phase media,
contraction was only observed in hydrogels containing mucin and not in the 1% ALG hydrogels
(Figure 9). The degree of contraction was dependent on the concentration of PEG, where ALG-
MUC hydrogel in the 10% PEG solution showed a higher level of contraction compared to those
incubated in the 5% PEG-phase media. The concentration of mucin also played a role in this
phenomenon, where the 1% ALG/1% MUC contracted more than the 1% ALG/0.5% MUC

hydrogel in both the 5% and 10% PEG-phase solutions (Figure 9).
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1% ALG 1% ALG/0.5% MUC 1% ALG/1% MUC

5% PEG

10% PEG

Figure 9: Alginate and alginate-mucin hydrogel contraction after incubation in PEG-phase
solution for 24 hours. Stitched brightfield images of entire tissue culture wells (24-well plate)
containing alginate-based hydrogels (1% ALG, 1% ALG/0.5% MUC, and 1% ALG/1% MUC),
at 5.5 mM CaCl, concentrations, after 24 hours of incubation in a 5% and 10% PEG-phase
solution, where red arrows indicate the outer edge of the contracted hydrogels (Scale bars = 5
mm).

4.2 Alginate and Alginate-Mucin Hydrogels Mitigate PEG-Mediated Cytotoxicity

A major problem with using a PEG-DEX ATPS for prolonged mammalian-microbial co-
culture is that PEG is known to pose cytotoxic effects towards mammalian cells in a molecular
weight dependent manner. Therefore, it is necessary for the artificial mucus hydrogel overlay to
mitigate PEG from contacting the mammalian cells. Prior to testing the role of alginate-based
hydrogels in PEG mitigation, we demonstrated that PEG is in fact cytotoxic towards mammalian
cells in a concentration and time dependent manner. Both 5% and 10% PEG-phase solutions
were used to incubate 16-HBE cells over a 96-hour period, where cell viability was significantly
reduced after 48 hours (49.3 + 14.2%) of incubation in a 10% PEG-phase and 72 hours (93.2 +

1.0%) in a 5% PEG-phase solution compared to cells incubated in RPMI media (Figure 10).
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Figure 10: Cell viability of 16-HBE cells after 48, 72, and 96 hours of exposure to PEG-
phase solution. (A) Fluorescent images of 16-HBE cells exposed to a 5% and 10% PEG-phase
solution for up to 96 hours, after Live/Dead staining, where green cells are viable and red cells
are non-viable (Scale bar = 500 um). (B) Cell viability of 16-HBE cells over time, incubated in
either 5% or 10% PEG-phase solution, where cells incubated in RPMI were used as a control (*
indicates p < 0.05, n = 3).

To assess the role of the alginate-based hydrogels in mitigating PEG-mediated
cytotoxicity, 300 pl of alginate-based hydrogel was deposited on top of 16-HBE cells grown in a
24-well plate prior to the addition of a 5% and 10% PEG-phase solution. With the addition of a
hydrogel overlay on top of the mammalian monolayer, cell death was significantly reduced
compared to cells without a hydrogel overlay, regardless of the hydrogel formulation (Figure
11A). When comparing between ATPS formulations, cell viability remained lower in the
presence of 10% PEG-phase solution compared to the 5% PEG-phase solution, even with the

incorporation of the hydrogel overlay (Figure 11).
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Figure 11: Mitigation of PEG-mediated cytotoxicity in 16-HBE cells through the addition
of alginate-based hydrogel layers on top of cell monolayers. (A) Cell viability of 16-HBE
cells with and without alginate-based hydrogel layers (1% ALG, 1% ALG/0.5% MUC, and 1%
ALG/1% MUC) between monolayer and PEG-phase solution, where hydrogel layers were found
to significantly reduce PEG-mediated cell death (* indicates p < 0.05, n = 3). (B) Fluorescent
images of Live/Dead stained 16-HBE cells exposed to 5% and 10% PEG-phase solution with or
without an alginate-based hydrogel (1% ALG, 1% ALG/0.5% MUC, and 1% ALG/1% MUC)
overlay (scale bar = 500 pm).
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4.3 Physical Characterization of Alginate and Alginate-Mucin semi-IPN Hydrogels
4.3.1 PEG-DEX ATPS stability on alginate-based hydrogels is improved with increasing

mucin concentrations within the hydrogel

To further assess the compatibility of the ALG-MUC hydrogel with an ATPS co-culture,
it is essential that a DEX droplet can be deposited within the PEG-phase on top of the hydrogel
surface. First, to determine whether an ATPS could be formed on top of the hydrogels, a FITC-
DEX formulation was used and imaged using fluorescent microscopy. DEX droplets deposited
onto 1% ALG hydrogels were dispersed unevenly (or non-symmetrical) as opposed to a more
circular formation on the ALG-MUC hydrogels (1% ALG/0.5% MUC and 1% ALG/1% MUC)
(Figure 12B). The DEX droplets were found to remain on top of the hydrogel surface, which was
determined by the difference in the focal plane of the y-axis compared to the DEX droplet at the
bottom of the tissue culture polystyrene well (TCPS, with no hydrogel) (Figure 12B).

The stability of the ATPS was characterized by measuring the contact angles of each
DEX droplet, where higher contact angles indicated higher ATPS stability. Sideview images of
the DEX droplets were taken, where contact angles were measured using ImageJ. Contact angles
were found to increase with increasing mucin concentrations within the alginate hydrogels
(Figure 12A & C). A TCPS surface was used as the control for DEX droplet formation. Only the
DEX droplets on the 1% ALG hydrogel surface produced significantly smaller contact angles
(54.6 £2.7°, for 5% ATPS; 66.1 = 5.4°, for 10% ATPS) than the droplet formed on TCPS
surfaces (79.2 £ 7.9°, for 5% ATPS; 86.1 = 1.5°, for 10% ATPS) (Figure 12C). Moreover, DEX
droplet contact angles were significantly lower in the 5% ATPS (62.4 +2.7°, on a 1% ALG/0.5%

MUC surface; 68.8 +4.8°, on a 1% ALG/1% MUC surface) compared to the 10% ATPS (77.4 £
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4.4°, on a 1% ALG/0.5% MUC surface; 82.63 + 3.6°, on a 1% ALG/1% MUC surface) on the

ALG-MUC hydrogel surfaces, but not on the 1% ALG hydrogel surface (Figure 12C).
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Figure 12: PEG-DEX ATPS formation on top of alginate-based hydrogel surfaces. (A) Side
view images of DEX droplets formed on tissue culture polystyrene (TCPS), or alginate-based
hydrogels surfaces (1% ALG, 1% ALG/0.5% MUC, 1% ALG/1% MUC) with left and right
contact angle measurements. (B) Fluorescent images of FITC-DEX droplets formed within a
PEG-DEX ATPS on top of TCPS, or alginate-based hydrogels (Scale bar = 1 mm). (C) Average
contact angles of DEX droplets formed within a PEG-DEX ATPS on top of the different
surfaces, where * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001 (n = 3).

4.3.2 Alginate-based hydrogel viscosity decreases with increasing mucin concentrations

The alginate-based hydrogels used in this study are partially crosslinked, which gave the
hydrogel more pliability and lower levels of stiffness. Fabricating softer hydrogel allowed for the
use of the falling ball viscometer methods to measure the apparent viscosity. The calculated

viscosity values of the three different hydrogel formulations were found to decrease with
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increasing mucin concentrations, where the 1% ALG/1% MUC hydrogel (7.3 + 2.5 Pa-s) showed

significantly reduced viscosity compared to the 1% ALG hydrogel (12.8 = 3.9 Pa-s) (Figure 13).
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Figure 13: Apparent viscosity values of alginate-based hydrogels. Viscosity values calculated
using equation 1 and terminal velocities derived from falling ball viscometer data, where **
indicates p <0.01 (n = 8).

In this falling fall viscometer experiment, another interest was whether the hydrogels
could recover the path that was carved into each sample by the steel balls. To test this, a second
ball drop was performed (immediately after the initial drop) and a third delayed drop that was
carried out either 1 hour or 3 hours after the second drop. It was found that the immediate
subsequent drop (drop 2) was able to travel through the hydrogel volume with less resistance
compared to the initial drop, resulting in increased slope in the D-T plot (Figure 14). For the 1-
hour delayed drop, the D-T plots were more similar to the plots of drop 2, suggesting that the

hydrogels did not recover from the initial disruption, after 1 hour (Figure 14, top). With a 3-hour
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recovery time, the D-T plots showed a curve that was between the initial and the second drop in

the 1% ALG and 1% ALG/0.5% MUC hydrogels, suggesting partial recovery of the path

disruption. As for the 1% ALG/1% MUC hydrogel, the 3-hour delay seemed to allow for full

recovery, where the D-T plot was overlapping with the initial drop (drop 1) (Figure 14, bottom).
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Figure 14: Distance-Time graphs of steel ball travel through alginate-based hydrogels with
delayed drops. Delayed drops were performed either 1 hour or 3 hours after the initial two

drops.

One concern with this falling ball viscometer method was whether the subsequent ball

drops (drop 2 & 3) were following the same travel path through the hydrogel samples as the

initial drop (drop 1). This was confirmed by plotting the X- and Y-coordinates of each ball

travelling through the alginate-based hydrogel samples. It was found that all drops (1, 2, & 3)
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followed very similar ball path trajectories between drops within each hydrogel sample (Figure

15).
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Figure 15: Steel ball trajectory through alginate-based hydrogels in falling ball viscometer
experiments.
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4.3.3 Presence of mucin within alginate-based hydrogels affects the diffusivity of charged

biomolecules

The diffusivity of fluorescein labelled DEX, IgG, and LL-37 were assessed through
fluorescent imaging by capturing the diffusion of each molecule through a straight channel
containing the hydrogels every 4 minutes. The cross-sectional fluorescence intensity profiles (1
mm away from the liquid-hydrogel interface) were found to increase over time, showing a
similar trend between all alginate-based hydrogels with FITC-DEX (Figure 16). FITC-IgG,
however, was found to increase more between 60 minutes and 180 minutes in the 1% ALG
hydrogel compared to the ALG-MUC hydrogels (1% ALG/0.5% MUC and 1% ALG/1% MUC)

(Figure 16).
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Figure 16: Change in fluorescein labelled DEX and IgG diffusion profiles through alginate-

based hydrogels using PDMS straight channels over time. Normalized fluorescence diffusion

profiles of DEX and IgG over a 6-hour period in alginate-based hydrogels.

Interestingly, the Defr of DEX and IgG between the three hydrogels did not show any

significant differences (Figure 17). The non-significant differences show higher Desr of DEX in

the 1% ALG/0.5% MUC hydrogel (3.84 x 10* £ 2.02 x 10* cm?/s) compared to the 1% ALG

(2.31 x 10* + 8.68 x 10™° cm?/s) and 1% ALG/1% MUC (2.26 x 10" + 4.03 x 10 cm?/s)

hydrogels. The Desr of IgG, on the other hand, showed higher values in ALG-MUC hydrogels
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(1.68 x 10* £ 2.80 x 107 cm?/s, 1% ALG/0.5% MUC; 1.54 x 10 £ 6.32 x 10~ cm?/s, 1%

ALG/1% MUC) than the 1% ALG hydrogel (1.21 x 10* £ 1.13 x 10”° cm?/s) (Figure 17).
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Figure 17: Effective diffusion coefficients (Deff) of DEX and IgG through alginate-based
hydrogels. No significance (two-way ANOVA) was found between any Desr values (n = 3).

With the diffusion of LL-37, Defr was not calculated as a result of diminishing
fluorescence over time. Fluorescent cluster formation was also observed throughout the reservoir
solution over time. Additionally, fluorescent clusters were found to form within the hydrogels
containing mucin (1% ALG/0.5% MUC and 1% ALG/1% MUC), but not in the 1% ALG

hydrogels (Figure 18).
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Figure 18: Diminishing fluorescence of carboxy fluorescein labelled LL-37 reservoirs over
a 6-hour period. Red arrows indicate the development of fluorescent clusters within the mucin
containing hydrogels (Scale bar = 1 mm).

4.4 Mammalian-Microbial Co-Culture

To establish the mammalian-microbial ATPS co-culture system containing artificial
mucus, two pairs of co-cultures were carried out. 16-HBE was cultured with P. aeruginosa to
model the host-pathogen interaction in the airway and Caco-2 was cultured with S. flexneri to
model host-pathogen interaction in the colon. Here, we were interested in characterizing the
bacterial distribution within our in vitro system as well as the effects of pathogenic bacterial
presence on the mammalian cell viability, with and without the supplementation of antibiotics
(Figure 19). For mammalian cell viability findings, no statistical analysis was performed due to

the uncountable nuclei after the Live/Dead staining of mammalian cells after co-culturing with
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bacteria. The following descriptions highlight both the significant and non-significant differences

in mean bacterial abundance as well as crude differences in live to dead cell proportions.
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Figure 19: Schematic of mammalian-microbial co-culture experimental timelines with and
without antibiotic treatment.

4.4.1 ATPS formulation and the presence of mucin affects where bacterial species
preferentially grow within the ATPS mucosal co-culture model
To assess the bacterial distribution within an ATPS mammalian-microbial co-culture
containing ALG-MUC hydrogels, the total abundance of bacteria escaping into the PEG-phase
and total abundance of bacteria that entered the hydrogel were measured by performing CFU
counts after 12 hours of incubation. For P. aeruginosa in the 5% ATPS, bacterial abundance was

found to be over 7-fold higher in the 1% ALG hydrogel layer as opposed to the PEG-phase.
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Wells containing ALG-MUC hydrogels (1% ALG/0.5% MUC and 1% ALG/1% MUC) showed
the opposite trend, where P. aeruginosa abundance was almost 18- and 11-fold higher in the
PEG-phases compared to the 1% ALG/0.5% MUC and 1% ALG/1% MUC hydrogel layers,
respectively (Figure 20A). Co-cultures using a 10% ATPS showed a similar trend in bacterial
abundance in the wells containing 1% ALG hydrogels, where CFU/ml was 3-fold higher in the
hydrogel layer compared to the PEG-phase. With mucin present in the alginate-based hydrogels,
the levels of P. aeruginosa were found to be roughly the same between the PEG-phase and
hydrogel, in 10% ATPS (Figure 20B).

S. flexneri, on the other hand, showed more consistent growth trends in terms of bacterial
abundance between the 5% ATPS and the 10% ATPS. The total bacterial abundance within the
hydrogel layer of the 5% ATPS co-cultures was approximately 2-fold higher than the abundance
within the PEG-phase for all hydrogel formulations (1% ALG, 1% ALG/0.5% MUC, and 1%
ALG/1% MUC). Generally, the overall abundance of S. flexneri within the co-cultures increased
with increasing mucin concentrations (Figure 20C). A similar trend in S. flexneri abundance was
observed in the 10% ATPS, where higher CFU/ml was observed in the hydrogel layers compared
to the PEG-phase, but with more pronounced differences between the PEG-phase and the
hydrogel layers (Figure 20D). These findings suggest that both the presence of mucin within the
hydrogels as well as the ATPS formulation affects where bacteria preferentially grow within this

in vitro co-culture system.
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Figure 20: P. aeruginosa and S. flexneri abundance (CFU/ml) within PEG-phase or
hydrogel after 12 hours of co-culture incubation with 16-HBE and Caco-2, respectively.
CFU/ml values were calculated from P. aeruginosa grown in either a 5%PEG/5%DEX ATPS
(A) or 10%PEG/10%DEX ATPS (B), and S. flexneri in a 5%PEG/5%DEX ATPS (C) or
10%PEG/10%DEX ATPS (D), where * indicates p < 0.05 (n = 4).
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Table 5: P. aeruginosa (PA) and S. flexneri (SF) CFU/ml values within PEG-phase or
hydrogel after 12 hours of co-culture incubation with 16-HBE and Caco-2, respectively.

5%PEG/5%DEX ATPS 10%PEG/10%DEX ATPS
1% ALG 0.5% MUC 1% MUC 1% ALG 0.5% MUC 1% MUC
PA PEG-phase 2.18x 10° 2.17x 10'° 1.11x 10 2.21x10° 2.14x10° 4.10x 10°
Hydrogel 1.63x 101  1.21x10° 1.00 x 10° 7.98 x 10° 2.30x 10° 9.21x 108
SF  PEG-phase 9.49x 107 1.90 x 108 3.20x 108 1.22x 108 6.79 x 10® 7.69 x 108
Hydrogel 1.94x 108 4.19x 108 6.33x 108 8.39x 108 1.56 x 10° 1.40x 10°

4.4.2 Ciprofloxacin reduces bacterial proliferation within the PEG-phase

The human mucus layer plays an important role in drug diffusion and the effectiveness of
the drug on the bacteria within the mucus, which is often neglected when studying drug efficacy.
Therefore, we were interested in exploring the effects of antibiotics on both P. aeruginosa and S.
flexneri growth and distribution within the ATPS co-culture with artificial mucus hydrogels. The
antibiotic used in this experiment was ciprofloxacin, an antibiotic that is known to disrupt
bacterial DNA replication.'** Ciprofloxacin was used at a minimum inhibitory concentration
(MIC) which was determined to be 0.125 ug/ml for both P. aeruginosa and S. flexneri.

After 12 hours of incubation with ciprofloxacin supplemented PEG-phase, P. aeruginosa
abundance was 4-fold higher in the 1% ALG hydrogel layer compared to the PEG-phase, in the
5% ATPS (Figure 21A). In comparison to no antibiotic treatment (Table 5), the CFU/ml was
reduced from 2.18 x 10° CFU/ml (in the PEG-phase) and 1.63 x 10'° CFU/ml (in the hydrogel
layer) to 1.2 x 10 CFU/ml and 5.57 x 10® CFU/ml (Table 6), respectively. In the 5% ATPS co-
cultures containing ALG-MUC hydrogels, P. aeruginosa abundance was reduced such that the
CFU/ml in the PEG-phase was roughly even with the abundance in the 1% ALG/0.5% MUC

hydrogel layer. Whereas the 5% ATPS co-culture containing a 1% ALG/1% MUC hydrogel
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layer showed approximately 1.7-fold higher abundance of P. aeruginosa in the PEG-phase
compared to the hydrogel layer (Figure 21A). In the 10% ATPS co-cultures, P. aeruginosa
abundance was higher in the hydrogel layer compared to the PEG-phase for all hydrogel
formulations, where CFU/ml increased with increasing MUC concentrations (Figure 21B).

Ciprofloxacin treatment was shown to be much more effective against S. flexneri, where
bacteria were almost fully eradicated within the PEG-phases, but not within 1% ALG/0.5%
MUC and 1% ALG/1% MUC hydrogels for co-culture using both the 5% and 10% ATPS. In 5%
and 10% ATPS co-cultures containing 1% ALG hydrogels, bacteria were eradicated in the PEG-
phase and with 3 x 10* CFU/ml (5% ATPS) and 6.08 x 10* CFU/ml (10% ATPS) remaining in
the hydrogel layer (Table 6 and Figure 21C & D). In the presence of mucin, S. flexneri could
better resist the effects of the antibiotic treatment, where bacteria within the PEG-phase was
reduced but not within the ALG-MUC hydrogel layers (Figure 21C & D). S. flexneri abundance
was observed to increase with increasing mucin concentrations within the hydrogel layer, where
CFU/ml were found to be 2.82 x 10’ CFU/ml (5% ATPS) and 2.40 x 10’ CFU/ml (10% ATPS),
in the 1% ALG/0.5% MUC hydrogels, and 7.98 x 10’ CFU/ml (5% ATPS) and 1.28 x 10®

CFU/ml (10% ATPS), in the 1% ALG/1% MUC hydrogels (Table 6).
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Figure 21: P. aeruginosa and S. flexneri abundance (CFU/ml) within PEG-phase or
hydrogel after 12 hours of co-culture incubation with 16-HBE and Caco-2, respectively,
where PEG media was supplemented with ciprofloxacin (0.125 pg/ml). CFU/ml values were
calculated from P. aeruginosa grown in either a 5%PEG/5%DEX ATPS (A) or
10%PEG/10%DEX ATPS (B), and S. flexneri in a 5%PEG/5%DEX ATPS (C) or
10%PEG/10%DEX ATPS (D), where * indicates p < 0.05, ** indicates p < 0.01, and ns = non-
significant (n = 3).
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Table 6: P. aeruginosa (PA) and S. flexneri (SF) CFU/ml values within PEG-phase or
hydrogel after 12 hours of co-culture (with 0.125 pg/ml) incubation with 16-HBE and Caco-
2, respectively.

5%PEG/5%DEX ATPS 10%PEG/10%DEX ATPS
1% ALG 0.5% MUC 1% MUC 1% ALG 0.5% MUC 1% MUC
PA PEG-phase 1.20x10° 5.33x 10° 1.00 x 107 2.32x 108 5.33x 108 1.03 x 107
Hydrogel 5.57x10°  6.13x 10° 5.70 x 10° 4.97 x 10° 1.57 x 107 2.87 x 107
SF PEG-phase 0 8.17x 10* 1.12x 10° 0 4.02 x 10* 0
Hydrogel 3.00x 10* 2.82x 107 7.98 x 107 6.08 x 104 2.40 x 107 1.28x 108

4.4.3 Regional mammalian cell viability in co-culture

After the 12-hour incubation of each mammalian-microbial co-culture, the mammalian
cell component was assessed by performing a Live/Dead assay, where all images were taken
directly underneath the area of the DEX droplet (the area of highest bacterial density), adjacent
to the DEX droplet, and exposed areas (not covered by hydrogel, only in 10% ATPS co-
cultures). For both cell lines (16-HBE and Caco-2), two control wells were used where an ATPS
was formed either with or without bacteria suspended in the deposited DEX droplet directly on
top of the monolayer. In control wells with direct deposition of a bacteria-rich DEX droplet, both
cell lines (16-HBE and Caco-2) displayed the highest level of cell death within the area of the
DEX droplet. When 16-HBE cells were co-cultured with P. aeruginosa, the level of cell death
was found to be negatively correlated with increasing mucin concentrations within the alginate-
based hydrogels. Additionally, co-culture with 16-HBE and P. aeruginosa in a 5% ATPS
showed an overall lower viability of 16-HBE cells compared to co-cultures using a 10% ATPS
(Figure 22). Caco-2 cells, on the other hand, showed consistently high levels of cell viability

when co-cultured with S. flexneri on top of all hydrogel formulations (Figure 22).
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co-culture incubation with P. aeruginosa or S. flexneri, respectively, deposited with a PEG-
DEX ATPS either with or without alginate-based hydrogels between monolayer and ATPS.
Bacteria were deposited using a 5% PEG/5% DEX ATPS or 10% PEG/10% DEX ATPS onto
monolayers with or without an alginate-based hydrogel overlay, where a DEX droplet without
bacteria was deposited directly onto a monolayer as a control (Scale bars = 500 pm).

With the introduction of the ciprofloxacin supplemented PEG-phase, 16-HBE cells
showed improved viability in co-cultures containing a 1% ALG hydrogel overlay (5% and 10%
ATPS) (Figure 23). However, 16-HBE cells with an ALG-MUC hydrogel overlay were less
viable than those cultured without ciprofloxacin supplementation (Figure 23). Similarly, this was
observed for Caco-2 cells grown in a 5% ATPS but not the 10% ATPS, where Caco-2 cells

showed similarly high levels of survival (Figure 23).
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Figure 23: Live/Dead staining images of 16-HBE and Caco-2 monolayers after a 19-hour
(cipro added at 7 hr) co-culture with P. aeruginosa or S. flexneri, respectively, either with
or without an alginate-based hydrogel between monolayer and ATPS. Bacteria were
deposited using a 5% PEG/5% DEX ATPS or 10% PEG/10% DEX ATPS onto monolayers with
or without an alginate-based hydrogel overlay, where a DEX droplet without bacteria was
deposited directly onto a monolayer as a control (Scale bars = 500 um).

Considering the hydrogel contraction observed in the mucin containing hydrogels,
Live/Dead images were taken at various regions within the co-culture wells using a 10% PEG-
DEX ATPS. Mammalian cells directly underneath the contracted hydrogel, whether directly
underneath the bacteria dense region or adjacent to it, were found to be predominantly viable
(Figure 24, regions 1 & 2). Higher levels of cell death were observed in the exposed areas that

were no longer covered by hydrogel (Figure 24, region 3).
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Figure 24: Representative images of regional variation in cell viability in areas protected by
hydrogel coverage and exposed regions. Stitched brightfield images of whole well (24-well
plate, left panel) containing Caco-2 cells overlaid with a 1% ALG/0.5% MUC hydrogel with S.
flexneri growth (indicated by the red arrow) inoculated using a 10% PEG-DEX ATPS. (right
panel) Live/Dead images of Caco-2 cells in the corresponding regions of the well either directly
under the bacteria colony (1), under hydrogel and adjacent to bacterial colony (2), and exposed
area due to hydrogel contraction (3).
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CHAPTER 5. DISCUSSION

The human mucus layer acts as the first line of defense against any pathogens or foreign
particles that may enter the body.'** However, some bacterial species have adapted to bypass the
mucus layer, while other opportunistic bacteria will cause infection and inflammation when the
mucus layer is compromised due to dysregulation.'*!3> The current gold standard for studying
host-pathogen interaction is with the use of animal models.!*® It is important to consider the use
of in vitro disease modeling as an additional tool to validate findings in the animal studies,
considering that in vivo findings do not always align with what is observed in humans.'*!3” To
model host-pathogen interactions in vitro, it is crucial to have controlled bacterial growth and to
provide the proper microenvironment suitable for both mammalian and bacterial proliferation.
Many of the current mammalian-microbial co-culture platforms have demonstrated stable growth
over several days, under flow conditions,**!*® but are complex and difficult for a general life
science laboratory to adapt. Other techniques lack a sufficient mucus microenvironment for these
interactions to take place.***:13* Here, we demonstrate the use of a simple and robust
mammalian-microbial co-culture method using a PEG-DEX ATPS with the incorporation of an

alginate-mucin semi-IPN hydrogel to recapitulate the 3-D mucus microenvironment.

5.1 Varying Alginate Hydrogel Characteristics with Various Crosslinking Methods
Throughout the work of this thesis, the ALG-MUC hydrogels were assessed based on a
list of design criteria, including gelation time, cytocompatibility, mammalian cell adhesiveness,
diffusivity, and stability of ATPS formation. However, prior to addressing these design
parameters, the hydrogel polymer was chosen according to the ease of use and fabrication

method allowing for direct deposition onto a mammalian monolayer. Previous methods used to
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form artificial mucus hydrogel used purified mucin, which can be crosslinked using PEG-thiol
crosslinkers.!*’ This method has been shown to form physiologically relevant mucin hydrogels
and modifiable physical characteristics by altering the type of mucin used!*’; however, we were
interested in exploring other options to broaden the types of artificial mucus suitable for
mammalian-microbial co-cultures. Alginate hydrogels are known to be biologically inert, where
crosslinking agents such as Ca*" are commonly found in biological systems with low potential to
impact cellular processes.!!>!4!

When working with alginate hydrogels there are a number of crosslinking techniques
using divalent cations that have been previously explored. The most commonly used method
involves the use of CaCl; to form ionic crosslinks between alginate monomers, which is typically
used for instantaneous gelation of alginate beads by dropwise addition of an alginate solution
into a vessel containing 100 mM CaCl,.!"®!4> By using high concentrations of CaCly, this
technique ensures the saturation of crosslink formation between G residues.!**!** When adapting
this for the application of forming a hydrogel directly on top of a mammalian monolayer, we
deposited the 100 mM CacCl; crosslinking solution onto a volume of alginate in a multi-well
plate containing cells. This modified technique, however, generated a heterogeneous surface
topology which was undesirable for ATPS formation on top of the hydrogel. This phenomenon
was likely due to the force of the CaCl, droplet dispersing the alginate solution followed by
instantaneous crosslinking of the alginate, thus generating an uneven hydrogel surface.'*?

Another ionic crosslinking method used to form alginate hydrogels utilizes calcium
carbonate and GDL. Calcium carbonate is poorly soluble in physiological pH solutions.'* With
the addition of GDL as a catalyst, GDL slowly acidifies the solution to solubilize Ca*" for

internal crosslinking of the hydrogel at a reduced gelation rate.'**!'47 Studies utilizing this
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technique often require molding the alginate hydrogel to a particular shape, which is granted by
the slow hydrolysis of GDL and subsequent release of Ca*>*.!*® The characteristics of this
gelation method made it a great alternative for our application. With this technique, the
alginate:CaCO3:GDL mixture was generated in a separate vessel prior to being deposited into the
multi-well plate. Our results showed that a flat hydrogel surface was in fact formed; however,
when incubated in PEG-phase media, the hydrogels were found to contract considerably. Studies
have demonstrated that PEG interact with CaCOj3 to form PEG-CaCOs complexes. 415
Considering the alginic acid used in this study, containing low levels of G residues, the
concentrations of CaCO3 may have been in excess leading to non-utilized CaCO; within the
hydrogel matrix. Assuming there were excessive amounts of CaCO3;, PEG-CaCOs interaction
may have led to an influx of PEG and an efflux of water (or deswelling) resulting in9 contraction
of the hydrogel network. An additional concern with this technique was the reduction in pH,
caused by the hydrolysis of GDL to gluconic acid, during the gelation process directly on top of
mammalian cells which would lead to potential cell death.!*® Air bubble formation was also
observed when forming these hydrogels due to the need to vortex the alginate:CaCO3:GDL
mixture, which has previously been reported in Kalaf et al. (2016).!48

Alternatively, low CaClx concentration crosslinking is a method that has been previously
performed to generate soft alginate hydrogels for 3-dimensional culture of neuronal networks as
well as the production of low osmotic pressure alginate films.3*!>! This was another promising
crosslinking technique for the applications in the present study due to the reduced stiffness and
more pliable, yet robust, hydrogel that would allow for the formulation to be prepared in a
separate vessel prior to the deposition into a multi-well plate. The rheological properties of these

soft alginate hydrogels have previously been shown to be dependent on the G residue content
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within the alginate polymer. Matyash et al. (2014) demonstrated the changes in storage moduli
when using high G residue content and low G residue content alginates, where high G residue
alginate hydrogels showed higher storage modulus and stiffness.!>! Although low crosslinking
alginate hydrogels show reduced stiffness and tensile strength, they are structurally stable
networks that form homogeneous surface topologies. As a result of the observed hydrogel
contraction in the CaCOs crosslinked hydrogels, the generated soft alginate hydrogels were also
tested for contraction in PEG-phase solutions and were found to maintain its size and shape after
24 hours of incubation. This encouraging finding allowed us to move forward with the low CaCl,
crosslinking alginate hydrogels for further characterization and compatibility assessment with a
PEG-DEX ATPS co-culture.

To provide the biochemical properties of natural mucus using these soft alginate
hydrogels, mucin was incorporated into the crosslinked networks to form an ALG-MUC semi-
IPN. Other studies have performed rheological characterization and utilized similar methods to
mimic the mucus microenvironment for drug diffusion applications,'?”!>? but no studies, to our
knowledge, have used these hydrogels for host-microbe interaction or bacterial growth.
Interestingly, the ALG-MUC hydrogels used in this study were also found to contract when
incubated in PEG-phase media over time, but to a lesser extent as the CaCOj3 formed hydrogels.
The exact cause of the ALG-MUC hydrogel contraction is unknown at this point, but we
speculate that PEG oligomers may be diffusing into the hydrogel causing an efflux of water
molecules due to the hydrophobic nature of PEG.!* Moreover, the polysaccharide side chains of
mucin provides a high capacity for water retention,'** in which the loss of water by PEG
repulsion can cause mucin collapse and overall hydrogel contraction. In future work, this

hypothesis can be tested by using higher molecular weight PEG when forming the PEG-DEX
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ATPS solutions, where larger PEG molecules with a larger hydrodynamic radius would possess a

lower potential of diffusing into the hydrogel.!>*

5.2 ALG-MUC Hydrogel Compatibility with a PEG-DEX ATPS

As previously mentioned, the resulting ALG-MUC hydrogels were assessed based on
specific design parameters encompassing its compatibility with a PEG-DEX ATPS mammalian-
microbial co-culture. These design parameters required the hydrogels to be cytocompatible, non-
cell adherent, selectively diffusive (mitigates PEG-mediated cytotoxicity), and to allow for the
formation of a stable DEX droplet upon ATPS deposition. A single experiment involving
overlaying mammalian cells with alginate-based hydrogels incubated with PEG-phase media was
performed to verify the cytocompatibility of the hydrogel, its role in PEG-mitigation, as well as
the cell adhesiveness. Our findings demonstrated that 16-HBE cells grown in RPMI media with
and without a hydrogel overlay did not significantly differ in cell viability, 16-HBE monolayers
remained intact after removal of the hydrogel, and that an alginate-based hydrogel overlay
significantly reduced the level of cell death in PEG-phase media. Alginate hydrogels are known
to be innately non-cell adhesive and have been used in a wide range of biomedical applications,
where chemical modifications are required for any 3D cell culture applications.!?!'?> Therefore,
the observed results were not surprising. The interaction of PEG with mammalian cell plasma
membranes have been reported to show both protective effects as well as detrimental effects. The
role of PEG is highly dependent on the molecular weight of the oligomer, where larger PEG has
shown protective effects against fluid-mechanical injury and provide barrier function to

155,156

epithelial cells, while others demonstrate cytotoxic effects of small molecular weight

PEG.'!"* In this study, we found that PEG 35000 significantly reduced cell viability of 16-HBE
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cells. Although incubation of ALG-MUC hydrogels in PEG-phase media resulted in contracted
hydrogels, they were still able to provide sufficient protection from PEG-mediated cytotoxicity,
where regional variation of cell viability was observed between the protected and exposed cells.

The molecular weight of PEG within a PEG-DEX ATPS also influences the interfacial
tension between the two phases. When forming a polymer-polymer ATPS, one must consider the
concentration as well, where concentration ratios of polymer 1 and polymer 2 below the critical
point will result in a common phase rather than a biphasic system.!®® With higher concentrations
of polymer, the interfacial tension will be higher.!*!!57 It is well established that surface
characteristics highly impact aqueous droplet formation, where hydrophobic surfaces will form
more round/dome-like droplets (higher contact angle) as opposed to hydrophilic surfaces
forming flatter droplets (lower contact angle).!>® We found that higher mucin concentrations
within the alginate-based hydrogels allowed for increased contact angle of DEX droplets,
suggesting higher interfacial tension. The mucin used in this study was a crude porcine mucin,
which contains various other proteins and lipids, suggesting that the incorporation of mucin into
the alginate-based hydrogels led to an increased hydrophobic surface characteristic and thus

increasing the DEX droplet contact angles. 1>

5.3 Role of Physical Characteristics in Mucus Barrier Function

Considering the protective role of the human mucus layer against opportunistic
pathogens, it is important to understand the physical characteristics and their contribution to
mucus function. The mucus layer is selectively diffusive by size exclusion and electrostatic
interaction due to the negatively charged sugar side chains of mucin glycoproteins.’>>* Under

healthy conditions the mucus layer harbors copious amounts of bacterial species within the
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airway and the gut.’”1°%11 The mucus layer can do so by the formation of dense layers of mucin
to prevent bacterial penetration and maintain a reservoir of antimicrobial proteins to keep the
microbiota at bay.”>** Here we assessed the diffusivity characteristics of antimicrobial
biomolecules such as LL-37 and IgG through our alginate-based hydrogels, where effective
diffusion coefficients were calculated using a MATLAB code from Hettiaratchi et al. (2018).!3°
LL-37 is an antimicrobial peptide that is constantly secreted by epithelial cells lining the mucosal
epithelium to maintain homeostasis of the microbiota.”"!%? Due to its cationic nature, LL-37 is
known to interact with mucin and pool in the mucus layer to prevent over-proliferation of
bacterial species.”!*!%® Unfortunately, when assessing the diffusivity of a carboxy fluorescein
labelled LL-37, we found that the fluorescence within the reservoir would diminish over time as
well as fluorescent cluster formation; therefore, the Defr could not be calculated. The mechanism
by which LL-37 kills bacteria is by membrane disruption through interaction with the lipid
headgroups. Interestingly, Wildman et al. (2003) found the interaction between LL-37 and lipid
head groups to be higher at low LL-37 concentrations and reduced at high LL-37 concentrations,
suggesting that at higher concentrations, LL-37 peptides cluster together and potentially
precipitate out of solution.!** Although the data did not allow for the calculation of Des, we
observed fluorescent cluster formation within the ALG-MUC hydrogel, but not in the 1% ALG
hydrogels, which suggest that the LL-37 are binding to the mucin contained within the alginate,
likely through interaction with the negatively charged carbohydrate side chains.

Secreted immunoglobulins have also been identified to play a major role in host defense
within the mucus layer, the most prevalent being IgA and IgG.!'%° IgAs are secreted into the
mucus layer in the form of dimers, which are connected by a peptide chain, known as the J chain,

that is highly glycosylated.®* Due to the glycosylated nature of these secretory IgA, they can
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interact with mucin side chains that help maintain a high level of immunoglobulins within the
mucus and higher potential to bind pathogenic bacteria as a mechanism of innate defense.’® IgG,
on the other hand, are not as prevalent in the GI mucus, but there is evidence of higher
prevalence in the airway where they are secreted by immunocytes.”>”® Because IgG are
monomeric, they can easily diffuse into the mucus,'%® but have also been shown to demonstrate
interaction with mucin as well as other proteins within bodily fluids. This interaction occurs
specifically at the Fc portion at the constant region of the antibody, therefore exposing the
variable region to bind bacterial and viral particles.!¢”"!7" This would lead to the expectation that
antibody diffusion within the mucus layer is reduced due to these interactions with mucin.
However, our findings did not show any differences in the Desr of IgG between ALG-MUC
hydrogels and 1% ALG hydrogels. Although, it was observed that changes in cross sectional
fluorescent profiles (1 mm away from the hydrogel reservoir interface) were reduced in ALG-
MUC hydrogels compared to 1% ALG hydrogels, which might suggest some antibody-mucin
interaction.

Mucus viscosity is another important physical characteristic in determining its protective
ability. One of the main contributing factors to mucus viscosity in the airway is hydration.!”!
Dysregulation of ion concentrations can result in a highly dense mucus layer and overall
increased mucin concentration, which is typically associated with chronic infection.?*’ In the GI
tract, reduction of mucin density has also been associated with inflammation, where the barrier
function is compromised. This phenomenon can be induced by specific pathogens as well as
individuals who are genetically predisposed to altered mucus production.’®!°%172 For instance, H.
pylori have demonstrated reduction in pH in the immediate environment which reduces the

viscoelasticity of the mucus barrier, and thus they are able to bypass the mucus to infect the
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epithelial cells.!® Some CD patients are genetically predisposed to a lower viscosity mucus layer
in the GI tract. These genetic mutations typically occur in the goblet cells within the GI tract
where gel forming mucins are secreted with reduced glycosylation.”® When measuring the
viscosity of the hydrogels in this study, a falling ball viscometer was used where viscosity was
found to be decreasing with increasing mucin concentrations. Previously mucin has been shown
to interact with Ca®* cations through their negatively charged side chains.®' By increasing mucin
concentrations in the alginate-based hydrogels it is likely that Ca*>" was sequestered by the mucin
leading to reduced crosslinking in the alginate network. Other interactions between polymer and
calcium ions may have been taking place as well, such as intermolecular alginate-mucin or
mucin-mucin interactions resulting in reduction of alginate crosslinking as well (Figure 25).
Although hydrogel viscosity was reduced with the introduction of mucin, we observed improved
cell viability in both cell lines when co-culturing with pathogenic bacteria on top of an ALG-
MUC hydrogel. This finding might suggest that in the presence of mucin, an improved barrier
function is provided due to increased content within the hydrogel and potential interaction with
bacteria. Other studies have also demonstrated that bacteria use mucin as a binding site, which in

this case may reduce the rate at which bacteria migrate towards the mammalian cells.!”>!7
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Figure 25: Illustration of potential interactions between alginate and mucin monomers

within an ALG-MUC hydrogel.

5.4 Pathogenic Bacteria Behavior and Distribution within the Mucus Layer

In addition to being bacterial binding sites, mucin sugar side chains are also known to be
used as a carbon source.!”® The O-linked glycan structures make up much of the entire
glycoprotein weight, which provides bacteria with an abundance of oligosaccharides to thrive

off. Our assessment of bacterial distribution within the ATPS containing alginate-based

hydrogels demonstrate the preferential growth of S. flexneri within the hydrogel layer when
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mucin is present. Many commensal species along with S. flexneri have been shown to express
mucolytic enzymes to metabolize the mucin sidechains as well as a mechanism to bypass the
mucus barrier.!”! P. aeruginosa showed higher abundance within the 1% ALG hydrogel as
opposed to the ALG-MUC hydrogels. This is consistent with other in vitro studies that have
shown that P. aeruginosa form in vivo-like biofilms when grown in alginate hydrogels.!'?*> During
chronic infection in the lung, P. aeruginosa undergo changes in genetic expression to enter a
mucoid state where flagella protein expression is reduced, and alginate polysaccharide
production is increased to form dense biofilms to resist antibiotics as well as the host immune
cell responses.’>!”” This may explain the preferential growth in the 1% ALG hydrogels.
However, the increased biopolymer content of the ALG-MUC hydrogels compared to the 1%
ALG hydrogels might also contribute the reduction in bacterial permeation in ALG-MUC

hydrogels.

5.5 Potential Mechanisms of Mammalian Cell Death

In our Live/Dead assessment of the mammalian cell component within the co-cultures,
there seemed to be some correlation between bacterial abundance within the hydrogel layer and
cell viability. As previously mentioned, we found P. aeruginosa abundance to be higher in the
1% ALG hydrogels compared to the ALG-MUC hydrogels. This difference in bacterial
abundance was reflected in the viability of 16-HBE cells, where viability was lower in wells
containing a 1% ALG overlay with increasing cell viability as mucin concentration was
increased. This suggests that the ALG-MUC hydrogels provide better barrier function to P.
aeruginosa compared to the 1% ALG hydrogels. With the ability to penetrate the 1% ALG

hydrogel layer, P. aeruginosa in contact with the mammalian cells are capable of toxin secretion
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through the type III secretion system (T3SS), where various proteases and exotoxins can be
directly injected into the host cell leading to cell death.!”® Rajan et al. (2000) examine the effects
of various mutant strains of P. aeruginosa, including a strain lacking the T3SS, on a human
tracheal epithelial cell line.!” They found that without a functioning T3SS, the number of
apoptotic mammalian cells is reduced, when incubated with P. aeruginosa.'” Interestingly, they
also demonstrate that polarized 16-HBE cells forming tight junctions better resist apoptosis in
the presence of P. aeruginosa, potentially as a result of NF-xB activation (confer antiapoptotic
effects).!®" The 16-HBE cells used in this study were grown as monolayers, which typically
contain fewer tight junctions than polarized monolayers making the cells more sensitive to P.
aeruginosa.

Caco-2 cells in co-culture with S. flexneri showed consistently high cell viability
between wells containing the different alginate-based hydrogels. When differentiated on semi-
permeable membranes, Caco-2 cells have been shown to generate a glycocalyx, which provided
some barrier function to microbial adherence.'®! However, flat Caco-2 monolayers lack a
glycocalyx; therefore, the lack of cell death might suggest a strong barrier function against S.
flexneri due to their lack of motility. While they are non-motile, S. flexneri are known to secrete
mucolytic enzymes that allow them to efficiently bypass the mucus layer.>> Some of the
symptoms associated with Shigella infections include severe diarrhea (bloody and with mucus),
fever and dehydration.'8? However, it is not the mucolytic activity that make S. flexneri cause
such severe GI symptoms but rather its toxin production and virulent ability to enter host cells to
evade the host immune response. '} Studies have suggested multiple mechanisms by which
Shigella cross the epithelium barrier either directly through translocation into specialized

epithelial cells to bypass the epithelium layer'®* or through polymorphonuclear neutrophil

76



leukocytes (PMN) that are recruited to the epithelium by initial inflammatory response.'®> This
then allows bacterial cells to proliferate and invade other epithelial cells causing destruction of
the epithelium layer.'®* The destructive nature of S. flexneri invasion into cells is likely what was
observed in our co-cultures considering the Live/Dead staining, where dead stained cells were

uncountable due to the dispersed red staining.

5.6 Antibiotic Treatment and Bacterial Resistance

Chronic infection of P. aeruginosa is commonly associated with CF. Once established
biofilms are formed within the thickened mucus layer, bacteria persist and develop resistance to
antibiotic treatments.”> Therefore, we were interested in testing ciprofloxacin treatment against
established bacterial colonies within the alginate-based hydrogel layers. To perform this
experiment, co-cultures were first incubated for 7 hours to establish some bacterial growth within
the system, followed by a 12-hour incubation with a ciprofloxacin supplemented PEG-phase. We
observed a reduction in P. aeruginosa abundance and near full eradication of S. flexneri within
the PEG-phase; however, both species were found to persist within the ALG-MUC hydrogel
layers. These findings demonstrate that the hydrogel layer does in fact provide the established
bacterial colonies some protection from antibiotic treatment, especially in the ALG-MUC
hydrogels. Cell viability of 16-HBE cells overlaid with 1% ALG showed improved viability
compared to no antibiotic treatment, suggesting that the antibiotic was capable of diffusing into
the hydrogel and eliminated enough bacteria for improved cell survival. However, the reduced
cell viability of 16-HBE and Caco-2, overlaid with ALG-MUC hydrogels, indicates that the
added incubation time (in antibiotic treatment experiments) allowed the persistent bacteria to

further migrate towards the underlying epithelium to cause cell death.
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CHAPTER 6. CONCLUSIONS & FUTURE DIRECTIONS
6.1 Limitations and Future Work

Although the work discussed within this thesis demonstrates the compatibility of an
ALG-MUC hydrogel with a PEG-DEX ATPS co-culture, further characterization and
optimization is needed. There are various limitations/shortcomings that should be addressed in
future work, regarding the validation of the proposed mammalian-microbial co-culture model.

It is likely that the fabricated hydrogels in this study have non-Newtonian rheological
properties based on previous studies that have characterized similar hydrogels. The falling ball
viscometer was used to assess the apparent viscosity of the partially crosslinked alginate-based
hydrogels; however, to gain a full understanding of the rheological properties the viscoelasticity
should be explored using alternative tools such as a plate rheometer. Our findings demonstrated
an unexpected result, where hydrogel viscosity decreased with increasing mucin concentrations,
which may have been the result of alternate interactions between mucin and alginate monomers
or between mucin and mucin (intermolecular or intramolecular interaction), thus reducing the
level of calcium crosslinking between the alginate molecules.

As a result, we speculate whether the ALG-MUC hydrogels produced are true semi-IPNs.
To test this hypothesis, an alternative hydrogel polymer that can be crosslinked, independent of
calcium, could be used in place of alginate, such as hyaluronic acid. If the same reduction in
viscosity is not observed, this would suggest that the incorporated mucin monomers were in fact
interacting with the free calcium ions and reducing the alginate-alginate interaction.

The diffusivity characterization of the hydrogels was assessed using straight PDMS chips
containing straight channels with reservoirs on either side containing liquid levels at equal height

to reduce convective flow. However, the level of the liquid on either side may have differed
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considering the height of the liquid meniscus was assessed by the naked eye during
experimentation. Alternatively, fluorescent recovery after photobleaching (FRAP) can be
performed to measure the diffusivity of various fluorescent molecules.

Throughout this work Live/Dead Assay was performed to assess the cell viability, which
can be a crude measure of cell viability considering that the cells will either stain red or green. In
our observations, several cells were found to be stained with both calcein AM (viable, green) and
ethidium-homodimer (non-viable, red). However, the state of the cell’s viability is more complex
than this. To obtain a more accurate measure of the state of the mammalian cells, metabolic
assays can be carried out such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay that can measure total cellular metabolic activity.

Furthermore, the assessment of bacterial distribution within the co-culture system was
focused on the total abundance of bacteria within either the hydrogel layer or the liquid phase.
To further assess the bacterial distribution within the hydrogel layer, techniques such as
fluorescence in situ hybridization (FISH) staining can be used with confocal microscopy to better
understand the specific location of dense bacterial colonies within the system.

Another concern with this co-culture system is its longevity. Here, we demonstrate that
the co-culture of 16-HBE and Caco-2 cells with P. aeruginosa and S. flexneri, respectively, over
a 12-hour incubation period without bacterial overgrowth within the system. With the
introduction of ciprofloxacin at MIC, we find that bacterial colonies can be maintained over
longer periods of time (19 hours) without over proliferation throughout the system. To further
the use of this host-microbe interaction system for disease modelling, antibiotic supplementation
can be used to maintain the bacteria colonies at inhibitory concentrations. Additionally, the

mammalian cell component in the current model lacks complexity in that it does not fully
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represent the columnar cell barrier found in natural mucosal epithelium. The goal of this project
was to demonstrate the ability to form an ATPS co-culture on top of an artificial mucus hydrogel
where monolayers were used as a crude measure to determine the cytotoxic effects of both the
hydrogel and bacteria. To further improve this system, a differentiated tissue culture should be
used to provide the specialized functions of the particular organ of interest.

Lastly, we did not address the immunological response of the mammalian cells to the
bacterial infection. Chemokine response such as IL-8 secretion by epithelial cells is common in
bacterial infections as a mechanism to recruit immunocytes to the infection site to rid the
bacteria. This can be tested by performing ELISA with the co-culture media after the incubation

to determine the level of chemokine secretion under the different conditions.

6.2 Conclusions

The findings presented in this study demonstrate a simple yet robust method to creating a
mucus-like hydrogel for the application of mammalian-microbial co-culture using a PEG-DEX
ATPS formulation. The ALG-MUC semi-IPN hydrogel can be fabricated using a simple ionic
crosslinking method which allows for the deposition of the hydrogel directly on top of a
mammalian cell monolayer without disruption of the underlying cells. Furthermore, we show
that the ALG-MUC hydrogels are, in fact, compatible with a PEG-DEX ATPS in that it is
cytocompatible over extended periods of time, non-cell adherent, protective against PEG-
mediated cytotoxicity, and able to support the formation of an ATPS for bacterial deposition.
These hydrogels also demonstrate selective diffusivity of biomolecules as well as barrier

function in mammalian-microbial co-culture when using pathogenic bacteria.
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By successfully establishing a mammalian-microbial co-culture using an ALG-MUC
hydrogel within an ATPS method, this model has the potential to provide the spatial-temporal
niche of the mucus microenvironment in vitro. With the recent rise in interest of fabricating a
realistic in vitro host-microbe interaction model, this model uses equipment and chemicals that
are available to the typically equipped life science laboratory. By addressing the limitations of
this model to optimize its use in future studies, there is the potential to provide a readily available
in vitro model for studying specific interactions between mammalian and microbial cells as well

as a validation tool for preclinical drug screening.
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APPENDIX A

Main Code

% Specify the bounds for the diffusion coefficient in cm”2/s
lowbound = 10e-15;

upbound = 10e-4;

% Set options for running the fmincon

% Enable plotting of the results

options =
optimset ('PlotFcns', {doptimplotfval, doptimplotstepsize});
% options.StepTolerance = 1le-10;

pmin = 3.5*%10e-7;

% pmin = 10"-6;
[pminf, Smin,exitflag, output]=fmincon (@Data ToMinimize, ...
pmin, [1,[]1,[]1,[],lowbound, upbound, [],options);

[

% Data ToMinimize (pmin) ;

Function to Minimize

function S = Data ToMinimize (p)
load('fluorescence 1')

distance = distance (2:end);
matrix = matrix(:,2:end);

o\

o°

o°

matrix = matrix([1 2 15 30],:);
time = time([1 2 15 30]);

o°

distance(l,1) = eps;
for i = l:length(time)
for j = 1l:length(distance)

if matrix(i,j) == 0
matrix(i,j) = eps;
end
end
end
% matrix = matrix./100;

% Parameter to solve for: diffusion of protein
eff = p; % cm™2/s

Time in seconds for each image

= 60*time; % s
% Convert distance to centimeters

)

o\

pa
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x = 10* (distance); S%Scm
% Calculate the value to plug into our erfc, defined in Clauss,
et al. 1990

¢}

% First, create empty vectors

y = zeros(length(t),length(x)); % Value to plug into the
equation
C = zeros(length(t),length(x)); % Calculated concentration, as

fcn of time and position

¢}

% Step through each time point to calculate the input variable,

<

% And the resulting concentration, C
for 1 = 1l:length(t)

y(i,:) = x./(2*sqgrt (D _eff.*t(i)));
C(i,:) = erfc(y(i,:));
end

% C = 0.1*C;

% Create plots

subplot(2,1,1)

plot (x*10000, matrix, 'LinewWidth', 2)
xlabel ('Distance, pm')

ylabel ('Normalized Fluorescence')
ax = gca;
ax.LineWidth = 1;
ax.FontSize = 14;
subplot(2,1,2)

plot (x*10000,C, 'LineWidth', 2)
xlabel ('Distance, pm')

ylabel ('Normalized Fluorescence')

ax = gca;
ax.LineWidth = 1;

ax.FontSize = 14;

% Error Function

S = 0;

for i = 1l:length(x)

S =S 4+ sum(((C(:,1) - matrix(:,1i))./matrix(:,1))."2);
end

end
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APPENDIX B
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Figure 26: Live/Dead staining images of 16-HBE and Caco-2 monolayers after a 12-hour
co-culture incubation with P. aeruginosa or S. flexneri, respectively, either with or without
alginate-based hydrogels between monolayer and ATPS (Trial 2, top; Trial 3, bottom).
Bacteria were deposited using a 5% PEG/5% DEX ATPS or 10% PEG/10% DEX ATPS onto
monolayers with or without an alginate-based hydrogel overlay, where a DEX droplet without
bacteria was deposited directly onto a monolayer as a control (Scale bars = 500 um).
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APPENDIX C
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Figure 27: Live/Dead staining images of 16-HBE and Caco-2 monolayers after a 19-hour
(cipro added at 7 hr) co-culture incubation with P. aeruginosa or S. flexneri, respectively,
either with or without an alginate-based hydrogel between monolayer and ATPS (Trial 2,
top; Trial 3, bottom). Bacteria were deposited using a 5% PEG/5% DEX ATPS or 10%
PEG/10% DEX ATPS onto monolayers with or without an alginate-based hydrogel overlay,
where a DEX droplet without bacteria was deposited directly onto a monolayer as a control
(Scale bars = 500 um).
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