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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 hiithiogeprovides a unique
microenvironment inhabited by both commensal and pathogenic bacteria, where the bacteria use
mucin, the glycoproteithatmakes up the mucus hydrogel networkaaattachment site. To

model the hosimicrobe interactionsn 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. Receadvances imodelling hostmicrobe interactiongnclude
compartmentalized miofluidic devices or transwell eoultures. However, these techniquessk
sufficient control of the mucus microenvironment and reduigly specialized skills to

fabricate and operate, and therefore are difficult for the average life science labioraipt.

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 algmatien (ALG-

MUC) semtinterpenetrating polymer network hydrogel to beoirporated into @olyethylene
glycol-dextran (PEG@EX) aqueous twgphase system (ATPS) -aulture platform. We
demonstrated the utility of ALAMUC hydrogels using two sets of mammalmaicrobial co

cultures. Firstwe useca human bronchial epithelial téhe, 16 HBE, cocultured with a

common airway pathogeRseudomonaaeruginosa The second was a colorectal
adenocarcinoma cell line, Ca@o cocultured with a gut pathogefhigellaflexneri

Additionally, we characterized the viscosity atitfusivity of the ALG-MUC hydrogels.

The findings showed that the ALRUC hydrogels were compatible with a PEBEX ATPS by
reducing PE@nediated cytotoxicity when cells were overlaid with a hydrogel layer. It was also
found that diffusion of biomoleculdtyG 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 affetiedpatial distribution and

antibiotic resistance of bacteria hin this multiphase coulture 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 mammaliaim s,

With the ability to readilyform a mucusdike hydrogel directly on top of mammalian cells, we
provide a controlled coulture platform that has the potential for assessingpetsibgen

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 ALGMUC compositions to model complex bacterial infections at the
mucosal interface.

viii
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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 arartificial mucus hydrogel for the purposes of modelling fm&trobe interaction at
the mucosal interface. Chapter 1 provides a thorough review of the currentibiadie
interaction models as well as the role of the human mucus layer in both healthease d
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. CHapii#irdiscuss 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 foufure work.

1.2 Current Models for Host-Microbe Interaction

The human mucus layer is a niche microenvironment where complex interactions
betweerpathogenic and commensal bacteria as well as host cells take place. Alterations in the
bacterialcomposition or dysregulation in mucus homeostasis can result in chronic infection and
inflammation in diseases such as inflammatory bowel diseases (IBD) and cystic {iBf)Sid
A representative hoshicrobe interaction model is ess@hfor gaining a better understanding of
the complex interactions and potential n#nug therapiesTo accurately model the complexities
of hostmicrobe interaction at the human mucosal interface, researchers must consider an

appropriate mucosal microemvnment and controlled bacterial abundance and composition



within the model. The current gold standard for modeling-hostobe interaction remains to be
the use of animal models, predominantly with the use of,figth an emergence af vitro
mammaliaAmicrobial ceculture models in recent years. Considering the variation in microbial
composition between individuatsn vivo studies utilize gnotobiotifor germfree)animals

which allows for the inoculation of a specifibdcterial compositiof’ Over the yearsn vivo
studies have been instrumental in uncovering the role of the human microbiotassian&D
chronic respiratory infections caused by.EfHowever, due to differences in pathophysiology

between animal and humaisyivofindings do not always translate into clinical findirtgs?

1.2.1 In Vivo

With the use of gnotobiotic animals, IBD can be induced using variotisose
including genetic modificatigff chemical inductiort? and adaptive transfé?.One of the earlier
models of IBDis interleukin10 (IL-10) knockout mice. 110 plays an important role theantr
inflammatory response, and by generatinglQ_deficient mice with targeted deletion, mouse
models develop spontaneous inflammation of the ctftéfOne study using K10 deficient
mice demonstrated the inoculationAkkkermansia muciniphilaan otherwise nepathogenic
bacteria, promotgintestinal inflammationsuggesting thaA. muciniphilais a potential
pathobiont of the guf 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 mté&@he uptake of DSS and distributiovithin
animal tissue demonstrate its capability of penetrating the mucosal barrier. DSS has been found
to accumulatin macrophages leading to lowered phagocytic ability, resulting in increased

bacterial load and inflammatidf® Another study utilizing the DSS colitis model demonstrated



a shift in micrdviotaspecies between colitis induced mice and control Aitéore recently,
adaptive transfer mets havegainedmore attentionwhere naive T cells from healthy mimes
transferrednto syngeneic (immunologically compatible) immunodeficient mt¢éThis model
has demonstrated inflammation of the small intestin@ @eeks after the T cell transfér.

Despite the advances in modelling IBDvivo, there are several differences between the
human and mouse Gl tract. First, the distribution of goblet cellsysproducing) in humans
are highly abundant from the cecum to the rectQomparedo mice, wheregoblet 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 (AMEcreting cells. Paneth cells are
a specialized secretory cell found within the Gl epithelitimatsecrete AMP products to
maintain homeossis of themicrobiota?® In humans, Paneth cells are found throughout the
intestinal tract with highest abundance in the small intestinal cfyptsomparison, Paneth
cells are uniquely localized in the cecimmice!? These differences in spatized cell
distribution between animals and humans can affect how the microbiota within the Gl tract are
distributed in animal models regardless of bacterial composition that is introduced

Using mice to model CF has shown both success and failure irckimigiithe human
lung CF phenotype. CF in humans typically results in thickened airway mucus leading to
reduced mucociliary clearance and chronic infecttdh 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 knawas the periciliary layer (PCE§Murine models have
been shown to generate altered mucociliary clearance, but ciliary beating frequencies were not

different from the normal mic¥:?°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 patholdgy* Although mous 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 afédhaconditions the mice are
kept3? Other studies have foundFGnouse models to show no difference in ASL leyelhich

are known to harbor antimicrobials that efficiently kill opportunistic pathqdkesby

preventing spontaneous infection from occurring in these métsa result, CF studies
utilizing the mouse model frequently challenge the animals pathogenidacteria®**

However, new techniques involving the usdé’oferuginos@&mbedded agarose beads for
bacterial inoculation has been shown to better resemble CF patient infection i mice.

To broaden the range of anihmodels, 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
patients3’ Like pigs, ferrets have alsomenstrated spontaneous lung infection and impaired
mucociliary transport! The limitations of using large animal studies are that they require more
space and sourcesleading tancreagd cost of preclinical studies. Other studies reported life
threatening complications with both pigs and ferrdtat requiredsurgical intervention, making

it even more difficult for widespread implementatii®

1.2.2 In Vitro
Given these challenges with animal models, there has been animgregsest in
developing a representatiirevitro hostmicrobe interaction model. Some of the established

models include the use of compartmentalized systems for mammalian micrebidiuzre



including microfluidic devices and transwell-calture3%4? The use ofmicrofluidic devices and
transwellsare similar in that both techniques involve compartmentalization using a semi
permeable membrane to separate endothelia¢pitidelial cell growth (in microfluidic devices),

or compartmentalization of the mammalian cell and bactegibpopulatiors (in transwell ce
culture). JaliliFiroozhinezackt al. (2019) have demonstratibe use of a gubn-a-chip, where
differentiatedmucus 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 chalirel.airway model has also been
developed using microfluidics to mimic the fungal and bacterial interactions in the bronchial
microenvironment?

In contrasttranswell ceculture techniques allow for the simultaneous growth of
mammalian cells and bacterial cells within the same compartment (transwell insert), while
providing theadditional fresh media through the receiver Wet:**The two different cell
populatiors can also be grown in either compartment, separated by thgpeemeable
membrane, which can hused to assess chemical communication between the host and microbial
cellsas well asmmune cell migratiori® Although the use of both microfluidic devices and
transwell ceculture hae beershown to effectively maintain mammaliamicrobial interaction
over seeral days, there are some clear limitatidBsth techniques, while allowing for mucus
production, can é& limited by the amount of mucus that is produced, where differentiated cell
mucus production has been shown to produce thin layers of mueusng periods of
time.3°4%46Microfluidic device fabrication tends to require highly trained personnel and
specialized equipment, thus limiting its adoption and use igeheralife science laborator§?

Transwell ceculture techniques, while commercially available aodvenient, do not allow for



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

In addition, another coulture method which has been less explored is the use of a liquid
liquid scaffolding for bacterial deposition onto mammalian cells, known as aquecpbas®e
system(ATPS)co-culture*’ An ATPS is abiphasicsystenthat can be formed by dissolvihgo
immiscible polymers in solutiothatgenerates lower and upper phasedcan be used to
manipulate the distribution of cells by physical separation. The application of ATPS in
mammaliaAmicrobial ceculture involvegesuspension of a bacterial population in the lower
phase, where a single droplet of the bactacia lower phase can be deposited directly onto a
mammalian monolayer, grown in the upper ph&se.instanceDwidar et al. (2013)
demonstratéthe depositia of Escherichia colonto a mammalian monolayer using a
polyethylene glycetextran (PEEDEX) ATPS, where the lower DE}hase was used to
confine bacteria to a localized region on top of a mammalian monolayer growruippire
PEGphasé’ The use of an ATPS etulture allows foefficient bacterial deposition to localized
regions of the culture vessélowever, the limits of the ATPS stability over time has not yet been
explored Additionally, this system lacks the mucus hydrogel laggarovide the niche

microenvironment for bacterial interaction.

1.3 Role of Mucus in the Human Body

The human mucus layes known to play a crucial role in maintaining heddyhacting as
aprotective barrierfor the underlying epithelial celf§ In areas such as thespiratory and Gl
tract, the mucus hydrogel lining provides a unique microenvironment inhglgddminantly

by commensal bacteria, whichasllectivelyknown as the microbiot®8y harboring commensal



bacteria within the mucus layer, added protectigrasided by bacterial competition between
the commensal bacteria and any opportunistic pathogens that may enter the*body.
Additionally, the mucus layer idso known to harbor a range of secreted antimicrobial
biomoleculessuch as AMPs and immunoglobulins (t&§*

The mucus layer is a selectively diffusive barrileatallows foroxygen and nutrient
diffusion to the underlying epithelial cells while preventing harmful pathogens and foreign
particles from coming in direciontact with the mucosal tissbg size exclusioifor steric
hinderanceand interaction filtering of smaller molecuf$* In the Gl tract, specificallin the
colon, the mucus layer is organizedaihi-layer structure, where the inner é&ay(closer to the
epithelium) is a sterile, dense lay&he outer layer (closer to the intestinal lumen) is less dense
which allows commensal bacteria to diffuse in and restdéHarboring commensal bacteria in
the mucus layer provides a mutually beneficial relationship between the microbiota and the host.
Mucus is constantly secreténto the lumen of the gut by goblet cedlsdcan beused by the
bacteria as a carbon source a#l ws attachment sit€&>°In return,commensal bacteria groups
such ag-irmicutesandBacteroidesaid in nutrient breakdown of otherwise indigestible
polysaccharides for the hdStAdditionally, commensal bacteria compete with incoming
pathoges for space by secreting bacteriocassa direct mechanism to kill pathogéh$:

In the airway, the muus layer function is conserved; however, the mechanism of
protection differs based on the mucus layer arrangement and physiolbgre, the mucus
hydrogel layer is much thinner (6 0 ) thamin the Gl tractl37 8 3 0 ), andrests on top of
the ASL that allows for ciliary motion of thapperairway epithetal cells®3¢4The ciliary motion
thuspropelsthe upper mucus layer oot the airway, which may have entrapped pathogens and

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



goblet andClub cells to maintain the mucociliary esatdr® Like the Gl mucus e role of
commensal bacteria in the airwiags also been demonstrateghtovide host protection against
bacterial pathogen# probiotic speciesBifidobacterium longumwasshown to protect host
lungs fromKlebsiella pneumoniaby inducing increased reactive oxygen species (ROS)
production in alveolar macrophagesedue the bacterial load gfathogenid. pneumoniaé’
Other studies demonstrate and characterize the bacteriocin production and activity of
BifidobacteriumandLactobacillusspecie$®®®However, bacterial stiias such a®seudomonas
aeruginoséhave demonstrated resistance to bacteripeihgch can lead to chronic infection of
the lungs™

Additionally, in both the airway and intestinal mucosal surface, epithelial celEtsecr
IgA and AMPs such as alphdefensin and LE37,that become incorporated into the mucus
hydrogelas part of the innate defense provided by the m¥ctid hese biomolecules are
typically retained in the mucus layer througjkctrostati@andphysicalinteractions with the
negatively charged mucin glycoproteins that make up the mucus hydrogel n&ttthiaugh
not as commonly found i@l mucus as IgA, IgG has also been reported to be found in patient
airway mucussecretionswhichplays a major role in host defense in the distal airway and

adaptive immunity>"3

1.4 Compositionand Structure of Mucins and their Contribution to Mucus Function
The mucus layer is a viscoeladbiologicalhydroge] secreted by goblet celihat is

known to have noiNewtonian rheological propertiésHydrogels can be defined as water

swollen crosslinked polymer netwarkwhere thenucus hydrogel network consists of

crosslinked (covalent and naovalent)glycoproteins called mucinsalong with lipids, salts,



and other proteins involved in host defefisEhe core peptide of a mucin monongenerally
consists of repeated PTS domains (pretimeonineserine)thatbecome highly glycosylated
giving mucin a brustike structure, with cysteirgch terminals that allovfor disulfide

crosslinking between monomefEigure 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, 2008YB) Schematic of mucin network formed
through various covalent and nroavalent interactions (Adapted from Wagner et al., 26%8).
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In humansthe mucus hydrogel mainly consists of the-fgeining mucins secreted into
the extracellular spacé After the translation of mucin peptidgmsttranslational glycosylain

takes place and mucins dahen tightly packed into secretion granules within epithelial and



goblet cells’® Once cells arsignaledto degranulate and release mucin into the extracellular
environmentthe mucin electrolyte content becomes diluted leading to swehithghe
formation of a mucus hydrogél

The size and structure of mucin have a direct impact on the physical properties of mucus.
Mucin monomersare knowrto have a broadangein molecular weightrangingfrom 250 kDa
to 2 MDg where the bulk of the mucin masglerived from the @inked oligosaccharide side
chains®® The combination of longterconnected mucin chainshysical entanglement, and ionic
interaction between the carbohydrate sidechairsoaliribute to the viscoelastic properties of
mucus in that it is more viscous at low shear rates and less viscous at higher sh&arhates
viscoelasticity of mucus can be altered based on the ionic compo€itien.et al. (2010)
demonstratéthat increased bicarbonate concentrations in mucus reduces the viscosity by
chelating calcium ions and thus reducing the ionic interaction betweein chain$! 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 laper.
carbohydrate sidechai$ mucin peptides carry negatively charged sulfate and sialic acid
groups®® These negative charges allow mucus to interact with positively charged secreted
AMPs, such as alphadefensins and L137.”t Additionally, secreted IgAnd IgGare retained in
the mucus layethrough interaction of similar oligosaccharide structures as the ffudjyon
secretion ofgA, they are known tbe covalently bound tglycosylated secretory componefis.
Studies have demonstrated the localizabbAMPs andlg within the mucus layer to prevent

commensal bacteria from over proliferatf3r*84
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1.5 Mucus Dysregulation and Associated Pathologies

Knowing the importance of the role mucus plays in maintaining human hieathpt
surprisingthat its dysregulatioteads to complicatiand disease progressidvucus
dysregulation in the airway typically leads to chronic infection of the lungs deeéssive
accumulation of mugsthat is unable to be cleared via ciliary motféinflammatory bowel
disease has been thought to be caused by dysbiosis due to prolonged mucukatgserggthe
Gl tract although the direct cause remains uncléér

Associated pathologies of mucus dysregulation in the airway can either be caused by
mucus hypersecretion or thickened mudus todysfunctional ion channels in the epithéiia.
Mucus hypersecretiois most commonly known to occur in chronic obstructive pulmonary
diseases (COPDypically occurring in individuals who smoke or are exposeuidgh levels of
air pollutants®8°Inhaled particulate . cigarette smoke air pollutants)will trigger epithelial
cells to secrete neutroplihemoatactantthat concentrate at the airway lun#@iit has been
shown that patients with COPiave increased neutrophil accumulation in the airway
epithelium whichstimulates degranulation of mucin producing cells with neutrophil ela¥tase.
Cystic fibrosis, on the other hartths been well studieghdstems from mutations in the CFTR
gene that is responsible for chloride ion homeostasis in theWitigout a functionalCFTR
channel, mucus becomes dehydrated resulting in loss of the ASL layer and the inability to clear
mucus out of the airwa3. This thickened mucus provides a microenvironment for opportunistic
bacteria taeplicateand persistwith acommon opportunistic pathogeribgP. aeruginosa
which are notorious for their persistence and antibiotic resistance once colonized in the thickened

airway mucus? P. aeruginosan a mucoid state are known to secrete algjmetéch allow for
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the bacteria to better resist administered antibiascaell as avoidance from the host immune
responsg?3

Diseasedn theGl tract includedBDs, sucha<Cr o h n 6 s(CR) and Eleestee
Colitis (UC), which can be defined as chronic inflammation and ulceration aintheosa
Generally,it is thoughtto bea shift in the abundance of commensal bacteria to larger proportions
of pathogenic bacteri.In contrast, other studies suggest disruption in the mucus layer leads to
extendedexposure t@ommensal bacteriavhich normally does not cause inflammatidf
There has also been evidence produced that sugaspatiens have genetipredispositions
to IBDs which result in altered-@lycosylation of mucingn turn causing poor barrier function
of the mucus layet>® 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 angathogenic bacterial specie¥*®However, Tamboli et al. (2004) emphasize the
importance of distinguishing between the fecal flora (typically what is used in animal studies)
and the mucosal florsuggesting that the uséfecal flora may not be a full representation of
intestinal microbiot&®

Moreover, other species of bacteria hdegelopediifferent mechanisms of bypassing
the mucus layer under healthy conditions, suddedkobacter pyloriandShigella flexneriH.
pylori canchange the pH ofthemucusmicroenvironmento reduce the viscosity allowing the
bacteria to pass through the mucayger in the stomach® Species such &. flexnerproduce
mucolytic enzymeshatbreakdown the mucin chains where mucin is used as a nutrient source as

they pass through the dense mucus layer of the ¢olioect underlying cell$™

1.6 Applications and Biocompatibilities of Aqueous TwePhase Systems
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The formation of am\TPS can beachieved by mixing either two immiscible polymers, a
polymer and a salt, aonic liquids and alcohols a solvent such as water at specific
concentrationswhich eventually separate into two distinct pha$&$his separation
phenomenon is based on the incompatibility of the two solutes chekere the hydrophobic or
hydrophilicproperties determine the separati&tHowever this is not always the case, where
specific concenaitions of polymer or salt are required for phase separation to &gcur.
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 conceritration rat
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 pha@&gure 2)'°2
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Figure 2: Schematic example of an aqueous twphase system binodal curveConcentrations

at or above the binodal curve will form an agueousvase system (T, C, or Byith tie-lines

(T-B), which indicate formulations of the same phase composition and varying mass ratios of the
top and bottom phasEigure adapted from Igbat al. (2016
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In the past, ATPS has been predominantly used for partitioning and isolation of
biomoleculesas a more economicpurification techniqueéWhen using a polymeguolymer
ATPS such as PEG and DEX, generally hydrophobic moleculepavtition into the upper
PEGrich phase while hydrophilic molecules partition into the lower BfX phase®1%The
use of both a PE®EX and EEG-phosphate ATPS are both widely used tools for protein
isolation and purification with yield recoveries ranging from 89% to §89¢/In addition to
differentiating and partitioning proteins bdsen hydrophobicity, Kim et al. (2015) demonstcate
the abilityof a PEGDEX ATPSto 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 popula®ns
well as optimization of immune assays such as endinked immunosorbent assay
(ELISA).19%11 while the application mentioned are important for advancing the ATPS
technologythe use of ATPS in mammalianicrobial interaction has potential and has been
largely unexploredOne study has demonstrated the use of a-BE& ATPS in mammalian
microbial coculture by depositing bacteriach DEX phase directly on top of mammalian cells
grown in a PE@hase'’ Additionally, Yaguchi et al. (2012)emonstratethe ability to study
bacterial interaction between species using A¥PShese cell population interaction studies
allow for the physical contact between cells as well as chemical communication by free diffusion
of proteinsthroughthe ATPS inteface?”*'2113However, one of the major limitations of a PEG
DEX ATPS in mammaliammicrobial cecultureis that PEG is cytotoxic towards mammalian

cells in a molecular weiglitependent mannét? The mechanism of PE@ediated cell death is
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primarily due to its ability to interrupt cellulanembranessawell as generation of reactive

oxygen species (ROSY

1.7 Biomedical Applications of Alginate Hydrogds

Alginate is a naturally occurring polymgratcan be isolated fromorown seaweed and
has numerous uses within the biomedical figlpplications inclu@ cell encapsulation, drug
delivery, wound healing, and fabrication of synthetic biomatet&ls’ These applications all
involve the formation of alginate hydrogels through crosslinking with divalent cations, such as
C&*. Alginate can b described as linear-gmlymers containing blocks of (1,-#)i n ke d b
mannur on at-legulurbhate &) residué$hecomposition of both the G and M
residues dictate the crosslinking density between monomikeseit is only the Gresidues that
are thought to form ionic crosslinks between alginate monohfe@haracteristicshatmake
alginate such a desirable material for biomedical applicatieits ease of use and
biocompatibility bothin vivoandin vitro.

Alginate molecules are known to be inherently+cefi adhesive, where cell
encapsulation or tissue engineering applications typically require alginate modification or
combining with c# adhesive molecules to form hybrid hydrogefs'®12°A popular method of
alginate modification involves the covalent attachnodrarginineglycine-aspartic acid (RGD)
ligands, which have demonstrated significantly increased cell adherence to alginate sub'sfrates
These modified alginate hydrogels have been shown to allow for cell encapsulation and
differentiation for tissue regeneration and transplantation applicafibtféAlternatively, other
studies haveiseda blended hydrogeletwork involving alginate and gelatin or collage&rhich

are natural components of the extracellular matrix (ECM) within the humantbody
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Similarly, these studies alstemonstrate the saessful adherence of mammalian ct#istcan
be differentiated and were studied for up to 30 d&nterestingly, alginate hydrogels have
also been used to stuly aeruginosaiofilm formationby encapsulation, which was found to
form bacterial aggregates similar to those found in CF patient n{éttisis finding is not
surprising considering the alginate productiofPoferuginosaluring chronic infection of the
lung>®

Other biomedical applications of alginate include drug delivery and fabrication ofbwou
dressingsSmall molecular weight drugs have been ionically linked to alginate hydrogel beads
that have shown slowed and controlled releasmt¥inflammatory drugflurbiprofen, which
was controlled by crosslinking densif{?.Anticancer drugs such as Doxorubigind
Methotrexatewere previously shown to be covalently linked to alginate hydrogel backbades
incorporated within the pores of the hydrogel, respectively. This allowed for a combination
treatment method that coudthablefast release of Methotrexate and slowelgéase of the
Doxorubicin through hydrolysis of the linker molect#éIn the fabrication of alginate wound
dressings, alginate hydrogels are first formed through moigslinking, like the mentioned
applications; however, they are further processed by freeze drying to form porous sheets. These
freezedried sheets can be applied to wounds to absorb any fluids and maintain the moisture of
the site and minimize the risk bacterial infectiort?® Furthermore, thesegihate 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 mucudike hydrogels have been identifieghere alginate is used as the-fpeming

network considering the loss of gelation ability in reconstituted purified mecsmexample,
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Pacheco et al. (2019) generated an alginaiein hydrogel by crossiking with calcium
carbonate (CaCfand D(+)-g | u ¢ o n Hactona(GDLY allawing the immobilization of
mucin within a crosslinked alginate hydrog€lThe intended application of this hydrogeds
for the assessment of drug dgfan, where conventional methods tend to neglect the thick
mucus layer that orally administered drugs face when ing&Stedcontrast;Taylor et al.
(2005) simply mixed alginate and muaalutionsto allow for alginatemucin and mucikmucin
interactionto be used as a substrate for study®ngeruginosayrowth in a mucudike
microenvironment?8 Both formulations wereeported to haveiscoelastic properties similar to
nativemucus andire promisindiydrogel formulatioeto 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 neealdionple yet robusin vitro
mammaliaAmicrobial co-cultureplatformfor studying hostnicrobe interactionBy designing
and fabricating an artificial mucus hydrogel for a PEEX ATPS mammaliammicrobial ce
culture using common laboratory chemicals and equipment, this model casilb@aezessible
and utilized in theypically equippedife science laboratory for disease modelling and antibiotic
resistance testing\lthough somevork has been done to recapitulate the mucus
microenvironmenby cell differentiationthis process is timconsuming and is limited by the
low levels of mucus secretion. Thevestigationof alternativemucus microenvironments for
hostmicrobe interaction remains largaipexplored.

Theprincipal aimsof this studyareto: (1) Explorealginatehydrogelformulations to
fabricatea mucuslike hydrogel that can be readily formed on top of mammalian aetlss
compatible with a PE®EX ATPS ceculture system(2) Characterize and understand the
relationships between thpdysical properties and théological functions of an alginat@ucin
hydrogel in an ATPS coulture system(3) Establisha mammaliasmicrobial coculture using a

PEGDEX ATPSfor 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 formulatiothatcan be readily formedirectly on top of

mammalian cells and characterize its compatibility with ATPS mammaliarobial coculture
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based on specific design criteria includirggelation time, cytocompatibility, mammalian cell
adherence, selective diffusivity, and the stability of ATPS formation (Table 1).

Hypothesis1: With a hydrogel overlaying the mammalian monolayer RBE& mediated
cytotoxicity will be reduce@nd 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 araihon
adherent characteristieseall desiredoroperties 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, algimatein (ALG-MUC) semi
interpenetrating polymer netwofkemtIPN) can be fabricated, where mucin is immobilized
within thecrosslinkedalginate networkThe simple ionic crosslinking of alginate also allows for
the ability to easily tune the physical characteristics of the MIBC semilPN by modifying

the crosslinking densityAdditionally, PEG used in current ATPS formulations is known to be
cytotoxic bwards 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.

DesignCriteria Design Input Design Rationale

Gelation time The time of hydrogel gelation Media is removed during the
should take no longer than 1 hour gelation process, which can rest
in significant cell death.

Cytocompatibility  Hydrogels overlaicdbnto Natural mucus is noharmful
mammalian cells shall not cause toward host cells.
significant cell death compared to
when no hydrogel is present.

Mammalian cell Hydrogels shall be nenell Cell adherent hydrogels may
adherence adherent in that mammalian result in cell migration into the
monolayer remains intactfter network, which is not
removal of hydrogel layer. representative of natural mucus

epithelium cell behavior.

Selective diffusivity Hydrogel overlay shall provide PEG is cytotoxic towards
mammalian cellprotection from  mammalian cells; therefore,
PEG-mediated cytotoxicity in that hydrogel must mitigate PEG
cell viability does not significantly diffusion while allowing for
differ from cells grown in normal nutrient and oxygen diffusion for

cell culture media. 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 reqined 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 hydrogasess the diffusivity of

DEX andrelevantbiomolecules (I, LL-37) through the hydrogeland compare the observed
physical characteristics to the biological functions observed in objective 3

Hypothesis2: Increasing the mucin content within the alginbésed hydrogel will increase
hydrogel viscosity andeduce the diffusivity of biomolecules and deposited bacteria compared to

alginate hydrogels without mucin.

20



Rationale: The physicatharacteristics, such as viscosity and diffitg, 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 faisegatre
diffusion and vice versa. Therefore,stimportant to have the ability to control the physical
properties of the artificial mucus hydrog®ucins are also known to carry overall negative

chargeswhich can impact the diffusion of charged molecul@®ugh electrostatic interactions.

2.4 Aim 3: Establishment of aMammalian-Microbial Co -Culture using a PEG-DEX

ATPS Containing an Atrtificial Mucus Layer
Objective: To demonstrate the spatial distribution of bacterial species within the 6FPS
culture with an artificial mucus hydrogel layer and assess the effect of mucin on bacterial growth
as well as the effects of ahtoticson bacterial growth within the artificial mucus hydrogels.
Hypothesis3a: Alginatebased hydrogels containing muewil provide a microenvironment for
increased bacterial growth ahécterial persistence after antibiotic treatment.
Hypothesis3b: Alginate-based hydrogel containing mucin will provide an improved barrier
function to pathogenic bacteria to reduceléwel 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 hoshicrobe interactionHost cell death and inflammatory response
are often dependent on the barrier function of the mucus layer and proximity of the microbes to
the mucusepithelium interface. Therefori,is importantto assess the spatial distribution of
bacterial species within the system to undexsthe barrier functions of the artificial mucus in

thisin vitro model(Figure 3) Moreover, bacterial antibiotic resistance within the mucus
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environment is a common occurrence in chronic infectiars ihis important to assess the

effects of antibiotics on bacterial proliferation within tmsvitro co-culture system.

PEG PEG

Bacteria
DEX

DEX Mucus hydrogel
Mammalian cells
/ T |
Figure 3: lllustration of a PEG-DEX ATPS mammalian-microbial cell co-culture with and
without an artificia | mucus hydrogel layer Mammaliarmicrobial coculture, where bacteria

cells are grown directly on top of a mammalian monolg@gdt) or on top of an incorporated
artificial mucus hydrogel layer (rightyith bacteria confined within a DEghase droplet
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CHAPTER 3. MATERIALS AND METHODS
3.1 Preparation of Aqueous TwaPhase System Formulations

Aqueous twephase system (ATP&)rmulations were preparagingpolyethylene
glycol (PEG,35 kDa, Sigma&Aldrich) and dextran (DEX500 kDa, Pharmasmg). The two
formulations used consisted of 5% PEG/5% DBEY ATPS)and 10% PEG/10% DEKL0%
ATPS)(w/v), where PEG and DEX were dissetlin eitherRPMI medium Gibco)or
Du | b e dModdiéd€agleMedium(DMEM, 1x, Gibco)containing 1%{v/v) fetal bovine
serum (FBSThermo Fisher Scientifjcand1% (v/v) antibiotic-antimycotic @nti-anti, 100X,
Gibco (F1 and F2, Table 2Anti-anti was only usefor PEGmediatedcytotoxicity assays
whenbacteria was ndieing introduced into the cell cultufe3 and F4, Table 2Yo make the
ATPS, PEG and DEX werdissolvedn cell culture mediunfRPMI or DMEM) by mixing
overnighton arocking platform shakgiVWR) followed byaddition of 1%(v/v) FBSand1%
(v/v) Anti-Anti, thensterilized by suction filtratiof 0 . 2 2 ter sigrilizedFRATHS were
centrifuged fol90 minutesat 3000 x go obtain phase separation of tREGphase (upper) and
DEX-phase (lower)The two phasewere theraliquotedinto separate Falcon tubasdstored at

4 °C.

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

Weight andvolumes for 40 ml

PEG(q) DEX (9) 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 usedn this study include a human bronchial epithelial cell,lit@HBE
(kindly provided by DrElizabeth CowleyDalhousie University)anda colorectal
adenearcinoma cell lineCaca2 (kindly provided by Dr. Andrew Stadnyk, Dalhousie
University). 16-HBE cells were grown and maintaineddMEM/F-12 media10% FBS, 1%
anti-anti), a 1:1ratio mixture of DMEM (Gibco)andH a mB-E Nutrient Mixture (Gibco) at
37 °C, 5% CQ. Caca?2 cells were grown and maintained in DMEM% FBS, 1% AntAnti)
at 37 °C, 5% C@ During experiments, callwere seeded into 24ell platesat a cell density of
~4000 cellstell (for Cace2) and ~8000 cellg/ell (for 16-HBE) thengrown for 24 hours
followed by a media change kmwv FBS containingRPMI (1% FBS, 1% AntiAnti) or DMEM
(1% FBS, 1% AntiAnti) for 16:HBE and Cace?, respectivelyMammalian cell stocks were
stored and maintained the appropriate culture media containing 5% dimesifioxide

(DMSO, Sgma-Aldrich) at~1 million cells/ml in cryotubeat-196 °G in liquid nitrogen.

3.3 Bacterial Strains and Culture

Bacterial strains used inclutkseudmonasaeruginosaPAl4andShigella flexneri
MOOT (gifted by Dr. Zhenyu Cheng, Dalhousie Universit) aeruginosaultures were grown
in LB broth (SigmaAldrich)s u p p| e me nt g/ohl casberticitlindBddidm sal(Sigma
Aldrich) and incubated at 37 °C with shaking at 206 All cultures were grown from single
coloniesafter streakindg.B agar (1.5 %, w/ySigmaAldrichyp | at e s (c&bericillis)g / ml
from frozen stocks?. aeruginosatocks werestored in 1 ml LB broth containirgb% (v/v)

glyceroland2 5 0  ecaybdemicillin at-80 °C.
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S. flexnericultures were grown itryptic soy broth (TSB,Fisher Scientifif supplemented
with 100e g / ampicillin (Sigma Aldricl) and incubated at 37 °C with shaking at 208. All
cultures were grown frormsingle, redpigmentedcolonies after streakinGSB Congored (200
e g/ ml ,-Ald8ich)pgaa(1.5 %, wiyplates {00 ¢ garhpicillin) from frozen stocksS.
flexneristocks were stored in 1 MBB containing 25% (v/v) glycer@nd100e g / ml

carbenicillin at-80 °C.

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

To find theappropriate alginate gelati@echnique foATPS caculture, three different
crosslinking methods were explored useéithper. (1) 100 mM CaGl, (2) CaCgQ, or (3) low
concentration Cag(4.5 mMi 6 mM). Alginate stock solutions were made fimyxing alginic
acid sodiumsalt (low viscosity, MP Biomedicalgh distilled waterfor a 2% (w/v) solutiorthat
was mixedslowly using a magnetic stir raernightand filtereds t er i | i zed (0. 45 ¢€n
alginate solutions were then frozerbd ml Falcon tubs (15 ml per tuhdrozen on sideat-20
°C andlyophilized (FreezeZone 2.5 Liter Benchtop Freeze Dryer, LABCON{0®24 hours
Prior to use, th&ophilizedalginate was placedto a petri dish and UV sterilized (254 nm
wavelength¥or 1 hour, then reconstituted in PB®used lyophilizedilginate was stored &20
°C and used withir2 weeks after reconstitution

To crosslink alginate hydrogels with 100 MM CaGl0 0 ¢ | (wdvj algimatel %
solution was added to a 2#ell plate.Crosslinking solutions were made by dissolvaadcium

chloride (CaCb, SigmaAdrich) in waterat 100 mMand f i | t er s tCeosslinkingzed (O
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solution was t hen de A% abindtesirda d{o@Bnvs® maankrcrosslink t
the alginate solutignwvhere excess Cai3olution was removedsing a pipette.

Slow alginate hydrogel crosslinking was carried out usaigiumcarbonate (CaC¢)
SigmaAldrich) and D(+)-gl u ¢ o n i -lactoaec(&Ol, Sigmaldrich) at a 12 (CaCQ:GDL)
molarratio to maintain a neutral pH. Firsinalginate solution washixed with aCaCQ
suspension in PB&nd vortexed for 1 minut&DL solution (in PBS) was then added and
vortexed forl minute where the alginate:CaG@DL mixture was transferredto a 24well
plate and incubated at 37 °C for 30 mindtasgelation. All solutions were added at volumes for
final concentrations of% (w/v) alginate and 60 mM:120 mK3aCQ:GDL.

Alternatively,alginate hydrogels were crosslinked using Gatlow concentrigons (4.5
mM 1 6 mM)to form partially crosslinked, soft alginate hydrogédlse low concentration Cagl
solutiors weremade in DMEM by mixingaliquotsof a filter sterilized 0 . 2 2100enmmg/ml|,
CaCkb stock solution (in distilled wategt different volumes to generate Ca€bncentrations of
either 9 mM, 9.5 mM, 10 mM, 11 mM, or 12 mMKll crosslinker solution werenadefresh prior
to crosslinkingTo fabricate thgartially crosslinked alginate hydroge®8o (w/v) alginate
solutiors weremixedwith the CaCb crosslinker solution (i MEM, 9 mM, 9.5 mM, 10 mM,
11 mM, orl2 mM), wherealginate and Caglolumes were mixed at a 1:1 ratio foral
concentrations of 1% (w/v) alginate and Ca€incentrations o4.5 mM, 4.75 mM, 5 mM, 5.5
mM, or 6 mM.Alginate CaCb mixtures were immediately transferred to avi2dl plateand
incubated for 1 hour at 37 °@rfgelation.

Alginatemucin (ALG-MUC) semtinterpenetrating polymer networks (selaN)
hydrogels were prepared using |I&&Cb concentrations as described abdweurdifferent

ALG-MUC semilPN hydrogels wergested 1% alginate with 0% mucin (1%
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ALG/0.1%MUC), 1% alginate with 0.5% mucin (1% ALG/0.5% MUY alginate witHL%
mucin (1% ALG/1% MUC) and 1% alginatevith 1.5% mucin (1% ALG/1.5% MUCA 3%
(w/v) alginatesolution was mixed with a 10% (w/v) solutionMficin Type Il (SigmaAldrich),
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 houidlowed by reconstituting the sterilized mucin in PBS.
The alginate and mucin solutions were mixed microcentrifuge tube or Falcorbi at
volumesthat would generate the desired final concentratish&rean amount of PBS was
added to make up half of the total voluriee remaining half of the total vahewas DMEM
containingd mM, 9.5 mM, 10 mM, 11 mM, or 12 mKdaCb, where the ALGMUC hydrogel
mixture was mixed carefullysing a pipette to prevent air bubble format{Bee Table for
example volumes)mmediately after mixing the hydrogelixtures,theywere then deposited
into 24-well plates either into an empty well (for hydrogel stability testiritj Tes) or directly

onto a monolayer within a 24ell plate, where plates were incubated at 37 f®fe hour

Table 3: Alginate and alginatemucinsemil PN hydr ogel component volu
el 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
CaCkb (in DMEM) 450 450 450 450 450
Total vol. 900 900 900 900 900

To test the stability of the hydrog@t various crosslinking concentratiods mM, 4.75
mM, 5 mM, 5.5 mM, and 6 mMafter one hour of gelatipm modified invetedtube test?® (ftilt
test) was carried out using a 2#ell plate.The 24-well plates containings 0 0 ¢ | of hydro
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per well were tilted an~80 ° angle for 10 secondsd imaged using a digital camera to

observe the stability of tHeydrogels

3.5 Assessing the Roles of Hydrogels in PE@lediated Cytotoxicity Mitigation
To demonstrate the cytotoxic effects of RRase median 16HBE cells, cek were
seeded intovells of a24-well plate at 40% confluendy-8000 cells/welland incubated for2
hours Culture media was then changed to low FBS media (RPMI, 1% FB&nfi%nti) and
incubated for 24 hours. &lia waghenremoved from each well and cells were washed once
with PBS followed by the addition af5% (F1) and 10%(F2) PEGphase solution and incubated
for 96 hoursA Live/DeadAssay (Thermo Fisher Scientific) and Hoechst stain (Hoechst 33342,
Thermo Fisher Scientifiojereperformedo assess cell viabilitst 48-, 72, and 96hourtime
points Calcein AM and Ethidium homodimérworking concentrations were both at 246¢
mM, whil e Hoechst wa 3mM)sakdilutedin PES. ¢ g/ ml (8.1 x
To assess thability of alginatebased hydrogels in mitigatifgeGmediated
cytotoxicity, 16-HBE cells were seeded into-2¢ll platesas mentioned abowand incubateth
PEGphase solutions (5% and 10%ith 3 0 0  kydrogel bverlaid on top of the monolayer.
Cells were washed once with PBS followed by the additicl?6fALG or ALG-MUC (1%
ALG/0.5% MUCor 1% ALG/1% MUC) hydrogelsPEGphasgF1 or F2)or RPMI media (1%
FBS and 1%Anti-Anti) wasadded on top of theydragels and incubated at 37 °C, 5% I6r
48 hours. After the incubation peripghedia andhydrogelswere removedrbm the wellsby
suctionand Live/DeadAssayandHoechst stainvereperformedo assess cell viability.
After Live/Dead stainingfluorescent microscopy was performed where 5 images were

taken per well using DAPI (nuclei), GFR¢ cells), and RFPdeadcells) channelsEach image
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was analyzed using Celleste Image Analysis Software to count the nunmoetesfand dead

cells. Cell viability was calculated bysing equation 1.

[ U I |
0 Q@D w W Qo—w

WP T T (1)

3.6 Determination of Hydrogel Viscosities using a Falhg Ball Viscometer Method

Mucin-Alginate hydrogels were formulated as described abmaking a total volume of
6 ml of hydrogelin 15 mlcentrifugetubes Hydrogel density was measured etnote by
weighing 0.5 ml of the hydrogel sample on a sclhe 6 ml lydrogel samples were transferred
into shortened.5 ml centrifugetubes(cut at the 7 ml markfpr viscosity measure usirafalling
ball viscometer method.

To measure the hydrogel viscosiymnm (diameterchromesteelball bearings(Bearings
Canada)vere dropped intthetubes containingither a 1% ALG, 1% ALG/0.5% MUC, or 1%
ALG/1% MUC hydrogel samplé-irst 2 balls were dropped into the tubes consecutively and
recorded using digital cameraat 60 frames per secom third ballwas dropped into the
hydrogel sample either 1 hour or 3 hours after the initial two dR@sorded videos were
analyzed using Tracker software to generate distamee(D-T) graphsof the vertical distance
travelled by the dropped ball§he terminal veicities of each bailveredetermined by
performing a linear regression (lhoé-bestfit) at the linear portion of each-D curve on Prism
GraphPado determine the slops thefirst drop in each hydrogel samplEhe viscosity of each
hydrogel was then calculated using equafidelow, derived fromSt o k e fwherddaw s t h e
viscosity, r is the ragiisust hoef dtehnes istiyetieolf btahlel ,s

density of the hydrogel, andig 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 coeficients of fluorescein tagged DEX,&j and LL-37 were all assesség
fluorescent imaging over timeéITC-DEX (150 kDa,Sigma Aldrich)and 5FAM-LL-37
(AnaSpecwe r e u s g/ohl, wite AnEi-Bluman IgAFITC (IgG-FITC, Sigma Aldrich)
were dilutedl:30 in PBY 3 7 & TQo/assés$ diffusion through alginate and alginaiein
semtIPN hydrogelsstraight channels within@olydimethylsiloxanéPDMS) chip were
fabricatedusing a 3D printed mold, wheokhanned were 0.5 mngheight) x 0.5 mm (width) x 10
mm (length)with 2 mm diametebiopsy punched holes (vertical) at both elRISMS chips were
formedusing asilicone elastomerkit (Sylgard)by mixing PDMS elastomer with curing agent at
a10:1 ratio(elastomer:curing agenand poured into the 3D printed molds to be degassed in a
vacuum chamber and cured at room temperdRif¢ for 48 hoursPDMS chips were then
incubated in PBS at 37 °@ernight prior to us& remove any air trapped withihe chip,and
plasma oxidized onto glass slidésgure4A). Hydrogelmixtures were then formed as
mentioned above and injected into the straight chamsalg a wide bore pipette tymtil
hydrogel front reachethe end of the channehd incubated &T for 1 haur (Figure4B).
Custom pipette tips were 3D printed using an opaque resin with a strdgggh&ed narrowing tip
as reservoir holdethat weraensertedat both ends of the straight chann@gure4A). Prior to
fluorescent imaging, reservoirs at each end of the straight channels were filled with half diluted
DMEM (in PBS) using a 2guage syringe and incubated at RT for 3 hours to allow the hydrogel

to reach the swelling capacifiihe diluted DMEM waslten removed from the reservoir opposite
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to the hydrogel injection site and filled withe fluorescent mixtur@n half diluted DMEM)
using a25-gauge syring@eedle The dffusion device was then placed into a humidified
chamber (singlavell plate contaimg presoaked Kim wipegnd imaged for 6 houet 4-minute
intervals.

Diffusion profiles (2 mm, starting at the hydrodigjuid interface were generated using
ImageJ fotthe first 30 frame$2 hours) Fluorescent values were normalized to the fluorescence
of a channel only containing fluorescent solution, wizeneatrix of normalized data was used to
calculate the effective diffusion coefficieming a custom MATLAB cod&om Hettiaratchiet
al. (2018)to fit the data to a-tlimensional diffusion function (equation, 3)yhereerfcis the
complementary error function, F is the fluorescence normalized to the initial timepoint, x is the
distance from the reservdiydrogel interface (cm), t slapsed time, anddRis the effective

diffusion coefficient (criys).t3°

'06fd ¢ Qi Qe 3)
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Figure 4. Schematic of PDMS diffusion device setip. (A) PDMS straight channel chip

assembly, where PDMS chips were covalently attached to a glass slide, followed by insertion of
3D-printed pipette tip reservoirB) Side view of PDMS straight channel containing hydrogel

and fluorescein tagged molecules resétv

3.8 PEG-DEX ATPS Contact Angle Measurement on Hydrogel Surfaces

The stability of an ATPS is dependent on the interfacial tension between the twq phases
whichis positively correlated with the contact angle forrbgdhe DEX droplet on the surface in
which it is in contact®! Therefore, to assess the stability of tseéPSon the different alginate
based hydrogel surfac#se contact angles of the DEX droplets were measiti@theasure the
contact angle of DEX dropletsustom well plates were fabricated by usiftpadheldrotary

tool (DremelMicro) to care out 4 wells fom a 24well plate Wells were cut out to have a front
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and back opening where glass cover slips were ep&xiedfront and rear window with a
plastic ledge at the front window to prevent meniscus forméfimure5). Alginate and
alginatemucin hydrogels were fabricated as mentioned abodedeposited into the custom
wells until the volume was level with the plastic ledgéter 1 hour of incubation at RBn
ATPS was formed oeach hydrogel surface and tissue culpolystyrene (TCPSyi t h a 2 ¢ |
DEX dropletand imaged from a sideview using a Trinoc8&reo ZoonMicroscope (3.5X
180X, AmScope) Contact angles were then estimated using the angle tool on ImageJ, where two
angles were measured per DEX droplet aretaged.

Additionally, the DEX droplet dispersiowas assessed by imaging dfumrescenDEX
droplet on the different alginateased hydrogels surfac@% generatehe fluorescent DEX
phasel 5 el of FIAC-OEX( { WO vk Da) was addadé¥doritd 300 ¢l
DEX-phase. Alginatdased hydrogels (1% ALG, 1% ALG/0.5% MUC, and 1% ALG/1% MUC)
were formed in24ve | | pl ates wusiamgd 3DM0 ephasedepoditBdD® o0 g e |
top of the hydrogelThe fluoe s c ent DEX was de p o-ghaseusiraiquad ¢ | )
handling robo{Biomeck 4000, Beckman Couljeand allowed to settle onto the hydrogel

surface for 5 minutes.
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Rear Window
Coverslip

Dremeled 24 well plate

Front Window
Coverslip

Untreated plastic ledge

Figure 5. Custom 4well plate used forsideview imaging of ATPS formulation on alginate
based hydrogelsCustomwell 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.
aeruginosaand S. flexneri

Minimum inhibitory concentrations (MIC) alfiprofloxacin for the two strains of bacteria
used P. aeruginosandsS. flexnerj weredetermined by performing a broth dilution technique
adapted from Wigand et al. (2008}:irst, each bacterial strain was groimrovernight cultures
andserially diluted to be plated on agar plates to perform a colony forming unit (CFU)tcount
determinghe correlation betweameasured optical density at 600 nm @ypand CFU/ml.

Both P. aeruginosandsS. flexnerwere grown in the appropriabeoth for 18 hoursThe
overnight cultures were diluted by a factor ofid@heir respective brotandODsoo was
measured usingarioskan Lux plate readefilermo Fisher Scientific)lhe diluted cultures
were further dilutedeven times (1:10 dilutiond)ilutions of 10°71 10’'wer e pl ated (100

onto agar plates argpread using a sterile spreader. Plates were then incubated@@mours
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Only plates containingolonycouns of 1007 400 colonies per plate wereaado calculate the
CFU/ml associated with the measured éP

To determine the MIC dfiprofloxacinfor P. aeruginosandsS. flexnerj ciprofloxacin
was added td ml of bacterial culture brothL@ for P. aeruginosand TSB forS. flexneriin a
microcentrifuge tubéor a final concentration @d4e g/ ml 100 ¢ | &LCipioftpxacint o f  t t
containing broth was addedthe first well of2 rows ina 96well plate where the following
wellsineachrove o nt ai n e d re§p8ctive brotharf each Wwellhe antibiotic was then
serially diluted by a factor of 1.2 he last two wells of each row were used as a growth control
(GC)andst eri l ity control (SC), where SChwel GC wel |
contained 0 €1 of broth. Bacteri a o baeterial degsitiesofc ul t ur
1 x 1 CFU/ml by determining the OD to adjust to using the ratio of OD to CFaénl
describedabovd.he adj usted bacteria cul tacontainingas adde
well and the GC well foa final bacterial density of 5 x 1€CFU/mland antibiotic
concentrations at half of the original concentratibable4). The 96well plate was then
incubated aB7 °C, 5% CQfor 16 hoursThe next daythe 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
1 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

( g/ml)
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3.10 Determination of Bacteria Abundance within the Liquid and Hydrogel Components of
an ATPS CoCulture through Colony Forming Unit Counting

Bacterial distribution within the eoulture system was determined by performing a
colony forming unit (CFU) count by single pladerid dilution spotting (SPSDS) as described
by Thomas et al. (201552 Briefly, PEGphase and hydrogels were removed usipipette
(wide bore for hydroge)s-3 mm diametgrand transferred into separate microcentrifuge tubes.
Samplewer e then diluted with 500 ¢l of PBS and v
then centrifuged at 16,000 x g for 10 minutes
phase sample) or 300 ¢l (hydr ogethensaiahpl| e) of
diluted in a 96well plate (1771 10° . Di |l ut ed samples were then sfj
in each section of the agar plates and airdried for 10 minutes to be intabafe°C, 5% CQ
for 16 hours. Colonies were counted the nextated 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.

0 — (4)

3.11 Establishment ofMammalian-Microbial Co-Culture
Two ses of mammaliaAmicrobial cecultures were carried out: #8BE cells withP.
aeruginosaand Cace? cells withS. flexneri First, each cell line was seeded into anx&dl plate
at ~40% confluency and incubated for 24itsat 37 °C, 5% COA media change was then
performed, RPMI (1% FBS) for 1@BE cells and DMEM (1% FBS) for Ca&cells, and
incubated for 24 hours at 37 °C, 5% £@lginate and alginatenuci n hydr ogel s ( 30(

deposited on top of the monolayarsd incubated at 37 °C for 1 hour to allow for hydrogel
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gelation. As hydrogels were incubatim),aeruginosandS. flexneriovernight cultures were
resuspended in DE}hase at a bacterial density of ~3 R OFU/mI. PEGp hase (200 ¢1)
thencarefullpi petted i nto each well containing hydr
the bacteriaich DEX-phase, with the respective mammalian cells, using a Biomek 4000
(Beckman Coulter) liquid handling robot. The-24ll plate was then imaged for 12 houssng
an automated microscope (Evos FL Auto 2, Invitrogen) with an onstage incubator at 37 °C, 5%
COp with 80% humidity.

Co-culture experiments involving the use of antibiotic were initially set up as mentioned
above buincubated for 7 hours to establishcberial communities within the DEX droplet. After
the Zhour incubation,the PEhase was carefully remove-d usi ni
phase supplemented wit h OAldficR)3sasaddédmlbwly@iapordo f | o x
disrupting the baetrial 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 andmitiotic treatent

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 (meanAt $ast 3
independent experiments were carried out prior to any statistical an8hgistical significance
for all cell viability tests were determined using multiptedt. Statistical significance of

viscosity valuesand contact anglesas deterrmedby performing aoneway and tweway
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analysis of variance (ANOVAYespectivelyA two-way ANOVA was also carried out for

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

To fabricate dydrogel as an artificial mucus layer for timsvitro systemalginate was
selected athe main component of the hydrogel netwfwkits cytocompatibility, norcell
adherent characteristicand ease of us€&he first method of alginate crosslinkirgsted was
using conventional Cagtoncentrations of 100 mMhis method allowed for instaatginate
gelationas the CaGlsolution was deposited on top of the algiriata dropwise mannefhe
resulting hydroge were found to form uneven surfaces, which was an undesirable characteristic
for ATPS formation. Th uneven surface topologyas identified after depositing a volume of
DMEM media onto the hydrogel, where the thicker areas of hydrogeloseezed by les
media,and therefor@bserved as clear patches, and thinner areas of hydrogel were covered with

moreDMEM, observed as pink patches (Figéje

100mM CaCl, DMEM

1-2 sec /

1% Alg J | =

Figure 6: lllustration of fast gelling alginate using 100 mM CaC}. Alginate hydrogel (1%,

w/v) formed through the addition of a 100 mM Casdlution in a dropvise manner,
demonstrating an uneven hydrogel surface formation withimae®4 as indicated by the large (

= thin hydrogelregion and small arrows—*, thick hydrogelregion.

Through theesting of the initial alginate crosslinkimgethod it was apparent that the

rate at which the crosslinking reaction was occurwag amdditional variabléo considerThis
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led totesting a slowed gelation methosing CaC@as the crosslinkg agentBecause CaC{

is poorly soluble in watea weak acid such #&DL is needed to dissociate €érom the CQ*

for crosslinking to occufThis method allowed for a sloweate of crosslinking, where the
alginate:CaC@GDL mixtures were vortexeih centrifugetubes prior to depositing into a 24
well plateandincubatedor 30 minutes for full gelation to occur (Figuf8). When incubated in
a PEGphase solutiohydrogels were found to contract considerably over.tiaelitionally,

the hydroged formed using this technique werspaque as opposed to the transparent hydrogel
formed when using Cagés the crosslinking agent (FigufB). Air bubble formation waalso

observed due vortexingf the hydrogel mixture prior to deposition.

A
= 10-30 min
= ALG + CaCO, I
@ +GDL
ALG + CaCO,
+GDL
B 0% PEG 5% PEG 10% PEG
o
©
[ =
c
<

Figure 7: Slow gelling alginate hydrogels using CaC&and GDL. (A) lllustration of 1%
alginate hydrogel fabrication using Cag&nhd GDL for controlled gelatiofiB) Alginate
hydrogel contraction after incubation in a 5% and 10% fpBR&se solution for 24 hours.

40



Anotheralternative method to using 100 mM Ca®@hs to uséower concentrationsf
CaCkb to form more pliable, partially crosslinkégdrogels. This low Cagimethod was tested at
concentrations ranging from 4% mM, where alginate solutions were mixed with the GacCl
crosslinking solution prior to depositing the hydrogel mixture into-ael plate.To test
whetherthese low CaGlconcentrationsould formintactalginate hydrogelshe 24well plates
were tilted toan ~80 ° angléo visually assess the stability, &re the stability of the hydrogel
was based on whether the hydrogels would shift after 10 secdmdgilt test revealed that at
the lower end of the Cagtoncentration range (4r6M, 4.75 mM and 5 mN), hydroges were
more fluidlike, showinga shift within the wells the plate was tiltedrigure8A, 0% mucin
row). Hydrogels crosslinked using thégher CaCl concentrations (5.5 mM and 6 mMgre
more hydrogelike with improved structural stability, where the hydrogigrfaceremained
parallel to the bottom of the 24ell plate as it was tilted (Figu@&\, 0% mucin row).

Mucin was then added to the alginate mixtures prior to mixing with the,CacCl
crosslinking solutionso form an alginatemucinsemtlPN, wheremucin monomers were
immobilized within the crosslinked alginate netw@Fkgure8B). The lower crosslinked
hydrogels(4.5 mMi 5 mM) with added mucin werebserved to be less flulike, comparedo
alginate hydrogels without muciAdditionally, it was found that the addition of mucin reduced
the pH of the hydrogel environment, as indicated by the colour changeRli¢hel Red (Figure
8A). Therefore, based on the stability and pH of these hydrogels, the 0.5% and 1% mucin
containng alginate hydrogels were chosen for further experimentation, along with the 0% mucin

alginate gel for comparison purpogas5.5 mM CaG).
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4.5 mM 4.75 mM 5mM 55mM 6 mM
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\ Ca?* crosslinks f Alginate Mucin

Mucin Concentration (w/v)
0.5% 0.1%

1%

1.5%

Figure 8: Qualitative assessment of alginatbased hydrogel structuralintegrity at various
CaCl2 concentrations (A) Alginate-based hydrogels crosslinked using low GacCl
concentrations in a 24ell plate tilted on an 80° angléB) lllustration of alginatenucin semi
IPN with CaC} crosslink bridges between alginate monomers

Whenincubatingthe partially crosslinked alginate hydrogels?EG phase media,
contraction was only observed in hydrogels containing mucin and not in the 1% ALG hydrogels
(Figure9). The degree of contraoh was dependent on the concentration of PEG, where-ALG
MUC hydrogel in the 10% PEG solution showed a higher level of contrazdimpared to those
incubated in the 5% PE@hasanedia 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% PfBase solutions (Figu&.
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1% ALG 1% ALG/0.5% MUC 1% ALG/1% MUC

5% PEG

10% PEG

Figure 9: Alginate and alginatemucin hydrogel contraction after incubation in PEG-phase
solution for 24 hours Stitched brightfield images of entire tissue culture wellsw24l plate)
containingalginatebasedhydrogels(1% ALG, 1% ALG/0.5% MUC, and 1% ALG/1% MUC)
at 5.5 mM CaGCl concentrationsafter 24 hours of incubation in a 5% and 10% R#@se
solution, where red arrows indicate the outer edge afdh&ractechydrogels(Scale bars =5
mm).

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

A major problem with using a PEBEX ATPS forprolongedmammaliarmicrobial ce
culture is that PEG is known to pose cytotoxic effects towards mammalian cells in a molecular
weight dependent manner. Ther&fat is necessary for the artificial mucus hydrogeérlay to
mitigate PEGrom contacting the mammalian cells. Prior to testing the roddgnfiatebased
hydrogels in PEG@nitigation, we demonstrated that PEG is in fact cytotoxic towards mammalian
cells in a concentration and time dependent mawh 5% and 10% PE&hase solutio
wereused to incubat#6-HBE cells over ®&6-hourperiod, where cell viability was significantly
reduced afted8 hourg49.3 £ 14.26) of incubation in a 10% PE@haseand 72 hour$93.2 +

1.0%) in a 5% PE&hasesolutioncompared to cells incubated in RPMI me(hkaure10).
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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 4BE cells exposed to a 5% and 10% Pgitase
solution for up to 96 hours, after Live/Dead staining, where green cells are viable and red cells
are nonviable (Scale bar = 506m). (B) Cell viability of 16HBE cells over time, inculbed in

either 5% or 10% PE®hase solution, where cells incubated in RPMI were used as a control (*
indicates p < 0.05, n = 3).

To assess the role of thginatebasedhydrogels in mitigating PE@&ediated
cyt ot ox i ofialginatebasdy@irogellwas deposited on topIi-HBE cells grownn a
24-well plate prior to the addition of a 5% andA@EGphase solutionVith the addition of a
hydrogel overlay on top dhe mammalian monolayer, cell death was significantly reduced
compared taells without a hydrogel overlayegardless of the hydrogel formulation (Figure
11A). When comparing between ATPS formulatiooel] viability remained lower in the
presence of 10% PE@hase solution compared to the 5% Pftase solution, evenith the

incorporation of the hydrogel overlay (Figuk®).
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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 monolayergA) Cell viability of 16HBE

cells with and without alginatkased hydrogel layers (1% ALG, 1% ALG/0.5% MUC, and 1%
ALG/1% MUC) between monolayer and PEBase slution, where hydrogel layers were found
to significantly reduce PE@ediated cell death (* indicates p < 0.05, n 5B).Fluorescent
images of Live/Dead stained-HBE cells exposed to 5% and 10% PRRase solution with or
without an alginatdased hyobgel (1% ALG, 1% ALG/0.5% MUC, and 1% ALG/1% MUC)
overlay (scale bar = 50fm).
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4.3 Physical Characterization of Alginateand 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 AMBJC hydrogel with an ATPS coulture,
it is essential that DEX droplet can béepositedvithin the PEGphaseon top of the hydrogel
surface First, to determine whethen@TPS could be formedn top of the hydrogels, FITG
DEX formulation was usednd imaged using fluorescent microscdpfeX droplets deposited
onto 1% ALG hydrogels were dispersed unevenly (orsyanmetricallas opposed to a more
circular formation on th&LG-MUC hydrogels (1% ALG/0.5% MUC and 1% ALG/1% MUC)
(Figure12B). The DEX droplet were found to remain on top otthydrogel surfagevhich was
determined by the difference in the focal plane ofytlaeiscompared to the DEX droplet at the
bottom of thetissue culture polystyrengell (TCPS,with no hydrogel) (Figuré2B).

The stability of theATPSwas characterized by measurihg contact angteof each
DEX droplet where higher contact angles indicated higher ATPS stalslitieview images of
the DEX droplets were taken, wherentact angles were measured using ImageJ. Contact angles
were foundo increase with increasing mucin concentrations within the alginate hydrogels
(Figurel2A & C). A TCPSsurface was used as the control fonDdroplet formationOnly the
DEX droplets on the 1% ALG hydrogel surface produced significantly smaller contact angles
(54.6 £ 2.7, for 5% ATPS; 66.1 + 54 for 10% ATPS}han thedroplet formed on TCPS
surfaceg79.2 + 7.9, for 5% ATPS; 86.1 + 1% for 10% ATPS)Figure12C). Moreover,DEX
droplet contact angles wesgnificantly lower in the 5% ATP82.4 + 2.7, on a 1% ALG/0.5%

MUC surface; 68.8 = 4°8on a 1% ALG/1% MUC surface&pmpared to the 10% ATR$7.4 £
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4.4, 0n a 1% ALG/0.5% MUC surface; 82.63%°, on a 1% ALG/1% MUC surfacenthe

ALG-MUC hydrogel surfaces, bubt onthe 1% ALG hydrogel surfad&igure12C).
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Figure 122 PEG-DEX ATPS formation on top of alginate-based hydrogel surfaceqA) Side
view images of DEX droplets formed on tissue culture polystyrene (TCPS), or alpasse
hydrogels surfaces (1% ALG, 1% ALG/0.5% MUC, 1% ALG/1% MUC) with left and right
contact angle measuremen(B) Fluorescehimages of FITEDEX droplets formed within a
PEGDEX ATPS on top of TCPS, or alginabased hydrogels (Scale bar = 1 m() Average
contact angles of DEX droplets formed within a PEEX ATPS on top of the different
surfaces, where * indicates p < 0.85indicates p < 0.01, and *** indicates p < 0.001 (n = 3).

4.3.2 Alginate-basedhydrogel viscosity decreases with increasing mucin concentrations

The alginatebased hydrogels used in this study @aially crosslinkedwhich gave the
hydrogel more pliability antbwer levels of stiffnesdabricating softer hydrogel allowed for the
use of thdalling ball viscometer methods to measure the apparent viscosi¢ycalculated

viscosity value®f the three different hydredformulations were found to decrease with
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increasing mucin concentratigrnghere the 1% ALG/1% MUC hydrog€l.3 + 2.5 Pas) showed

significantly reduced viscosity compared to the 1% ALG hydr¢b2B + 3.9 Pa) (Figure B).
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Figure 13: Apparent viscosity values of alginatebased hydrogelsViscosity values calculated
using equation 1 and terminal velocities derived from falling ball viscometer data, where **
indicates p < 0.01 (n 8).

In thisfalling fall viscometer experimengnother interest was whether the hydregel
could recover the path that was carved gdchsample by thsteel ballsTo test thisa second
ball drop was performed (immediately after the initial drop) atiuird delayed drop that was
carried out either 1 howr 3 hours after the second dréjpwas found that the immediate
subsequent drop (drop 2) walsle to travel through the hydrogel volume with less resistance
compared to the initial drop, resulting in increased siopee DT plot (Figure H). For thel-
hour delayed drqphe DT plots were more similar to th@ots of drop 2, suggesting that the

hydrogels did not recover from the initial disruptiafter 1 houFigure 4, top). With a3-hour
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recovery time, th®-T plotsshowed a curve that was between the initial &erdsecond drop in
the 1% ALG and 1% ALG/0.5% MUC hydrogels, suggespadial recovey of the path
disruption. As for the 1% ALG/1% MUC hydrogel, tBdourdelay seemed to allow for full

recovery where the BT plot was overlapping with the initial drgdrop 1) (Figure 4, bottom)
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Figure 14: Distance Time graphs of steel ball travel through alginatebased hydrogels with
delayed drops Delayed drops were performed either 1 hour or 3 hours after the initial two
drops.

One concern with thifalling ball viscometer method was whether the subsequent ball
drops (drop 2 & 3yvere following the same travel path through the hydrogel samples as the
initial drop (drop 1). This was confirmed pjotting the X and Y-coordinates beach ball

travelling through the alginateased hydrogel sampldswas 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 alginatebased hydrogels affects the diffusivity of charged

biomolecules

The diffusvity of fluorescein labelled DEX, 18, 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. Thesssectionalfluorescence intensitgrofiles (1
mm away from the liquichydrogel interface) erefound to increase over time, showing a
similar trend between adllginatebasechydrogels with FITEDEX (Figure B). FITC-IgG,
however, was found to increasm®re between 60 minutes and 180 minitethe 1% ALG
hydrogel compared to thi.G-MUC hydrogels (1% ALG/0.5% MUC and 1% ALG/1% MUC)

(Figure B).
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Figure 16: Change in fluorescein labelled DEX and IgG diffusion profiles through alginate
based hydrogels using PDMStraight channels over time Normalized fluorescence diffusion
profiles of DEXandlgG over a 6hour period in alginatbased hydrogels.

Interestingly, théDes of DEX and Ig5 between theéhreehydrogels did not shoany
significant differences (Figure7l. The nonsignificant differences show higheefof DEX in
the 1% ALG/0.5% MUC hydroge(3.84 x 10* + 2.02 x 10" cn¥/s) compared to the 1% ALG
(2.31 x 10 + 8.68 x 1P cné/s) and 1% ALG/1% MUQ2.26 x 10* + 4.03 x10° cn¥/s)

hydrogels.The D of IgG, on the other hand, showed highealues in ALGMUC hydrogels
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(1.68 x 10 + 2.80 x 1@ cn¥/s, 1% ALG/0.5% MUC; 1.54 x 16+ 6.32 x 1P cn/s, 1%

ALG/1% MUC) than the 1% ALG hydrogel (1.21 x 1@ 1.13 x 1& cn¥/s) (Figure T7).
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Figure 17: Effective diffusion coefficients (Deff) of DEX and IgG through alginatebased
hydrogels No significancgtwo-way ANOVA) was found between anyefpovalues(n = 3)

With thediffusion of LL-37, Dus was not calculated as a resuldahinishing
fluorescencever time.Fluorescent cluster formation was also obsagtiieoughout the reservoir
solutionover time Additionally, fluorescent cisterswere found to form within the hydgels
containing mucin (1% ALG/0.5% MUC and 1% ALT3%6 MUC), but not in the 1% ALG

hydrogels(Figure B).
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1% ALG 1% ALG/0.5% MUC 1% ALG/1% MUC

Figure 18: Diminishing fluorescence of carboxy fluorescein labelled Lt37 reservoirs over
a 6-hour period. Redarrows indicate the development of fluorescent clusters within the mucin
containing hydrogeléScale bar = 1 mm)
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4.4 Mammalian-Microbial Co-Culture

To establisithe mammaliarmicrobial ATPS ceculture system containing artificial
mucus, two pasof co-cultures were carried out6-HBE was cultured withP. aeruginosdo
modelthe hostpathogerinteraction in the airwagndCaco2 was cultured witls. flexnerito
model hostpathogen interaction in the colddere, we were interested in characterizing the
bacterial distribution withirourin vitro system as well as the effectspatthogenidacterial
presence on the mammalian cell viabjliyith and without the supplementation of antibiotics
(Figure19). For mammalian cell viability findingsho statistical analysis was perforntee to

the uncountable nuclei after theve/Dead stainingf mammalian cellafter ceculturing with
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bacteria.The following descriptions highlightoththe significant anchon-significant differences

in mean bacterial abundance as well as crude differences in live to dead cell proportions.

1. Without Antibiotic

X s
‘mre

| I I |
| I I |
Day 1: Day 2: Day 3: Day 4:
-Seed cells -Change to quiescence -Add hydrogel and bacteria using ATPS -Remove PEG + hydrogel for CFU
inducing media -Incubate for 12 hours -Perform Live/Dead stain

2. With Antibiotic

4
1/
/4
YV 4
/
->
e Ryl
e
l | | |
| [ I |
Day 1: Day 2: Day 3: Day 4:
-Seed cells -Change to quiescence -Add hydrogel and bacteria using ATPS ~ -Remove PEG + hydrogel for CFU

inducing media

-Incubate for 7 hours
-Media change with Cipro
-Incubate for 12 hours

-Perform Live/Dead stain

Figure 19: Schematic of mammalianmicrobial 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 mucosalco-culture model

To assess the bacterial distribution within an ATPS mammaliarobial coeculture

containingALG-MUC hydroges, the total abundance of bacteria escaping into the-ptieGe

andtotal abundance of bacteria tlemiteredhe hydrogel wereneasured by performingFU

countsafter 12 hours of incubatiofor P. aeruginosan the 5% ATPSbacterialabundance was

found to beover 7%fold higher in thel% ALG hydrogel layeias opposed to trREGphase
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Wells containingALG-MUC hydrogelq1% ALG/0.5% MUC and 1% ALG/1% MUGhowed
the opposite trend, wheRe aeruginosabundance was almost-lahd11-fold higher in the
PEGphases compared to the 1% ALG/0.5% MUC and 1% ALG/1% MUC hydrogel layers,
respectively(Figure20A). Co-cultures using a 10% ATPshowedasimilar trend in bacterial
abundance in the wells containing 1% ALG hydrogetsere CFU/mivas3-fold higher in the
hydrogel layer compared to the PipBase. With mucin present in the alginabased hydrogels,
the levels oP. aeruginosavere found to beoughly the same between the PRfase and
hydroge] in 10% ATPSFigure20B).

S. fexneri on the other hand, showed more consistent growth trends in terms of bacterial
abundance between the 5% ATPS and the 10% ATR&total bacterial abundance within the
hydrogel layeof the 5% ATPS caultures vas approximately-2old higher thanhe abundance
within the PEGphasefor all hydrogel formulations (1% ALG, 1% ALG/0.5% MUC, and 1%
ALG/1% MUC). Generally, the overall abundanaieS. flexnerwithin the coculturesincreagd
with increasing mucin concentratio(Sgure20C). A similar trend inS. flexnerabundance was
observed in the 10% ATR®here higher CFU/ml was observed in the hydrogel layers compared
to the PEGphaseput with more pronounced differences between the-BE&3e and the
hydrogellayers(Figure20D). Thesefindings suggesthat both the presence of mucin within the
hydrogels as well as the ATPS formulataffects where bacteria preferentially grow within this

in vitro co-culture system.
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Figure 20: P. aeruginosaand S. flexneri abundance (CFU/ml) within PEG-phase or
hydrogel after 12 hours of ceculture incubation with 16-HBE and Cacac2, respectively
CFU/ml values were calculated frdP aeruginosayrown in either a 5REG/5%DEXATPS
(A) or 10%PEG/10%DEXATPS B), andS. flexnerin a 5S%EG/5%DEXATPS(C) or
10%PEG/10%DEXATPS (D), where * indicates p < 0.0/6 = 4)
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Table 5: P. aeruginosaPA) and S. flexneri(SF) CFU/ml values within PEGphase or
hydrogel after 12 hours of ceculture incubation with 16-HBE and Caco2, 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 2.17 x 18° 1.11x 18° 2.21x 10 2.14x 10 4.10x 16
Hydrogel 1.63x10° 1.21x16 1.00x 18 7.98x 10 2.30x 10 9.21x 16
SF PEG-phase 9.49x 10 1.90x 16 3.20x 16 1.22x 168 6.79 x 16 7.69x 16
Hydrogel 1.94x 16 4.19x 16 6.33 x 16 8.39x 16 1.56 x 10 1.40x 168

4.4.2 Ciprofloxacin reduces bacterialproliferation within the PEG-phase

The human mucus layer plays an important role in drug diffusiotheretfectivenessf
the drugon the bacteria within the mucus, which is often neglected when stutdtyiggfficacy
Therefore, we were interested in exploring the effects of antibimtid®thP. aeruginosandsS.
flexnerigrowth and distribution within the ATPS -cuilture withartficial mucus hydrogelsThe
antibiotic used in this experiment weiprofloxacin, an antibiotithatis known to disrupt
bacterial DNA replication®3 Ciprofloxacin was used at a minimum inhibitory concentration
MIC)whi ch was det er miforbathP.tagrugibosan@sS. flenéri € g/ ml

After 12 hoursof incubation with ciprofloxacin supplemented PpBaseP. aeruginosa
abundance was#ld higher in the 1% ALG hydrogel layer compared to the RiBE&sein the
5% ATPS (Figure 21A)In comparison to no antibiotic treatmémable 5, the CFU/ml was
reducedrom 2.18 x 18 CFU/ml (in the PE@hase) and 1.63 x 10CFU/m (in the hydrogel
layer) to 1.2 x 18CFU/mI and 5.57 x 10CFU/mI (Table §, respectivelyln the 5% ATPS co
cultures containing AL&GMUC hydrogelsP. aeruginosaburdance was reduced such that the
CFU/ml in the PE&hase was roughly even with the abundance in the 1% ALG/0.5% MUC

hydrogel layer. Whereas the 5% ATPSadture containing 1% ALG/1% MUC hydrogel
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layer showed approximately @ld higher abundance &f. aeruginosan the PEGphase

compared to the hydrogel layer (Figure 21A). In the 10% ATR&ittares,P. aeruginosa

abundance was higher in the hydrogel layer compared to thgpR&se for all hydrogel

formulations, where CFU/ml increased with increadigC concentrations (Figure 21B).
Ciprofloxacintreatmentvas shown to be much more effective agathdtexnerj where

bacteriawerealmostfully eradicated within the PE@hass, but not within 1% ALG/0.5%

MUC and 1% ALG/1% MUC hydrogeFr co-cultureusingboth the 5% and 10% ATRP# 5%

and 10% ATPS caultures containing 1% ALG hydrogels, bacteria were eradicated in the PEG

phase anavith 3 x 108 CFU/ml (5% ATPS) and 6.08 x 1CFU/mI (10% ATPS) remaining in

thehydrogel layer Table6 andFigure21C & D). In the presence of muciB, flexnericould

better resist the effects of the antibiotic treatment, where baati¢hia the PEGphasewvas

reducedbut not within the ALGMUC hydrogel layers (Figure 21C & D$. flexnerabundance

was observed to increase with increasing mucin concentrations within the hydrogel layer, where

CFU/ml were found to be 2.82 x 1GFU/mI (5% ATPS) and 2.40 x 1CFU/mI (10% ATPS),

in the 1% ALG/0.5% MUC hydrogels, and 7.98 X BFU/ml (5% ATPS) and 1.28 x 0

CFU/ml (10% ATPS), in the 1% ALG/1% MUC hydrogelsable 6.
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Figure 21: P. aeruginosaand S. flexneriabundance (CFU/ml) within PEG-phase or

hydrogel after 12 hours of ceculture incubation with 16-HBE and Cacc2, respectively,

where PEG media was supplemented withi pr of | o x a c i nCF{/@l.vadludsSvere g/ ml )
calculated fronP. aeruginosagrown in either a 5SREG/5%DEXATPS (A) or
10%PEG/10%DEXATPS(B), andS. flexnerin a 5%°EG/5%DEXATPS(C) or
109%PEG/10%DEXATPS (D), where * indicates p < 0.05* indicates p < 0.01and ns = non
significant(n = 3).

60



Table 6: P. aeruginosaPA) and S. flexneri(SF) CFU/ml values within PEGphase or
hydrogel after 12 hoursofcec ul t ur e (wi th 0. 125 -HBganthCaco | nc u b s
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 1.20x 16 5.33x 16 1.00x 16 2.32x 16 5.33x 16 1.03x 10
Hydrogel 557x160 6.13x16 5.70x 16 497 x 16 1.57 x 10 2.87x 10
SF PEG-phase 0 8.17x 1¢¢ 1.12x 1¢° 0 4.02x 10 0
Hydrogel 3.00x 1¢¢ 2.82x 10 7.98x 10/ 6.08x 10¢ 2.40x 10 1.28x 1¢°

4.4.3 Regional mammalian cell viabilityin co-culture

After the 12hour incubation of each mammaliamcrobial ceculture, the mammalian
cell component was assessedieyforming a Live/Dead assay, where all images werantake
directly underneath the area of the DEX droplet (the area of highest bacterial dedgigygnt
to the DEX droplet, and exposed areas (not covered by hydrogel, only in 10% ATPS co
cultures) For loth cell lines (1LHBE and Cace?), two control wells were used where an ATPS
wasformedeither with or without bacteria suspended indepositedDEX droplet directly on
top of the monolayer. In atrol wellswith direct deposition of dacteriarich DEX droplet, both
cell lines(16-HBE and Cace?) displayed the highest level of cell death within the area of the
DEX droplet. When 161BE cells were ceultured withP. aeruginosathe level of cell death
was found tdoe negatively correlated with increasing mucin concentrations within the alginate
based hydrogel#\dditionally, co-culture with 16HBE andP. aeruginosan a5% ATPS
showed an overall lower viability of 1#8BE cells compared tooecultures using a 10% AIS
(Figure22). Caca? cells, on the other hand, showemsistently high levels of cell viability

whenco-cultured withS. flexnerion top of all hydrogel formulations (Figu2g).
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w/o bacteria w/ bacteria

1% ALG/0.5% MUC 1% ALG/1% MUC

No Hydrogel No Hydrogel 1% ALG

16-HBE
5% ATPS

10% ATPS

Caco-2
5% ATPS

10% ATPS

co-culture incubation with P. aeruginosaor S. flexneri respectively, deposited with a PEG

DEX ATPS either with or without alginate-based hydrogels between monolayer and ATRPS
Baderiawere deposited using a 5% PEG/5% DEX ATPS or 10% PEG/10% DEX ATPS onto
monolayers with or without an alginabv@sed hydrogel overlay, where a DEX droplet without

bacteria was deposited directly onto a monolayerasac¢n8at al e bars = 500 & m)

With the introduction of the ciprofloxacin supplemented Rit@se, 161BE celk
showed improved viabilityn co-cultures containing a 1% ALG hydrogel overlay (5% and 10%
ATPS)(Figure 23) However, 16HBE cell with an ALGMUC hydrogel overlayere less
viable than those cultured without ciprofloxacin supplementation (Figur&3arly, this was
observed for Cac@ cells grown in a 5% ATPS but not the 10% ATPS, where Qamslls

showedsimilarly high levels of survival (Figur23).
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Caco-2
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Figure 23: Live/Dead staining images of 141BE and Caco2 monolayers after a 1%hour
(cipro added at 7 hr) coculture with P. aeruginoseor S. flexneri respectively, either with

or without an alginate-based hydrogel between monolayer anATPS. Bacteria were

deposited using a 5% PEG/5% DEX ATPS or 10% PEG/10% DEX ATPS onto monolayers with
or without an alginatéased hydrogel overlay, where a DEX droplet without bacteria was
deposited directly onto a monolayer as a corf{soble bars =9D € m) .

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

were no longer covered by hydrogel (trig 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 regionStitched brightfield images of whole well (2¢ell
plate,left panel) containing Cace cells overlaid with a 1% ALG/0.5% MUC hydrogel with S.
flexneri growth(indicated by the red arrovinoculated using a 10% PEGEX ATPS. fight

panel) Live/Dead imagesf Cacae2 cells in the corresponding regions of the well either directly
under the bacteria colong)( under hydrogel and adjacent to bacterial col@yanhd exposed
area due to hydrogel contracti@).(
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CHAPTER 5. DISCUSSION

The human mucus layects as the first line of defense against any pathogens or foreign
particles that may enter the bothfHowever, some bacterial species have adapted to bypass the
mucus layer, while other opportunistiadieria will cause infection and inflammation when the
mucus layer is compromised due to dysregulai®i®>The current gold standard for studying
hostpathogen interaction is with the use of animal motféls.is important to consider the use
of in vitro disease modeling as an additional tool to validate findings in the animigsstud
considering thain vivofindings do not always align with what is observed in hum&h¥To
model hostpathogen interactionia vitro, it is crucial to have controlled bacterial growth and to
provide the proper microenvironment suitabledoth mammalian and bacterial proliferation.
Many of the current mammalianicrobial ceculture platforms have demonstrated stable growth
overseveral daysunder flow condition§?**put are complex and difficult fa generalife
science laboratory to ada@ther techniques lacksufficient mucus microenvironment for these
interactions to take placdé*"'3*Here, we demonstrate the use of a simple and robust
mammaliaAmicrobial ceculture method using a PEGEX ATPS with the incorporation of an

alginatemucinsemilPN hydrogel to recapitulate theCBmucus microenvironment.

5.1 Varying Alginate Hydrogel Characteristics with Various Crosslinking Methods
Throughout the work of this thesis, the AINBJC hydrogels were assessed based on a
list of design criteria, inclding 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 alleving for direct deposition onto a mammalian monolayer. Previous methods used to
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form artificial mucus hydrogel used purified mugivhich can be crosslinked using PH®ol
crosslinkers#° This method has been shown to form physiologically relevant mucin hydrogels
and modifiable physical characistics by altering the type of mucin us€dhowever, we were
interested in exploring other options to &den the types of artificial mucus suitable for
mammaliaAmicrobial cecultures. Alginate hydrogels are known to be biologically inert, where
crosslinking agents such as®arecommonly found in biological systems with low potential to
impact cellular ppcesses$!® 141
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 Caglo form ionic crosslinks between alginate monomers, which is typically
used for instantaneous gelation of alginate beads byvike@ddition of amlginate solution
into a vessel containing 100 mM Caé&®142By using high concentrations of CaChis
technique ensures the saturation of crosslink formation between G reéidd@a/hen adapting
this for the application of forming a hydrogel directly on top of a mammalian monolayer, we
deposited the 100 mM Cagirosslinking solution onto a volume of alginate in a rwkil
plate containing cells. This modified technique, howegenerated 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 Ca@foplet dispersing the alginate solution followed by
instantaneous crosslinking of the algie, thus generating an uneven hydrogel sutfice.
Another ionic crosslinking method used to form alginate hydrogels utilizes calcium
carbonate and GDL. Calcium carbonate is poorly soluble in physiological pH softffiuvigh
the addition of GDL as a catalyst, GDL slowly acidifies the solution to solubilizef@a

internal crosslinking of the hydrogel at a reduced gelation'taté’Studies utilizing this
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technique often require molding the alginate hydrogel to a particular,shiaipgl is granted by
the slow hydrolysis of GDL and subsequent release 8f'¢%rhe characteristics of this
gelation methd made it a great alternative for our application. With this technique, the
alginate:CaC@GDL mixture was generated in a separate vessel prloitg depositethto the
multi-well plate. Our results showed that a flat hydrogel surface was in fact fonmsdver,
when incubated in PE@hase media, the hydrogels were found to contract considefbdies
have demonstratetiat PEG interact witiEaCQ to form PEGCaCQ complexeg4®1%°
Considering the alginic acid used in this study, containing low levels of G residues, the
concentrations of &G may have been in excess leading to-ntilized CaCQ within the
hydrogel matrix. Assuming there were excessive amounts of ¢&EGCaCQ interaction
may have led to an influx of PEG and an efflux of wéberdeswelling¥esulting in9contraction
of the hydrogel networkAn additional concern with this technique was the reduction in pH
caused by the hydrolysis of GDL to gluconic acidting the gelation process directly on top of
mammalian cells which would lead to potential cell dé&tiir bubble formation was also
observed when forming these hydragdilie to the need to vortex the alginate:CaGDL
mixture, which has previously been repatin Kalaf et al. (2016}48

Alternatively, low CaCl concentration crosslinking smethodthathas been previously
performeal to generate soft alginate hydrogels fatifiensional culture of neuronal networks as
well as the production of low osmotic pressure alginate fifth&-This was another promising
crosslinking technique for thegplications in the present study due to the reduced stiffness and
more pliable, yet robust, hydrogel that would allow for the formulabdre prepareth a
separate vessel prior to the deposition into a Anétl plate.The rheological properties of these

soft alginate hydrogelsave previously beeshown tobe dependent on the G residue content
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within the alginate polymeMatyash et al. (204) demonstrated the changasstorage moduli
when using high G residue contamtd low G residue content alginates, where high G residue
alginate hydrogels showed higher storage modulus and stiffiiesthough low crosslinking
alginate hydrogels show reduced stiffness and tensile strength, théyeterally stable
networksthatform homogeneous surface topologies. As a result of the observed hydrogel
contraction in the CaCgxrosslinked hydrogels, the generated soft alginate hydrogels were also
tested for contraction in PE@hase solutions and were found to maintaisiide andshape after
24 hours of incubation. This encouraging finding allowed us to move forward witbmih@d Ch
crosslinking alginate hydrogels for further characterization and compatibility assessment with a
PEGDEX ATPS coculture.

To provide the biochemical properties of natural mucus using these soft alginate
hydrogels, mucin was incorporated into thesslinked networks to form an ALBUC semt
IPN. Otherstudies have performed rheological characterization and utdim@thr method to
mimic the mucus microenvironment for drug diffusion applicatidh&;?but no studies, to our
knowledge, have used these hydrogels for-hostobe interaction or bacterial growth.
Interestingly, the AIG-MUC hydrogels used in this study were also found to contract when
incubated in PEGhase media over time, but to a lesser extent as the Jafied hydrogels.
The exact cause of the ALRUC hydrogel contraction is unknown at this point, but we
speculatehat PEG oligomers may be diffusing into the hydrogel causing an efflux of water
molecules due to the hydrophobic nature of PE®loreover, the polysaccharide side chains of
mucin provides a high capacity for water retentithin 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 tHeEREG
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ATPS solutionswhere larger PEG molecules with a larger hydrodynamic radius would possess a

lower potential of diffusing into the hydrogéf

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

As previously mentioned, the resulting ALBUC hydrogels were assessed based on
specific design parameters encompassing its compatibility with alEREGATPS mammalian
microbial coculture. These design parameters required the hydrogels to be cytocompatible, non
cell adherent, selectively diffusive (mitigateEGmediated cytotoxicity), and to allow for the
formation of a stable DEX droplet upon ATPS depos. A single experiment involving
overlaying mammalian cells with alginabased hydrogels incubated with PfpBase media was
performed to verify the cytocompatibility of the hydrogel, its role in R&i@gation, as well as
the cell adhesiveness. Oundings demonstrated that-HBE cells grown in RPMI media with
and without a hydrogel overlay did not significantly differ in cell viabilit§;HBE monolayers
remained intact after removal of the hydrogel, and that an algaatd hydrogel overlay
significantly reduced the level of cell death in Plp@ase media. Alginate hydrogels are known
to beinnately norcell adhesiveind hae been used in a wide range of biomedical applications,
where chemical modifications are required for any 3D cell culture applicatttéTherefore,
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 detrimergal bHect
role of PEG is highly dependent on the molecular weight of the oligomer, where larger PEG has
shown protectiveffects against fluiemechanical injuryand provide barrier function to
epithelial cells">>**¢while others demonstrate cytotoxic effects of small molecular weight

PEG!*In this studywe found that PEG 35@Dsignificantly reducd cell viability of 16HBE
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cells. Although incubation of AL1UC hydrogels in PEphase media resulted in contracted
hydrogels, they were still able to provide sufficient protection from{ate@iated cytotoxicity,
where regional variation of cell viability was observed between the protected and exposed cells.
The mokcular weight of PEG within a PEBEX ATPS also influences the interfacial
tension between the two phases. When forming a pohlpaolgmer ATPS, one must consider the
concentration as well, where concentration ratios of polymer 1 and polymer 2 belowvti¢haé cri
point will result in a common phase rather than a biphasic sy$tafith higher concentraticn
of polymer, the interfacial tension will egher*31%71t is well established that surface
characteristics highly impaetjueousiroplet formation, where hydrophobic surfaces will form
more round/donmdike droplets (higher contact angle) as opposed to hydrophilic surfaces
forming flatter droplets (lower contact angté€§We found that higher mucin concentrations
within thealginatebasel 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 incompafatiicin into
the alginatebased hydrogels led to an increased hydrophobic surface characteristic and thus

increasing the DEX droplet contact angiefs->°

5.3 Role of Physical Characteristics inrMucus Barrier Function

Considering the protective role of the human mucus layer against opportunistic
pathogens, it is important to understand the physitalacteristics 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 glycoptotélasder

healthy conditions the mucus layer harbors copious amounts of bacterial species within the
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airway and the gut/1%%16The mucus layer can do so by the formation of dense lafergaan
to prevent bacterial penetration and maintain a reservoir of antimicrobial proteins to keep the
microbiota at bay>8*Here we assessed the diffusivity characteristics of antimicrobial
biomolecules such as ER7 and IgG through our alginabased hydrogels, where effective
diffusion coefficients were calculated using a MATLAB code from Hettiaratchi et al. (28718).
LL-37 is an antincrobial peptide that is constantly secreted by epithelial cells lining the mucosal
epithelium to maintain homeostasis of the microbi6t&42Due to its cationic nature, |-B7 is
known to interact with mucin and pool in the mucus layer to preventproeéferation of
bacterial specieg:*®3Unfortunately, when assessitige diffusivity of a carboxy fluorescein
labelled LL-37, we found that the fluorescence witkttie reservoir would diminish over time as
well as fluorescent cluster formation; therefore, thgdduld not be calculated. The mechanism
by which LL-37 kills bacteria idoy membrane disruptiairough interaction with the lipid
headgroups. Interestingly, Wildman et al. (20@8)rfdthe interaction between -B7 and lipid
head groups to be higher at low43lZ concentrations and reduced at high3A_concentratios,
suggesting that at higher concentrations;3A_peptides cluster together and potentially
precipitate out of solutiotf* Although the data did not allow for the calculation @f,Qve
observed fluorescent cluster formation within the AMBC hydrogel, but not in the 1% ALG
hydrogels, which suggest that the-BIZ 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'f§@As are secreted into the
mucus ayer in the form of dimeysvhich are connected by a peptide ch&mown as the J chain,

that is highly glycosylate#f 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 leviehwiunoglobulinswithin the
mucus and higher potential to bind pathogenic bacssramechanism of innate deferSgG,
on the other hand, are not as prevalent in the Gl mucus, but there is evidence of higher
prevalence in the airway where they are secreted by immundéyt@&ecause IgG are
monomeric, they can easily diffuse into the mut¥sut have also been shown to demonstrate
interaction with mucin as well as other piatewithin bodily fluids. This interaction occurs
specifically at the Fc portion at the constant region of the antibody, therefore exposing the
variable region to binacterialand viral particles®“*’° This would lead to the expectation that
antibody diffusion within the mucus layer is reduced duedsdhnteractions with mucin.
However, our findings did not show any differences in thedd IgG between ALGMUC
hydrogels and 1% ALG hydrogels. Althouygthwas observed that changes in cross sectional
fluorescent profiles (1 mm away from the hydrogearvoir interface) were reduced in ALG
MUC hydrogels compared to 1% ALG hydrogeidgich might suggest some antibeaiycin
interaction.

Mucus viscosity is another important physical characteristic in determining its protective
ability. One of the main carbuting factors to mucus viscosity in the airway is hydratidn.
Dysregulation of iortoncentrationsan result in a highly dense mucus layer and overall
increased mucin concentration, which is typically associated with chronic inféttidn.the GI
tract reduction of mucin densitiyas 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 prode&tSi’?For instancet.
pylori have demonstrated reduction in pH in the immediate environment which reduces the

viscoelasticity of the mucus barrier, and titlusy areable 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 Gl tract. These genetic mutations typically occur in the goblet cells within thacGl

where gel forming mucins are secreveith reduced glycosylatioff When measuring the

viscosity of the hydrogels in this studyfadling ball viscometer was used whereewnsity was

found to be decreasing with increasing mucin concentrations. Previously mucin has been shown
to interact with C&' cations through thenegatively charged side chaffiBy increasing mucin
concentrations in the alginabased hydrogels it is likely that €avas sequestered by the mucin
leading to reduced crosslinking in the alginate netw@tker interactions between polymer and
calcium ions may have been taking place as well, such as intermolecular aigircateor

mucirrmucin interactions resulting in reduction of alginate crosslokis well (Figure5s).

Although hydrogel viscosity was reduced with the introduction of mucin, we observed improved
cell viability in both cell lines when eoulturing with pathogenic bacteria on top of an ALG

MUC hydrogel. This finding might suggest thiathe presence of mucin, an improved barrier
function is provided due to increased content within the hydegkbotential interaction with
bacteria Other studies have also demonstrated that bacteria use mucin as a binding site, which in

this case mayeduce te rate at which bacteria migrateatards the mammalian cefi&17°
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Figure 25: lllustration of potential interactions between alginate and mucin monomers
within an ALG -MUC hydrogel.

5.4 Pathogenic BacteriaBehavior 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 souf¢&The Olinked glycan structures make opichof the entire
glycoprotein weight, which provides bacteria with an abundance of oligosaccharides to thrive

off. Our assessment of bacterial distribution within the ATPS containing akiaaesl

hydrogels demortsate the preferential growth & flexnerwithin the hydrogel layer when
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mucin is present. Many commensal speealesg withS. flexnerhavebeen showto express
mucolytic enzymes to metabolize the mucin sidechains as well as a mechanism to bypass the
mucus barriet®? P. aeruginosahowed higher abundance within the 1% ALG hydrogel as
opposed to the ALBIUC hydrogelsThis is consistent with othen wvitro studiesthathave
shown thaP. aeruginosdorm in vivo-like biofilms when grown in alginate hydrogéfs.During
chronic infection in the lund?. aeruginosaindergo changes in genetic expression to enter a
mucoid state where flagella protein expression is reduced, and alginate polysaccharide
production is increased to form dense biofilmsasistantibiotics as well athe host immune
cell response®:1’"This may explain the preferential growth in the 1% ALG hydrogels.
However the increased biopolymer content of the AMRC hydrogels compared to the 1%
ALG hydrogels mght also contribute the reduction in bacterial permeation in-MBC

hydrogels.

5.5 Potential Mechanisms oMammalian Cell Death

In our Live/Dead assessment of the mammalian cell component within-thdtaces,
there seemed to be some correlation between bacterial abundance within the thyygzoged
cell viability. As previously mentioned, we foulRd aeruginosabundance toeohigher in the
1% ALG hydrogels compared to the AHBUC hydrogels. This difference in bacterial
abundance was reflected in the viability ofHBE cells, where viability was lower in wells
containing a 1% ALG overlay with increasing cell viability as mummncentration was
increasedThis suggestthatthe ALG-MUC hydroges$ provide better barrier function t@.
aeruginosacompared tahe 1% ALG hydrogels With the ability topenetratehe 1% ALG

hydrogel layerP. aeruginosan contact with the mammalian cells are capable of toxin secretion
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through the type lll secretion syst€i8SS) where various proteases and exotoxins can be
directly injected into the host cédlading to cell death’® Rajan et al. (2000) examine the effects
of various mutant strains &f. aeruginosaincludinga stran lackingthe T3SS on a human
tracheal epithelial cell lin&°® They found that without a functioning T3SS, the number of
apoptotic mammalian cells ieducedwhen incubated witR. aeruginosa’® Interestingly, they
also demonstrate that polarizedHBE cells forming tight junctions better resist apoptosis in
the presence @?. aeruginosapotentially asaresultof N&6B acti vati on (confer
effects)!® The 16HBE cells used in this study were grown as monolayenich typically
contain fewer tight junctionthan polarized monolayemsaking the cells more sensitiveRo
aeruginosa

Caco?2 cellsin co-culture withS. flexnershowed consistently high cell viability
between wells containing the different alginrbtesed hydrogels. When differentiated on semi
permeable membranes, Cazaells have been shown to generate a glycocallgich provided
some barrier function to microbial adheref®gdowever, flat Cace® monolayers lack a
glycocalyx;therefore, the lack of cell death might suggest a strong barrier function &ainst
flexneridue to their lack of motility. Wile they arenon-maotile, S. flexneriare known to secrete
mucolytic enzymes that allow them to efficiently bypass the mucus3ageme of the
symptoms associated wighigellainfections include severe diarrhea (bloody and with mucus),
fever and dehydratiol¥2 However, it is not the mucolytic activithatmakeS. flexnericause
such severe Gl symptoms but rather its toxin production and virulent ability to enter host cells to
evade the host immune respof&Studies have suggested multiple mechanisms by which
Shigellacross the epithelium barrier either directly through translocation into specialized

epithelial cells tdoypasshe epithelium layéf* or through polymorphonuclear neutrophil
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leukocytes (PMNj}hatare recruited to the epithelium hyitial inflammatory respons€® This

then allows bacterial cells to proliferate and invade other epithelial cells calesitngction of

the epithelium layet®® The destructive nature &. flexnerinvasion into cells is likely what was
observed in our coultures 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. aeruginosas commonly associated with CF. Once established
biofilms are formed within the thickened mucus layer, bacteria persist antbdeesistance to
antibiotic treatment® Therefore, we were interested in testing ciprofloxacin treatment against
established bacterial colonies within the algifadsed hydrogel layers. To perform this
experiment, cecultures were first incubated for 7 hours to establish some bacterial guiwitin
the system, followed by a d#our incubation with a ciprofloxacin supplemented Ritase. We
observed a reduction . aeruginosaabundance and near full eradicatiorSoflexneriwithin
the PEGphase; however, both species were found to pergtinvhe 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 theVRLG
hydrogels. Cell viability of 141BE cells ovelaid with 1% ALG showed improved viability
compared to no antibiotic treatment, suggesting that the antibiotic was capable of diffusing into
thehydrogel and eliminated enough bacteria for improved cell survival. However, the reduced
cell viability of 16:HBE and Cace?, overlaid with ALGMUC hydrogelsjndicates that the
added incubation tim@n antibiotic treatment experimensjowed the persistent bacteta

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 demongthtecompatibility of an
ALG-MUC hydrogel with a PEEDEX ATPS caculture,further characterization and
optimization is needed.here are various limitations/shortcomings that should be addressed in
future work, regarding the validation of the proposed matammicrobial caculture model.

It is likely that the fabricated hydrogels in this study haveNemwtonian rheological
properties based @revious studies that have characterized similar hydrogels. The falling ball
viscometer was used to assess thpaemt viscosity of the partially crosslinked alginbssed
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 iriteracthus reducing the
level of calcium crosslinkingetween the alginat@olecules

As a result, we speculate whether the AMBIC hydrogels produced are true sefPNs.

To test this hypothesis, an alternative hydrogel polymer that can be crossiidegendent 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 redudimg alginatealginate interaction.

The diffusivity characterization of the hydrogelasassessed using straight PDMS chips
containing straight channels with reservairseither side containing liquid levels at equal height

to reduce convective flow. Hower, 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 measuredhdiffusivity 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 observationsseveral cells were found to be stained with both calcein AM (vigbéen and
ethidiumhomodimer (nofviable red . However, the state of the
than this. To obtain a more accurate measure of the state of the mammalian cells, metabolic
assays can baarried outsuch as thé&-(4,5-dimethylthiazol2-yl)-2,5-diphenyt2H-tetrazolium
bromide(MTT) assaythatcan measurtotal cellular metabolic activity.

Furthermore, the assessment of bacterial distribution within toeltare 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 withingtesy

Another concern with this eculture system is its longevity. Here, we demonstrate that
the coculture of 16HBE and Cace? cells withP. aeruginosaandS. flexner, respectively, over
a 12hour incubation period without bacterial overgrowth within the syst#iin the
introduction of ciprofloxacin at MIC, we find that bacterial colonies can be maintained over
longer periods of timéL9 hours)without over proliferabn throughout the systeriio further
the use of this hoshicrobe interaction system for disease modelling, antibiotic supplementation
can be used to maintain the bacteria colonies at inhibitory concentr@tduisonally, the

mammalian cell component the current model lack®mplexity in that it does not fully
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represent the columnaell barrier found in natural mucosal epitheliufine goal of this project

was to demonstrate the ability to form an ATPSatture on top of an artificial mucus hydroge
where monolayers were used agade measure tdetermire the cytotoxic effects of both the
hydrogel and bacteria. To further improve this system, a differentiated tissue culture should be
usedto provide the specialized functions of the particular wm@fanterest.

Lastly,we did notaddress the immunological response of the mammalian cells to the
bacterial infection. Chemokine response such & $kecretion by epithelial cells is common in
bacterial infections as a mechanism to recruit immunocytiggetmfection site to rid the
bacteria. This can be tested by performing ELi&th the co-culturemedia after théncubation

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
mucuslike hydrogelfor the application of mammaliamicrobial ceculture using a PE®EX
ATPS formulationThe ALG-MUC semilPN hydrogel can be fabricated using mgie ionic
crosslinking method which allows for the deposition of the hydrogel directly on top of a
mammaliarcell monolayer without disruption of the underlying cells. Furthermore, we show
that the ALGMUC hydroges$ are, in fact, compatible with a PEHBEX ATPS in that it is
cytocompatible over extended periods of time,-nethadherent, protective against PEG
mediated cytotoxicityandable to support the formation of an ATPS for bacterial deposition.
These hydrogels also demonstrate selective diffusofipjomolecules as well as barrier

function in mammaliasmicrobial caculture when using pathogenic bacteria.

80



By successfully establishing a mammaliaicrobial coculture using an AL&GVIUC
hydrogel within an ATP$nethod this model has the potential to provide the spatiaporal
niche of the mucus microenvironmentvitro. With the recent rise in interest of fabricating a
realisticin vitro hostmicrobe interaction model, this model uses equipment and cherthiatils
are available to the typically equipped life science labora®yyaddressing the limitations of
this model taoptimize its use in future studies, there is the potential to provide a readily available
in vitro model for studying specific interactions beeamemammalian 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’  {@optimplotfval, @optimplotstepsize});
% options.StepTolerance = 1e - 10;

pmin = 3.5*10e -7,

% pmin = 10" - 6;
[pminf,Smin,exitflag,output]=fmincon(@Data_ToMinimize,
pmin,[],[].[].[],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);

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

distance(1,1) = eps;
for 1= 1:length(time)
for = 1:length(distance)
if  matrix(i,j)) == 0
matrix(i,j) = eps;
end
end
end

% matrix = matrix./100;

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

% Time in seconds for each image

t = 60*time; % s

% Convert distance to centimeters
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x = 10*(distance); %cm

% 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 conc entration, as

fcn of time and position

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

% And the resulting concentration, C

for 1= 1:length(t)

y(i,:) = x./(2*sqrt(D_eff.*t(i)));

C(,:) = erfc(y(i,?));

end

% C =0.1*C;

% Create plots
subplot(2,1,1)

plot(x*10000,matrix, 'LineWidth' ,2)
xlabel( 'Distance, um' )

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 1= 1:length(x)

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

end
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APPENDIX B
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Figure 26: Live/Dead staining images of 161BE and Caca2 monolayers after a 1zhour

co-culture incubation with P. aeruginoseor S. flexneri respectively, either with or without
alginate-based hydrogels between monolayer and ATPS (Trial 2, top; Trial 3, bottom).

Bacteriawere deposited using a 5% PEG/5% DEX ATPS or 10% PEG/10% DEX ATPS onto
monolayers with or without an alginat@ased hydrogel overlay, where a DEX droplet without
bacteria was deposited directly onto a monol a
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APPENDIX C

w/o bacteria w/ bacteria
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Figure 27: Live/Dead staining images of 161BE and Caca2 monolayers after a 16hour
(cipro added a 7 hr) co-culture incubation with P. aeruginoseor S. flexneri respectively,
either with or without an alginate-based hydrogel between monolayer and ATPS (Trial 2,
top; Trial 3, bottom). Bacteriawere deposited using a 5% PEG/5% DEX ATPS or 10%
PEG/10% DEX ATPS onto monolayers with or without an algibaised hydrogel overlay,
whee a DEX droplet without bacteria was deposited directly onto a monolayer as a control

(Scal e bars 500 &em).
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