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Abstract

Hydrogel networks have attracted considerable research interest due to their
potential in multiple biomedical applications, including drug delivery, wound healing,
tissue engineering, and biomedical equipment coatings. In particular, multi-functional
hydrogels that are injectable, non-cytotoxic, anti-bacterial, and bioadhesive offer
potential applications in wound management, surgical barrier materials, and mucosal
or skin-based drug delivery. In this thesis, an in situ injectable hydrogel network
based on chitosan and poly(oligoethylene glycol methacrylate (POEGMA) was
prepared using covalent aldehyde-hydrazide chemistry to form a stable hydrazone
bond that is biodegradable, biocompatible, and adaptable to form networks with
varying mechanical properties. Chitosan, a cationic polymer, has inherent adhesive
and antibacterial properties, while POEGMA is innately protein-repellent and non
cytotoxic. Therefore, by combining these materials, a non-cytotoxic and degradable
hydrogel with both adhesive and antibacterial properties can be produced, with
potential applications in drug delivery and wound healing.

The focus of this thesis is to functionalize chitosan to possess hydrazide groups
without losing its inherent adhesive and antibacterial characteristics. This was be
confirmed through titration and FT-IR to confirm and quantify the degree hydrazide
functionalization followed by typical hydrogel characterization such as gelation time,
degradation kinetics at different pH, transparency, and mechanics to ensure the
required criteria for potential use in vaginal and skin applications are all met. The
adhesive properties of the hydrogel with biological tissue (porcine skin) were assessed
using peel and tack testing strategies, while mucoadhesion potential was screened

using tack tests relative to a model mucosal membrane. Antibacterial properties of the



functionalized chitosan polymer and chitosan-POEGMA hydrogel were characterized
using minimum inhibitory concentration measurements, zone of inhibition assays,
macro broth dilution, and LIVE/DEAD bacterial assay using E.coli as the bacterial
model. Different chitosan weight percentage incorporations in the hydrogel matrix
were investigated and compared, both internally as well as with a cationic POEGMA-

POEGMA hydrogel to identify the role of chitosan in controlling the gel properties.
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1. Literature review



1.1. Bioadhesion

Bioadhesion, also named tissue adhesion, is a process by which any substrate
(biological or not) adheres to a biological substrate through different mechanisms [1].
Bioadhesive materials, particularly bioadhesive polymers, are of current interest in
both research and clinical fields for their potential application for hemostasis, non-
invasive tissue sealing, and local transdermal and topical drug delivery [2].

To better understand how to design a bioadhesive polymer, the mechanism of
bioadhesion must be understood. The exact mechanism, however, remains unclear,
with several theories proposed to explain observed phenomena. Indeed, the
bioadhesion mechanisms should be thought of as supplementary processes that occur
at different stages in the overall polymer and biological substrate interaction and/or at
different intensities for different polymer-tissue interfaces [3], [4].

1.1.1. Bioadhesion mechanisms

There are five main theories explaining bioadhesion, four of which are
primarily chemical and two of which are primarily physical [5]. Other theories are also
available that may be relevant to specific cases of adhesion [6], [7].

1) Electrostatic interaction: The electronic theory focuses on the difference in
charge between the biological substrate and the polymer driving an adsorption event.
Different charges promote electrostatic interactions between the two interacting
double layers at the interface, resulting in adhesion due to the attractive forces
developed. For example, given that most biological interfaces (skin, mucin, hair, etc.)
are negatively charged, positively charged polymers typically exhibit higher

bioadhesion than neutral or anionic polymers [8]. However, cationic polymers may



cause cell aggregation and other toxic reactions, indicating that charge density must be
balanced to achieve both adhesion and biocompatibility [9].

2) Adsorption: Adsorption theory attributes bioadhesion to the formation of
van der Waals interactions, hydrophobic interactions, or hydrogen bonding and
represents one of the most universal and significant contributions to bioadhesion [1],
[5].

3) Wetting: Wetting theory attributes bioadhesion events to the polymer’s
ability to spread and develop intimate contact with the biological surface. Typically
used with regards to liquids and low viscosity polymers, the wettability of the
interface allows the polymer to penetrate the biological surface’s irregularities and
subsequently anchor itself to the surface. This theory is also relevant to injectable or
phase transition polymers that are initially liquid but gel over time while in the
presence of the biological surface [10], [11].

4) Mechanical interlocking: Mechanical interlocking describes a polymer’s
ability to penetrate and infiltrate into the pores and irregularities of a rough surface,
leading to surface binding due to a Velcro-like effect. This theory’s significance is
generally downplayed in most cases since smooth surfaces have also been known to
possess good adherence [11], [12], but may be relevant particularly in the case of
nanostructured surfaces.

5) Diffusion: Diffusion theory describes the penetration and subsequent
physical entanglement of the chains of the polymer and the biological surface and/or
interpenetration of the biological strands into the polymer’s porous structure. The
degree of chain entanglement and interpenetration determines the bioadhesion strength

between the biological substrate and the polymer [5], [13]. Structurally, the more



similar the polymer is relative to the biological substrate, the greater the bioadhesion.
The chain length and the concentration of the polymer both have strong effects on this
process, since a 0.2-0.5 pm interpenetration layer is typically cited as required for an
effective bond to form [14]; generally, this would suggest that a critical polymer
molecular weight of 100kDa is needed to obtain sufficient interpenetration of the
polymer chains within the mucin [15]. Figure 1-1 further shows that diffusion at the
polymer:mucin interface is a function of the initial contact time. The more contact

time, the higher the interpenetration between the polymer and mucin.

S S
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Figure 1-1: Mechanism of the diffusion theory (yellow = polymer; blue = mucin):
(a) before contact; (b) at the moment of contact; (c) after an initial contact time [13]

6) Ligand-receptor interactions: Ligands are ions or molecules, such as
functional groups, that bind to a receptor atom to form a coordination complex.
Typical biological ligands used are enzyme-substrate pairs [16], streptavidin-biotin
(the strongest non-covalent interaction known) [17], aptamer-target pairs [18],

antigen-antibody interactions [19] and protein-protein interactions [20], all of which



can drive bioadhesive interactions with biomaterials when ligands (or receptors) are
functionalized onto the free ends of the polymer chain. When a receptor surface is in
close contact with a complementary ligand functionalized polymer surface, the ligands
bind to the receptors, forming a bond that can be considered bioadhesive if the

receptor surface is biological [21].

1.1.2. Polymeric factors affecting bioadhesion
There are many factors that are taken into account when selecting a strong

bioadhesive polymer. Flexibility of the polymer chains, hydrogen bonding capacity,
molecular weight, concentration, cross linking density, and the charge of the polymer
are among some of the most important factors affecting a polymer’s bioadhesiveness
[3]1, [4], [5], [14]. As polymer chains cross-link, their mobility and thus diffusion
coefficient for transport into the biological layer decreases; therefore, flexible polymer
chains are ideally needed for sufficient penetration of the polymer chains into the
biological layer to achieve a strong bioadhesion, particularly in the case of hydrogel
bioadhesion [13]. Polymers with functional groups such as carboxyls (-COOH),
hydroxyls (-OH), amines (-NH>), and sulphates (-SO4H) can exhibit enhanced
hydrogen bonding with a biointerfaces and thus higher bioadhesion [3], [6]. Molecular
weight of the polymer affects both the degree of physical entanglement and
interpenetration of the chains, with a lower molecular weight favorably promoting
interpenetration while a higher molecular weight favorably promoting physical
entanglement. Typically, higher molecular weight polymers possess superior
bioadhesive properties [10], although a ceiling effect is observed in which the
bioadhesion drops after an optimum molecular weight is exceeded, at the same

concentration for each different MW polymer. This is due to increased coiling of the



polymer chains because of their increased length, (particularly in cases in which
intramolecular bond formation is possible) resulting in less free movable polymer
chains for entanglement and subsequently weaker bioadhesion [4]. This effect also
applies to the polymer concentration; a concentration higher than the optimum will
result in a drastic drop in the bioadhesion due to steric crowding and subsequent
unavailability of the chains for interpenetration. However if the polymer concentration
is too low, the available polymer chains per surface area of the biological substrate
decreases, weakening the bioadhesion strength between the polymer and biological
tissue [4], [14].

Charge attraction also promotes bioadhesion, although charge is not a pre-
requisite for adhesive materials; for example, chitosan (cationic, attractive),
poly(ethylene oxide) (neutral), and poly(acrylic acid) (anionic, repulsive) have all
been reported to adhere to biointerfaces in certain contexts [3]. However, in the
context of charge promotion of bioadhesion, since the biological surfaces are
negatively charged they typically interact most strongly with cationic polymers.
However, some neutral polymers, such as PEO, are also highly bioadhesive due to
their strong hydrogen bonding and flexibility (and thus ability to interpenetrate) [9].
That said, most neutral polymers possess little to no bioadhesion, while cationic
polymers’ positive surface charge consistently promotes electrostatic interaction and
the formation of surface bonds between the anionic tissues [13].

Different types of polymers primarily adhere via different mechanisms.
Adhesion of anionic polymers to tissue is typically attributed to hydrogen bonding
between tissue and carboxyl groups on the polymeric chain, while cationic polymer

bioadhesion is primarily electrostatic and non-ionic polymer adhesion is primarily



driven by a combination of hydrogen bonding and chain interpenetration. While these
principle mechanisms primarily drive bioadhesion in each polymer group, they are not

the sole contributing factors to bioadhesion of such materials [9].

1.1.3. Environmental and physiological factors affecting

bioadhesion
Environmental and physiological factors are also taken into account when

choosing a bioadhesive polymer, including the nature of the biological substrate on
which the polymer will be applied, the initial contact and application strength of the
polymer and tissue, and the environmental pH. Different biological substrates have
different surface charge densities as well as functional groups types and
concentrations [13]; for example, mucosal layers, possess unique functional groups
from usual skin tissue that favour different polymers for adhesion. Therefore mucosal
and topical applications, while both under the bioadhesion umbrella, can be promoted
via different functional groups and surface charge densities. The adhesion force
increases as the force at which the adhesive is applied and the duration of that force is
increased, both of which drive increased interpenetration of the polymer within the
biological substrate [22]. Local pH determines the degree of ionization of both
polymer and biointerface functional groups according to the dissociation constant
(pKa) of the functional groups. If the pKaj is not in the working range of the system, the
functional group will remain uncharged and hydrogen bonding will be the only
interaction between the polymer and the biological substrate, with no charge
contribution. However, in the ionized state, the expanded polymer chains promote

polymer chain mobility, diffusion, and physical entanglement. Chitosan is insoluble at



pH > 6.5 and the amine group is protonated at pH <6.5; therefore its bioadhesive
strength is only present at a lower pH, where chitosan is then soluble and its cationic
charge will promote bioadhesion [15]. The water content of the system also can
strongly affect adhesion. For example, greater adherence to the skin layer is witnessed
with increased skin hydration due to the unfolding of the keratin exposing more
functional groups to interact with the adhered material [8].
1.1.4. Mucoadhesion

Mucosal membranes line the walls of various parts of the human body and are
comprised of connective tissue oriented below a layer of epithelial cells. This layer is
found in the stomach, the small and large intestines, the bronchi, the esophagus,
vagina, and cornea. Mucus is a glycoprotein that is present as either an adhering gel
layer to the mucosal surface or in a soluble form adjacent to that layer [23]. Figure 1-2
shows the typical structure of mucus glycoproteins, coupled with the various types of
interactions such as glycoprotein structures that can support and promote adhesive

interactions.
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Figure 1-2: Mucin glycoprotein structure and its mucoadhesive interactions [24]

Electronic (Electrostatic) interactions as well as hydrogen bonding are the two
predominant adhesion mechanisms supporting polymer: mucin interaction. Polymers
that possess functional groups such as carboxyls, hydroxyls, sulphates, and amines
tend to have superior adhesion strength to the mucosal layer. Also, mucin’s overall
negative charge, due to the presence of the sialic acid on its backbone, results in

electrostatic interactions between its negative charge and a cationic polymer’s positive

charge [23].
1.1.5. Applications for bioadhesive polymers
Tissue adhesive and/or mucoadhesive polymers can be employed in various

clinical and medical applications, particularly those in which immobilization of a

material to a biointerface may offer significant performance advantages [12].



1.1.5.1. Wound Healing

Wound healing is a complex and cellular process with overlapping stages that
requires proper progression to ensure complete healing of the wound. Would healing
proceeds through four stages: hemostasis, inflammation, proliferation, and maturation
(remodeling). Figure 1-3 shows the approximate timeline of this sequence of events in

wound healing.
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Figure 1-3: The stages of wound healing [25]

Once a blood vessel is injured, the wound healing process begins. The body
activates a series of actions to initiate biological hemostasis, including constriction of
the local vasculature and triggering of a clotting response via platelets. Subsequently,
once a clot is formed, the blood vessels dilate to allow antibodies, white blood cells,
growth factors, enzymes, and nutrients to the wound area, leading to the production of
exudate that marks the inflammation stage. At the proliferation stage, new granulation

tissue made up of collagen (mostly type 111) and other extracellular matrix (ECM)
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proteins fill the wound and new blood vessels develop. Macrophages degrade the
epithelial membrane of the native vessels and release growth factors to stimulate
growth of new vessels at the site of inflammation, a process known as angiogenesis.
Epithelial cells then resurface the wound via a process known as epithelialization [26,
27]. Lastly, at the maturation stage, collagen type Il1 is remodeled to collagen type |
and cellular activity and blood vessels are reduced [25].

The presence of infection during this wound healing process can significantly
disrupt the normal cascade of events, resulting in chronic wounds that fail to heal in a
timely and orderly manner. Wounds are more susceptible to infection since the host
bacteria equilibrium in a traumatized tissue shifts in favor of the bacteria, enabling the
bacteria to inhibit the process of normal wound healing and also cause sepsis, a
systemic response to this disturbance. Serious complications such as keloids, ulcers,
limb amputation, and even fatality can result. This impaired healing is usually
attributed to how the presence of bacteria alter components of the healing process,
including growth factors, cytokines, or enzymes. Therefore, in order to ensure a
smooth and undisturbed wound healing process, preventative as well as combative
measures are taken through the use of different wound healing agents [12], [28], [29].

Wound healing agents are defined as materials that aid in the stoppage of
wound bleeding and promote healthy wound healing by eliminating infection and
tissue necrosis [30]. There are three main classes of wound healing agents: hemostat
agents, sealants, and tissue adhesives. A clear definition and distinction between the
three types of materials is needed before proceeding. A hemostat actively aids in blood
clotting and is only effective in the presence of blood, a sealant creates a physical

barrier that prevents any gas or liquid leaking from the wound, and an adhesive glues
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biological tissue together. Both sealants and adhesives are most effective in dry fields
and can also possess hemostatic capabilities by blocking blood flow but do not
necessarily aid in blood clotting [12], [31], [32].
1.1.5.1.1. Hemostatic agents

Hemostatic agents promote primary hemostasis by initiating fibrin formation
and inhibiting fibrinolysis [26]. While hemostatic agents are themselves not
bioadhesive, they may be embedded inside bioadhesive dressings. Hemostatic
materials are available as granular powders applied directly to the wound or powders
embedded in dressings, and are classified as either mechanical agents or active agents
[12]. Mechanical hemostatic material prevent blood loss by forming a mechanical
barrier and are usually in the form of powder, sponges, sheets, or micro particles,
while active agents such as thrombin to enhance the effectiveness of wound healing by
directly participating in the process of fibrin clot formation. However, major safety
concerns are associated with using thrombin-based agents based on the potential off-
target effects which may induce thrombosis, hypotension, and death; as such,
thrombin must not be injected intravascularly. Floseal (a combination of thrombin
with a gelatin matrix), porcine gelatin (Gelfoam, Surgifoam), bovine collagen
(Helitene, Avitine, Instat), and oxidized regenerated cellulose (Surgicel) are among
some of the current commercialized hemostats available [12], [31].
1.1.5.1.2. Tissue adhesives and sealants

The emergence of tissue adhesives and sealants as an alternative to sutures that
can double as hemostatic and mechanical agents has been of significant interest in
recent clinical research. Tissue adhesives offer the ability to mechanically block

bleeding, actively participate in the blood clotting process, and even serve as
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antibacterial agents. This branch of materials could potentially decrease post-surgery
infection rates and enhance wound healing while causing minimal pain for patients,
typically a problem with conventional wound dressings [12]. They are generally made
up of natural or synthetic polymers that undergo polymerization or cross-linking to
form an insoluble adhesive matrix.

Commercially available bioadhesives can be divided into five categories based
on their chemical makeup: fibrin-based, albumin-based, cyanoacrylate-based, collagen
based, and hydrogel-based [2,33]. Fibrin glue consists of a combination of thrombin
and fibrinogen and is the most widely used adhesive in medical and clinical
applications. It mimics the chemistry of the last stage of blood clotting by creating a
deliverable clot for use as a hemostat and sealant. Fibrin glue has been used for sealing
air leaks from lung procedures, controlling burn bleeding, and treating spleen and liver
lacerations, among other functions. Of particular interest, given that the chemistry
directly mimics native clotting, fibrin glues are biodegradable via normal fibrinolysis
and directly integrate to support the native wound healing process. However,
thrombin’s susceptibility to cross-react with human clotting factors pose a risk of
hemorrhaging, a major safety concern [12], [31]. Albumin-based compounds are made
up of a combination of albumin and adhesion/cross-linking compounds including
gelatin, resorcinol, formaldehyde, and glutaraldehyde. Currently, they have proven
difficult to commercialize due to the toxicity of the formaldehyde present in the
adhesive. Cyanoacrylates are stronger than fibrin sealants but are not biodegradable so
can only be used topically because they may lead to internal inflammation, tissue
necrosis, and infection risks. They have also been associated with carcinogenesis [12],

[33]. Collagen-based adhesives are comprised of a combination of bovine collagen
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and bovine thrombin, providing a matrix for clotting and assisting native fibrinogen to
clot. Hydrogels, typically based on photocross-linked poly(ethylene glycol), offer the
advantages of controlled degradation times and mechanical properties suited to the
particular tissue. However, current generations of hydrogel tissue adhesives require
time to apply and set, and the required photoactivation for polymerization makes the
application more complex (indeed, impossible in the case of hemorrhaging) and
potentially toxic to surrounding cells. However current advances in hydrogel synthesis
eliminate the activation step, leading to the development of hydrogels able to
accelerate wound healing as well as offering antibacterial properties as an alternative

to antibiotics [33], [34].

1.1.5.1.3. Desired polymer bioadhesive properties in wound

healing
For practical use, bioadhesive materials must be safe, non-toxic (both in terms

of the actual material and its degradation products), sterilizable, and easy to prepare
and apply. The adhesive should be flexible and possess flow characteristics that enable
it to easily and precisely be applied to the desired area without losing its integrity
during the application or during any body movement. The material should be able to
rapidly solidify once in contact with the targeted site at physiological conditions in
order to minimize bleeding and surgery time. In addition to adhesion, other desirable
material properties include hemostatic properties, wound healing and regeneration
characteristics, and infection control. Lastly, the material must be biodegradable on an
appropriate time scale. Combining all of these properties in one material has not yet
been accomplished; however, advances in research have led to materials that possess

many desirable properties for applications as bioadhesive and sealant products [12].
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1.1.5.2. Drug Delivery

Mucoadhesive drug delivery systems offer potential in providing localized
drug release to desired regions, increasing the residence time of the drug (thus
reducing dosage frequency), and enhancing the intimate contact of the drug with
membranes of the biological system for better drug absorption at the site of
application [3], [35].

Drug delivery systems are engineered technologies for enabling the targeted
and controlled delivery of a therapeutic drug by addressing the physiological barriers
that decrease a drug’s efficacy. Figure 1-4 shows the conventional (pill-based) versus
desired controlled drug delivery release profiles, with controlled release both
minimizing the risk of overdose and maximizing the duration of time over which the
local drug concentration lies within the therapeutic range.. Depending on the
medication and how the medication is delivered, undesirable side effects may also be
avoided or minimized with controlled delivery vehicles [36]; in particular, for
medications intended to have local effects (e.g. chemotherapy agents), controlled local

release minimizes the systemic toxicity of the drug.
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Figure 1-4: Conventional vs. controlled drug delivery release profiles [37]

1.1.5.2.1. Bioadhesive polymers as drug delivery matrixes
Bioadhesive drug delivery systems have several advantages in the context of

drug delivery. Bioadhesive polymers have the potential to prolong residence time at
the site of drug absorption and enhance the absorption of usually poor absorbable
drugs such as peptides and proteins, increasing the bioavailability of the delivered
drug as well as decreasing the required dosage frequency and amount [5]. These
polymers come in the form of tablets, hydrogels, microspheres, beads, nanoparticles,
films, or patches and can deliver the drug locally or systemically [6]. Some of the
application sites explored in the literature include oral, nasal, ocular, rectal, vaginal,
and gastrointestinal [1]. Carboxymethyl cellulose (CMC), carbopol 934p, chitosan,
and polyethylene oxide (PEO) have in particular been studied as buccal mucoadhesive
delivery systems [23].

Nasal delivery is another important delivery route, representing a

mucoadhesive site with a surface area between 150 to 200 cm? [38]. The residence
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time of the drug has been proven to increase when delivered using the nasal route [39].
Sodium carboxymethyl cellulose and carbopol 934p have in particular been explored
as potential nasal drug delivery systems [23].

Ocular drug delivery is also an emerging popular route of drug administration
to treat eye disorders. The strong bioavailability limitation observed based on current
ocular drug delivery approaches has shifted research toward the investigation of
mucoadhesive polymeric systems. The anatomy of the eye coupled with the protective
mechanisms of the eye cause most of the drug administered via eyedrops to be lost
before reaching its targeted area; use of a mucoadhesive delivery system offers
potential to prolong residence time and thus increase drug efficacy. Polyvinyl
pyrrolidone (PVP), thiolated poly(acrylic acid) (PAA), polyamidoamine, and methyl
and hydroxyl ethyl cellulose are among some of the researched and tested
mucoadhesive polymers for ophthalmic drug delivery [40].

Mucoadhesive polymers can also greatly reduce the migration of the drug and
thus increase therapeutic efficacy in the context of vaginal and rectal drug delivery.
The polymers most typically used include gelatin, polycarbophil, and sodium alginate

[23].

1.1.5.2.2. Desired polymer bioadhesive properties in drug

delivery
As in wound healing, bioadhesive material must have strong adherence to the

biological substrate to enable strong interpenetration and thus effective and long-term
topical drug delivery efficacy, mandating the use of polymers with high enough
molecular weights and chain flexibilities for strong interpenetration and chemistries

containing appropriate functional groups for adhesion. In addition, the polymers
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should be unreactive towards the loaded drug, facilitate easy incorporation of various
drug doses within its matrix, biodegrade at an appropriate rate for the targeted
application, and facilitate controlled release with kinetics appropriate to the clinical

need [5], [6].

1.1.5.3. Tissue engineering
Bioadhesive polymers are currently being researched as a potential scaffold

materials in the context of tissue engineering and regenerative medicine. Scaffolds are
three dimensional porous solid biomaterials designed to 1) promote extra cellular
matrix (ECM) deposition, cell adhesion, and cell-biomaterial interaction, 2) allow
sufficient transfer of gas, nutrients, and regulatory factors for cell survival,
proliferation, and differentiation, 3) biodegrade at the same rate as tissue regeneration,
and 4) have minimal inflammation and toxicity effects [41], [42]. Appropriate
scaffolds for particular tissue engineering challenges ideally offer properties that
mimic natural tissue, including strength, rate of degradation, porosity, size, and
microstructure [41], [43]. Figure 1-5 shows the typical process for growing cells using

a polymeric scaffold.

18



» -~ g B
Cells Matrix ! In-vitro ¥
cultivation

‘\!,:5'1 -8 |
p Ao o

Figure 1-5: Tissue engineering process using polymeric scaffolds [43]

Polymers can be tuned to meet desired characteristics based on the material
and reaction chemistry used, the type and degree of functionalization, and the polymer
molecular weight [44]. Porous polymer or hydrogel scaffolds have been used for the
regeneration of skin, bone, and cartilage, organs such as the liver, bladder, or pancreas,

heart valves, arteries, corneas, and other soft tissues [41], [45].

1.2. Hydrogels

Hydrogels are three-dimensional systems composed of water-soluble polymers
that are formed by crosslinking polymer chains through physical or covalent
interactions [46], [47], [48]. Hydrogels are known for their ability to absorb and retain
water, and have thus attracted interest in various biomedical fields such as drug
delivery, wound healing, tissue regeneration, cell immobilization, and biocompatible
coatings [46], [49]. A hydrogel’s ability to absorb water is attributable to the
hydrophilic functional groups attached to the polymer backbone while its resistance to

dissolution comes from the cross-links present between the network chains [47], [50].
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Hydrogels have also typically exhibited good biocompatibility due to their high water
content and thus low interfacial tension within the aqueous biological environment
[48]. Hydrogels can be used in the form of slabs, films, micro particles, nanoparticles,
and coatings [49].

Hydrogels can be created by using any modified natural or synthetic water
soluble polymer that can facilitate cross-linking and hence hydrogel formation to
occur. Different mechanisms of network formation have been extensively studied; the
main two methods are chemical and physical cross-linking [48]. Physical cross-linking
is a reversible mechanism that has the advantage of not using any chemical cross-
linking agents. Physical cross-links can be achieved through different environmental
factors such as temperature, pH, and ionic interaction, as well as physiochemical
interactions such as hydrophobic, charge condensation, and hydrogen bonding [48],
[49]. Chemical cross-linking mechanisms use cross-linking agents or polymer-
polymer crosslinking to form covalent bonded hydrogels. Glutaraldehyde and genipin
are two widely used cross-linking agents that promote fast gelation between
carbohydrates and other natural polymers [51]. However, the use of small molecule
cross-linking agents can cause cytotoxic side effects that result in a non-biocompatible
hydrogel [48], [49]. Polymer-polymer cross-linking, facilitated by the reactivity of the
side chains of the polymer backbone chains, usually offers a more non-cytotoxic
alternative. In particular, our group has extensively studied the cross-linking of
hydrazide and aldehyde-functionalized polymers that, when in contact, form a
(hydrolytically reversible) hydrazone bond without the use of external promoters such

as UV photopolymerization or radiation. This approach to use macromolecular cross-
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linking agents typically promotes the formation of a more non-toxic, biocompatible
hydrogel that has the potential to be used in clinical in vivo settings [48].

Hydrogels can effectively be tuned according to their cross-linking density,
which determines important parameters such as pore size, swelling, degradation, and
mechanical strength [48]. Controlling the cross linking density can be achieved
through using different chain length monomers, amounts of cross-linking functional
groups, concentrations of product polymer in the hydrogel network, and the reaction

temperature [50].

1.3. In situ gelling chemistries

The effective application of most conventional hydrogels for internal medicine
remains difficult due to the difficulty in delivering hydrogels in a minimally invasive
method through a syringe. Pre-formed hydrogels are highly elastic and thus difficult to
inject, while other established synthetic routes to in situ-formed hydrogels are
incompatible with in vivo requirements (e.g. glutaraldehyde crosslinking). Enabling
injection significantly decreases the damage incurred at the targeted and surrounding
tissue during the delivery, which reduces the risk of infection, inflammation, patient
pain and healing time. Furthermore, their ability to gel at the site of injection allows
the hydrogel to take the form of the tissue surrounding it, filling any cavities and
undesired voids in a way particularly essential for barrier applications of the hydrogels
[52], [53].

Some chemical cross-linking hydrogels can be used non-invasively (e.g.
photopolymerized hydrogels cross-linked under UV radiation [54]; however, such

hydrogels require a photoinitiator and UV radiation at the in vivo site of application,
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which poses safety concerns associated with the use of high-intensity UV, potential
heating effects, and subsequent cell death [52]. These factors limit the potential in vivo
application of in situ-gelling hydrogels [54].

Injectable, or in situ gelling, hydrogels fabricated through physical cross-
linking have attracted interest due to their ability to avoid some of the limitations
mentioned above. Their shear-responsive nature enables injection and thus avoidance
of surgery, as well as (often) rapid gelation once injected into the physiological
environment. Physical cross-links can be formed in a stimulus-responsive nature using
a physical trigger (e.g. pH and/or temperature) or by the physical interaction of the
prepolymer gel components through a number of interactions such as electrostatic and
hydrophobic [52], [55]. However, these physically cross-linked hydrogels typically
offer minimal control over the degradation mechanism, with some formulations, such
as poloxamer 407 [49], being highly dilution-sensitive in vivo (and thus rapidly
cleared) and others bonding so strongly to the point the material is not functionally
degradable (leading to bioaccumulation and potential inflammation) such as
PINPAAmM-grafted-collagen [56]. Physically cross-linked hydrogels in the aqueous in
vivo environment also typically show poor mechanical properties that can be disrupted
by low magnitudes of shear [52], [54], beneficial in some applications, such as the eye
[57], but undesirable for long-term immobility at the site of injection in other
applications.

In response to the native disadvantages of both physical and conventional
covalent chemistries for gelation, a series of reactive functional group pairs (typically

tethered to polymers to minimize the toxicity of functionalized small molecules) have
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been developed [52], with the most common such chemistries being the Michael
reaction [44], disulfide formation [58], and Schiff base/hydrazone bond formation [52].

A Michael reaction, also known as Michael addition, is the nucleophilic
addition of a nucleophile to a B-unsaturated carbonyl compound such as an aldehyde
or ketone. Amines, alcohols, and thiol groups are generally employed as the
nucleophile(s), with ketone and aldehydes used as the electrophile(s) [52]. Michael
addition chemistry can occur spontaneously under physiological conditions [59].
However, the basic conditions of a Michael reaction, its often slower gelation rate, and
the functional irreversibility of most Michael adducts might be undesirable for in vivo
use [52], [60].

Disulfide formation can be achieved through the reaction of two thiol groups,
forming a S-S bond in an oxidizing environment [52]. While this method produces
hydrogels that are easily reversible (via disulfide exchange) and generally non-
cytotoxic in vivo and in vitro in the absence of catalysts, the low gelation rate poses a
disadvantage; in addition, since this chemistry is routinely used biologically, proteins
are highly reactive with this chemistry as well, leading to (in some cases) protein
denaturation that limits its practical use [52].

Hydrazone bonds are formed through the reaction between nitrogen from a
hydrazine or hydrazide group, a functional group containing nitrogen-nitrogen bond,
and a carbonyl-containing functional group such as aldehydes or ketones, with the
oxygen in the carbonyl group eliminated via reaction [52], [61]. The main advantage
of hydrazone bond formation (hydrazide-aldehyde) is the fast gelation time upon
injection, with highly functionalized polymers gelling in mere seconds. The

degradation time can be tuned due to the hydrolytic lability of the hydrazone bond and
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the amount of cross-links present (based on the number of functional groups on the
precursor polymers) in the hydrogel matrix; such control offers the potential to
develop a controlled release drug delivery system as well as other degradable

biomedical products [36], [52].

1.3.1. In situ Gelation chemistry used

The gelation chemistry used for this project is hydrazide-aldehyde chemistry, shown

schematically in Figure 1-6.

0 0
L 20 pHESTS neN
™. @Y M GY T

H

Functionalized Functionalized
polymer polymer

Figure 1-6: Aldehyde-hydrazide gelation chemistry used in the project [62]

When one or more hydrazide-functionalized polymer is mixed with one or
more aldehyde-functionalized polymer, a stable hydrazone cross-linked conjugate is
formed, enabling the (rapid) formation of a hydrogel from low-viscosity precursor
polymers that are easily injected or sprayed. This polymer-polymer cross-linking
chemistry allows for tunable degradation of the hydrogel depending on the number of
functional groups present on the polymers, the chemistry adjacent to the functional
group, and the degree of swelling (related to the accessibility of water to penetrate into

the gel to hydrolyze the hydrazone bond) [49], [63].

1.4. Polymers used
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The hydrogel matrix synthesized for this project consists of both a natural and
synthetic polymer. The natural polymer is chitosan, while the synthetic polymer is
poly(oligoethylene glycol methacrylate), functionalized with appropriate functional
groups (hydrazides and aldehydes respectively) to induce in situ covalent polymer-

polymer cross-linking once the polymers are mixed.

1.4.1. Chitosan

Chitosan is linear cationic aminopolysaccharide biopolymer made up of N-
acetyl-D-glucosamine repeat units bound to each other by beta-1,4 linkages (Figure 1-
7) [64], [65], [66]. It is derived from chitin, which is one of the most abundant natural
polymers found in nature (second only to cellulose) [67]. Chitin is composed of B-(1—
4)-poly-N-acetyl D-glucosamine and is a high molecular linear polysaccharide (Figure
1-7). Chitin is found mainly in the exoskeletons of crustaceans such as shrimp, crabs,
and lobsters, and in mushrooms [64], [68]. Due to the lack of charge in its functional
groups, it is considered a charge neutral polysaccharide; furthermore, it possesses a
rigid crystalline structure due to inter-molecular hydrogen bonding. Hence, chitin is
insoluble in water and common solvents, limiting its applicability in research and

industries [69].
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Figure 1-7: The chemical structures of a) chitin and b) chitosan [70]

Chitosan is derived from the partial deacetylation of chitin, producing d-

glucosamine units that improve its solubility due to their charged state at pH< 6.5 [64].

While chitin’s degree of deacetylation (DD) ranges from 5-10%, chitosan’s DD

typically ranges from 60-95% [69], [71]. This partial deacetylation is carried out

through chemical hydrolysis under severe alkali conditions using sodium hydroxide or

enzymatic hydrolysis in the presence of particular enzymes such as lysozyme, lipase,

protease, carbohydrase, and tannase [70], [72], [73]. The molecular weight of chitosan

typically varies from 10kDa to 1000kDa depending on its source and preparation [70],

The presence of primary amino groups in chitosan’s structure differentiates it

from chitin. Chitosan is soluble in dilute acidic agueous solutions due to the
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protonation of these amino groups; chitosan is the only naturally occurring cationic
polysaccharide [70]. The three reactive functional groups at the C2, C3, and C6
positions of chitosan (corresponding to the primary amine and two hydroxyl groups)
offer possibility of a vast variety of chemical modification to tune biological
properties [64]. However, the higher the molecular weight of chitosan, the more
compact its structure is due to the enhanced intramolecular interactions present
(particularly hydrogen bonding). This reduces the reactivity of the hydroxyl and amine

groups, making them more difficult to modify and functionalize [67].

Chitosan is an attractive biopolymer for its demonstrated biocompatibility,
biodegradability, and low toxicity in multiple applications [75], [76], [77]. In addition,
chitosan’s cationic nature gives rise to several useful properties, including
antibacterial [78], antifungal [68], and antiviral [79] characteristics as well as film,
fiber, and hydrogel forming capabilities [70, 80]. On the other hand, chitosan, at a
higher charge density, has been known to have cytotoxic effect [81], leading to a need
for an optimum charge density that is both toxic to bacterial cells but nontoxic to

mammalian cells.

Chitosan’s role in wound healing has been extensively studied, with studies
indicating up to 30% acceleration of the wound healing process when chitosan
scaffolds are used [82]. It has been shown to possess bacterial cell-binding activity
due to its positive charge interacting with the negatively charged bacterial cell surface.
The exact mechanism of bacterial lysis is thought to be chitosan’s role in interrupting
the bacterial membrane and thus disrupting mass transport across the bacterial wall

[83]. Indeed, a suggested reason for chitosan’s wound healing and hemostatic
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capabilities is its ability to accelerate the permeation of inflammatory cells during the
inflammation stage, as triggered by the lysis of bacteria and thus local cytokine release.
Another study showed that scar tissue (resulting from an imbalance between collagen I
and 11 fibers) was reduced when a wound was treated with chitosan [29], [72]. Its
ability to form a film directly on the wound allows for excellent oxygen permeability,
and its carbohydrate backbone can degrade over time via enzymatic processes (with
lysozyme representing the most common in vivo degradation enzyme), without the

need to remove it at the injury site [82], [84].

Chitosan has also been demonstrated to possess bioadhesive and mucoadhesive
properties, again attributed primarily to electrostatic interactions between (cationic)
chitosan and (anionic) tissues, including keratin (skin) and sialic acid (mucous);

hydrogen bonding may also contribute to these adhesive responses [79], [85].

Many chemical derivatizations of chitosan have been pursued, depending on
the end application. Specific interest has been paid to chemically modifying chitosan
to create a more soluble polymer over a wider pH range. The introduction of bulky
side groups, including the introduction of small functional groups such as alkyl and
carboxymethyl groups, has been demonstrated to improve the solubility of chitosan
without affecting its cationic properties [69], [86]. The improved solubility of
carboxymethyl chitosan is attributed to the side group’s ability to disrupt the
intrachain hydrogen bonding of chitosan [69]. The most widely used soluble chitosan
derivatives include carboxylated chitosan (using monochloroacetic acid as the reagent
and isopropanol as the solvent) [64], N-O-acetylchitosan (using acetyl chloride as the

reagent and methanesulfonic acid as the solvent) [87], and N-phthaloylated chitosan
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(using phthalic anhydride as the reagent and N,N-dimethylformamide as the solvent)
[88], although a variety of other graft water soluble chitosans have been produced [86].
1.4.1.1. Carboxymethyl chitosan

Carboxylating chitosan is one of the most well known methods to produce a
hydrophilic chitosan derivative [69]. Carboxymethyl chitosan is an amphoteric
polymer that contains hydroxyl, carboxyl, and amine groups. It is usually synthesized
by the reaction of chitosan (pre-treated with sodium hydroxide) with
monochloroacetic acid (MCAA), using 2-propanol as the solvent [64], [67]. Different
carboxymethyl derivatives can be achieved by varying the reaction conditions and
pretreatment conditions, including time, temperature, and the ratios of sodium
hydroxide and monochloroacetic acid to chitosan [67]. Due to the multiple
nucleophiles present on chitosan, O-carboxymethyl chitosan, N,O-carboxymethyl, and
N,N-carboxymethyl chitosan derivatives may all be produced, depending on the
reaction conditions and solvents used. A low NaOH concentration (< 50%) is not
enough to break chitosan’s rigid crystalline structure during the pre-treatment,
lowering the penetration ability of MCAA into the polymer chain. Also, a lower
NaOH:MCAA ratio results in insolubility over a wider pH range. Therefore, higher
NaOH concentrations and NaOH:MCAA ratios are favourable for more complete
carboxylation. Also, as the MCAA:chitosan ratio increases, the degree of carboxyl
group substitution on the polymer chain increases until a point where a higher ratio of
feed MCAA will not exhibit any further substitution increase [67], likely due to steric
effects. Further functionalization can occur using the carboxyl groups for substitution,
provided that those functional groups do not compromise the solubility benefits of the

original carboxylation reaction.
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1.4.2. Poly(oligoethylene glycol methacrylate)

Poly(oligoethylene glycol methacrylate) (POEGMA) is a free radical

polymerizable analogue of poly(ethylene glycol) (PEG) (Figure 1-8). Unlike natural

polymers, which have high batch-to-batch variation and a limited scope of properties

based on their source, synthetic polymers like POEGMA are easily tunable to exhibit

different hydrophilicities, cross-link densities, charges, mechanical strengths, and

molecular weights by varying the copolymerization conditions as well as the number

of ethylene oxide groups in the side chain [89], [90]. Shorter side chains (n=2 repeat
units) exhibit thermoresponsive properties similar to poly(N-isopropyacrylamide),
while longer side chains (n=7-8 repeat units) exhibit highly hydrophilic and

cell/protein-repellent properties similar to PEG [91].

Figure 1-8: Chemical structure of POEGMA

POEGMA also offers considerable advantages in terms of being highly
protein-repellent, non-cytotoxic, non-immunogenic, as well as easily prepared from
low-cost monomeric precursors in a highly reproducible fashion. In addition, unlike
PEG, POEGMA polymers can be easily functionalized by simple free radical

copolymerization with functional (meth)acrylate comonomers [89], [90].
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1.5. Objectives

The central objective of this thesis is to design an in situ gelling hydrogel that
combines the tissue and mucous adhesion properties of chitosan with the tunability,
non-cytotoxicity, and non-immunogenicity of POEGMA to create an injectable or
sprayable bioadhesive material. Specifically, we aim to apply hydrazone bond
chemistry to make an in situ-gelling, injectable matrix of hydrazide-functionalized
chitosan and aldehyde-functionalized POEGMA polymer, where the incorporation of
chitosan will give the hydrogel its bioadhesive and potential antibacterial properties
and the chemical versatility of the POEGMA polymer will give rise to a tunable
gelation times, swelling responses, and degradation kinetics as well as anticipated
non-cytotoxicity. To achieve this goal, different paths of chitosan functionalization
will first be investigated to enable chitosan solubilization and functionalization with
carboxymethyl groups followed by hydrazide groups. Different concentrations of
chitosan will be incorporated in the hydrogel to investigate the effect of chitosan on
the hydrogel properties, including swelling and degradation kinetics, gelation time,
rheology, bioadhesion, and mucoadhesion (using skin and processed mucin as the
model substrates). The antibacterial properties of the chitosan-POEGMA hydrogel
will be assessed through several antibacterial experiments including minimum
inhibitory concentration and LIVE/DEAD bacterial assays, using E.coli. as the model

bacterium.
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2. In situ gelling bioadhesive hydrogel for topical
and mucosal applications
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2.1. Introduction

The development of bioadhesive hydrogels for biomedical applications such as
wound healing and drug delivery offer significant potential to address existing clinical
challenges. In the former application, infection of wounds post-surgery poses a
significant problem for hospitals due to the tedious aftercare of surgical infections
which lead to discomfort for the patient, longer hospital stays, and higher expenses
[12]. In 2011, it was estimated that between 500,000 to 750,000 patients per year
suffer from surgical site infections (SSIs) in the U.S. alone [92], [93]. If infection
occurs, a patient is 60% more likely to stay in the ICU post-surgery and will remain in
hospital for a median of two additional weeks; furthermore, even after release, such a
patient is 5 times more likely to be readmitted to the hospital [93]. The relative cost of
treating these patients is thus, on average, 1.43 times greater for patients with SSls
than patients without, increasing the economic burden on the health care system [94].
In the latter application, existing drug delivery systems, particularly those targeted to
local areas such as the eye or the vagina, largely lack a high enough residence time at
the biointerface to deliver a drug with adequate clinical efficacy over extended periods
[37].

Bioadhesive polymers, specifically hydrogels, have gained interest in both of
these fields of research for multiple reasons. Hydrogels are generally advantageous in
biomedical applications due to their typically high biocompatibility and tunable
biodegradability [7]. Bioadhesive polymers offer particular advantages in that their
adhesive properties and high water contents and have demonstrated to be beneficial

for wound healing applications while their mucoadhesive properties, specific affinities
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to different drugs, and their ability to control the release of the drug is beneficial for
targeted local drug delivery through mucosal membranes [7], [12], [14].

In situ gelation is a favorable technique for its ability to be an injectable system
which eliminates the need for invasive surgery, decreasing the probability of any
complications such as inflammation and infection, as well as the ability to localize the
site of application, and once injected, the hydrogel’s ability for gelation to occur in the
presence of the tissue, taking its form and filling any undesired cavities. Achieving in
situ gelation through hydrazone chemistry creates an in vivo compatible network due
to the elimination of any crosslinking agents or UV radiation, as well as decreasing the
gelation time, which posed as a limitation for other in situ gelation chemistries [52],
[53].

In this work, we report the design of an in situ gelling bioadhesive hydrogel
that can be both injected and sprayed based on reversible covalent bond formation
between hydrazide-functionalized chitosan and aldehyde-functionalized
poly(oligoethylene glycol methacrylate) (POEGMA). Chitosan was selected in this
application to exploit its biodegradable, bioadhesive and antibacterial properties, while
POEGMA provides an inert and highly tunable gelling pair that provides the
biomedical advantages of PEG while promoting facile design of hydrogels with
desirable mechanical, cell/protein adhesive, and smart properties.

Two main targeted applications were tackled: preparing a mucoadhesive in
situ-gelling hydrogel for vaginal applications and a skin adhesive in situ-gelling
hydrogel for topical applications. The end goal of this project is to design a hydrogel
library with various properties (tunable based on the POEGMA gelling agent) that are

suitable for various bioadhesive biomedical applications. While wound healing, which
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requires the hydrogel to be bioadhesive and antibacterial, and mucosal drug delivery,
which requires the hydrogel to be mucoadhesive as well as control the release kinetics
of a drug, were the main target applications, the generation of the hydrogel library

outlined may also yield a hydrogel with properties more suitable to another application.

2.2. Materials

All chemicals were received from Sigma-Aldrich Inc. (Oakville, Ontario) unless
otherwise indicated. Medium molecular weight chitosan (75-85% deacetylated, 200-
800 cP) and low molecular weight chitosan (75-85% deacetylated, 20-300 cP),
monochloroacetic acid (>99%), sodium hydroxide pellets (>97%), 2-propanol (99.5%),
and anhydrous ethyl alcohol (Commercial Alcohols, Ontario, Canada) were all used as
received for carboxymethyl chitosan synthesis. N-(2,2-
dimethoxyethyl)methacrylamide aldehyde monomer (DMAEAmM, 98%) was
synthesized in our lab via the addition of methacryloyl chloride to a concentrated
sodium hydroxide solution in the presence of aminoacetaldehyde dimethylacetal and
TEMPO [89]. Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, My ~ 475,
95%) and di(ethylene glycol) methyl ether methacrylate (MEO.MA, 95%) were both
purified prior to use by passing through a column of basic aluminum oxide (Type CG-
20) to remove methyl ether hydroquinone (MEHQ) and butylated hydroxytoluene
(BHT) inhibitors. 2,2-azobisisobutryic acid dimethyl ester (AIBMe, 98.5%, Wako
Chemicals), acrylic acid (AA, 99%), and thioglycolic acid (TGA, 98%) were used as
received. Adipic acid dihydrazyde (ADH, 98%, Alfa Aesar), 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, commercial grade, Carbosynth, Crompton
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CA), 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%), and thioglycolic acid
(TGA, 98%) were used for POEGMA and chitosan aldehyde and hydrazide

functionalization respectively and were also used as received.

Luria-Bertani broth (EMD Chemicals), agar (Bioshop, Burlington, Canada), E.
coli bacteria donated by Dr.Gerry Wright at McMaster University (strain: BL21 (DE3)
containing the antibiotic resistant gene (ampR) against ampicillin), ampicillin
(anhydrous, 96.0-100%), and LIVE/DEAD backlight bacterial viability kit (kit L-7012,
Life Technologies) were used for antibacterial work. Mucin from porcine stomach
(Type 11, bound sialic acid 0.5-1.5%) was used for mucoadhesion work. Porcine
hairless stomach skin was acquired from an abattoir. HCI and NaOH solutions for
titration were prepared from Acculute standards. Resazurin sodium salt (80% dye
content) was used for the cytotoxicity assay. LIVE/DEAD viability/cytotoxicity kit,
for mammalian cells (kit L-3224, Life Technologies) was used for cell adhesion work.

All water was Milli-Q grade with a resistivity of >18 MQ-cm.

2.3. Synthesis
2.3.1. Synthesizing Chitosan

Due to the presence of three reactive groups on chitosan, different paths can be
taken to generate a water-soluble chitosan. After extensive research on the different
pathways, carboxymethylation of chitosan followed by conversion of the carboxyl
groups to hydrazide groups was selected as the optimal pathway [64]. Due to the three
possible reactive sites (amine, primary —OH, and secondary —OH groups), different
carboxylation routes could be carried out depending on which reactive groups is

targeted for substitution, as shown in Figure 2-1. Due to the amine (-NH) group being
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the main source of chitosan’s bioadhesive as well as antibacterial properties, O-
carboxylation (on the primary hydroxyl group) was targeted as the carboxylation
pathway to minimize amine substitution [95], [96]. Hydrazide functionalization was

then carried out to produce the final functionalized polymer.
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Figure 2-1: Different carboxylation pathways for chitosan [97]

2.3.1.1 Carboxymethyl chitosan:

O-carboxymethyl chitosan was prepared by the selective substitution of the
hydroxyl (-OH) group in favor of a carboxyl (-COOH) group. Initially, in a 250mL
flask, 1.75g of sodium hydroxide was dissolved in 2mL of Milli-Q water by constant
stirring. Once the sodium hydroxide was fully dissolved, 1g of chitosan was weighed
and gradually added under manual mixing, to ensure all the chitosan powder is at least
swollen in the sodium hydroxide solution. Due to the reaction proceeding when
chitosan is in its solid state, alkalization of the chitosan molecules was needed to
ensure the penetration of the monochloroacetic acid within the chitosan structure. 8mL
of 2-propanol was then added, and the whole mixture was left stirring (at ~300 rpm)

for one hour. After one hour, all the liquid was soaked up by the chitosan powder,
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indicating that the chitosan molecules have swollen and hence alkalized. 1g of
monochloroacetic acid was next weighed and dissolved separately in 2mL of 2-
propanol. Using a glass pipette, the monochloroacetic acid solution was gradually
added to the chitosan mixture under stirring. Once the monochloroacetic acid solution
was completely added, the reaction was left stirring at room temperature for four more
hours to ensure that the carboxylation occurs uniformly throughout the whole mixture.
Running the reaction at room temperature favors O-substitution while at higher
temperatures, N-carboxylation is favoured [95]. After four hours, 50mL of 70%
ethanol was added to the mixture to stop the reaction. The polymer was purified
through several washings with 70% ethanol using vacuum filtration. The precipitate
was left in a humidity chamber at 30T and 30% humidity overnight to evaporate the
residual 70% ethanol. Potentiometric titration (Mantech Inc.) indicated a
carboxymethyl substitution % ~ 40 overall based on primary hydroxyl groups as well
as minimal amine groups, (carboxylic groups weight % ~ 13),
2.3.1.2. Hydrazide functionalized chitosan

The two-step functionalization, as shown in Figure 2-2, ends with attaching
hydrazide groups on the chitosan backbone. Carboxymethyl chitosan (~1g) was
dissolved in 150mL of Milli-Q water in a 500mL round-bottom flask and the pH was
brought down to 4.75 (the reaction pH). Note that the solution was filtered using a
vacuum filter to get rid of any undissolved carboxymethyl chitosan prior to initiating
the reaction. Once the solution was purified, an ADH/EDC reaction was conducted
using a 5-fold excess of ADH (2.1g) and a 2.5-fold excess of EDC (1g), with masses
calculated based on the measured degree of carboxylation of the chitosan. The pH was

maintained at 4.75 over the four hour time course of the reaction, after which the
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product was dialyzed against Milli-Q water (MWCO 13k-14k) for six cycles (6 hours

each) for purification and lyophilized for storage.

OH

/ HO

NH>

— —m

Unmodified chitosan with n=75-85%

Carboxylanon

M/Mﬁwn

NHCH,COOH

HOOCH,CO

NHz

carboxylated chitosan: 22% hydroxyl subtitution and 19% amine substitution

EDC/ADH
pH4.75
H,NHNOCH ,CO OH OH
/ O ° -0 ° oH 0 _O—
HO HO HO
NH»
L 4L NH, HCH,CONHNH,

m —n
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Figure 2-2: Full synthesis route from the raw material (75-85% deacetylated chitosan)
to chitosan-hzd through carboxylation and ED/ADH reaction. (I) denotes the
percentage of hydroxyl substituted chitosan units, (n) denotes the percentage of
deacetylated chitosan units, and (m) denotes the percentage of amine substituted
chitosan units.

2.3.2. Synthesis of POEGMA

Free radical polymerization was carried out to synthesize the POEGMA

polymers. 2,2-azobisisobutryic acid dimethyl ester (AIBME) was used as the free
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radical initiator and thioglycolic acid (TGA) was used as the chain transfer agent to
reduce the molecular weight of the resulting polymers below the renal cut-off
(<32kDa) [98]. OEGMA475 (n=8-9 EO repeat units) was used as the long chain
OEGMA monomer, while MEO2MA (n=2 EO repeat units) was used as the short
chain OEGMA monomer. Different ratios of short to long chain result in different
hydrophilicities and phase transition temperatures, according to the needs of the
application [98].
2.3.2.1 Aldehyde functionalized POEGMA

Free radical polymerization was carried out by copolymerizing OEGMA475
and MEO2MA with the functional acetal monomer N-(2,2-
dimethoxyethyl)methacrylamide (DMAEAmM). OEGMAu475 (0.9 g), MEO2MA (3.1 g),
DMAEAmM (1.3 g), TGA chain transfer agent (7.5 uL), AIBMe initiator (50 mg), and
dioxane (20 mL) were added to a 250mL flask, purged with nitrogen for ~ 30 minutes,
and reacted at 70 <C under 250 RPM stirring for four hours. After evaporating the
dioxane, acid catalyzed hydrolysis was performed over 24 hours to convert the acetal
groups to aldehyde groups using 1M hydrochloric acid, after which the polymer was
purified by 6x6 hour dialysis runs (MWCO ~3500), lyophilized, and then dissolved in
PBS at a desired %wt/v and stored at 4 <C for further use. This polymer is denoted
throughout the thesis as PO10A30, with ‘10’ referring to the percentage of short chain
monomer incorporated in the system, and the ‘30’ referring to the aldehyde (A)
functionalization percentage in the system.
2.3.2.2 Charged hydrazide functionalized POEGMA

Cationically-charged, hydrazide-functionalized POEGMA polymers were

produced using the same method outlined above but including acrylic acid (AA) as a
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grafting comonomer enabling subsequent hydrazide functionalization and 2-
(dimethylamino)ethyl methacrylate (DMAEMA) as the cationic monomer. In this case,
OEGMA475 (0.9 g), MEO2MA (3.1 g), DMAEMA (6.142 mL), TGA chain transfer
agent (7.5 uL), AA (714 uL), AIBMe initiator (37 mg), and dioxane (20 mL) were
added to a 250mL flask, purged with nitrogen for ~ 30 minutes, and reacted at 70<C
under 250 RPM stirring for four hours. After evaporating the dioxane, the product was
re-dissolved in 100 mL of water to which was added a 5-fold excess of ADH (6.85 g)
and a 2.5-fold excess of EDC (2.44 g) relative to the acrylic acid loading in the
polymer. The reaction was carried out at pH 4.75 and room temperature overnight,
dialyzed (MWCO ~3500), lyophilized, and then dissolved in PBS to the required
wt/v%. This polymer is denoted as +PO10H29, where the positive denotes its cationic
charge, the ‘10’ represents the percentage of short chain versus long chain OEGMA
monomer used to prepare the polymer, and the ‘29’ represents the incorporation of

hydrazide groups in the polymer chain.

2.4. Polymer and gel characterization methods

2.4.1. Potentiometric-conductometric titration
Potentiometric-conductometric titration was used to confirm and quantify 1)

the carboxymethyl (-COOH) content of the chitosan polymer after the carboxylation
step 2) the consumption of the carboxyl groups after hydrazide functionalization of the
polymer, and 3) the content of free amines in order to confirm the minimum
substitution of the amine groups throughout the two reaction steps.

To perform the titrations, the polymer was dissolved in Milli-Q water
(Img/mL) and the pH was lowered 2.3 using 1M HCI. Potassium chloride (KCI

crystals 99.5-100.5%, EMD chemicals, USA) was added to increase the conductivity
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of the polymer solution to 5mS/m. The polymer solution was titrated using the Mandel
PC titrator by the automatic gradual addition of 0.1M NaOH, where the pH and
conductivity were recorded as a function of the base volume addition. Data analysis
was carried out using the derivative of the pH vs. base volume curve to quantify the
degree of substitution, weight percentage of carboxylic groups, the content of free
amine, degree of hydrazide functionalization, and hydrazide groups per polymer chain,
depending on the polymer titrated.
2.4.2. Nuclear magnetic resonance

POEGMA polymer composition was analyzed by *H-NMR (Bruker 600 MHz
spectrometer). The cationic hydrazide POEGMA was dissolved in dimethyl sulfoxide
and aldehyde POEGMA in deuterated chloroform.
2.4.3. Gel permeation chromatography

The number average molecular weight (Mn) and poly dispersity (PDI) of the
POEGMA polymers were determined using DMF gel permeation chromatography.
This was done using a Waters 590 HPLC pump with three Waters Ultrastyragel Linear
columns operating in series and a Waters 410 refractive index detector.
2.4.4. Double barrel syringe device

For all hydrogel characterization, the hydrogel was injected into a silicone
mold of determined shape and size, depending on the experiment, using a double
barrel syringe. This device is able to store the aldehyde-functionalized POEGMA
polymer and hydrazide-functionalized chitosan polymer in separate compartments in
preparation for mixing. A helical mixer attached to the double barrel enables intimate
mechanical mixing when the two polymers enter the helical interior of the mixer and

leave through the nozzle, as shown in Figure 2-3. A 20-%2 gauge needle can be
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attached to the end of the mixer to deliver the precursor polymers to the desired site,
particularly important when creating thin films for the bioadhesion experiments, as

shown in Figure 2-4.

Aldehyde functionalized

POEGMA polymer Hydrazide functionalized

... ——chitosan polymer

—Helical mixer

& siicone mold

Figure 2-3: Hydrogel injection using a double barrel syringe

2.4.5. Gelation Kinetics

Chitosan and POEGMA precursor solutions were loaded into a double barrel
syringe (1:1 volume ratio), co-extruded into a microcentrifuge tube, and mixed using a
vortex shaker. A vial inversion test was conducted at various times after extrusion
(t=0), with gelation considered to have occurred when no visible flow was recorded 30

seconds after vial inversion.
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2.4.6. Transparency
A UV plate reader (1420 Victor 3 multi-label plate reader, Perkin Elmer Life

Sciences) was used to measure the absorbance of the hydrogels over the full visible
light wavelength range (400-650 nm). Using a double barrel syringe, 1.5mL of
polymer solution was deposited in each well of polystyrene 12-well plate, resulting in
a film thickness of ~ 4.4 mm. The trials were run three times consecutively, with
results averaged. The absorbance of each well was subtracted by the absorbance of the

blank to isolate the absorbance of the sample itself based on the equation:

1
10(@Abs of sample—Abs of blank)

Transmittance (%) = ( ) x100% Equation 2-1

Note that POEGMA concentrations of 10 wt/v% instead of 20 wt/v%, for PO10As0 and
+PO10H29 were used for this study only, as the gels with the POEGMA at 20 wt/v%
concentration gelled too quickly to be spread evenly across the plate in order to
acquire accurate measurements.
2.4.7. Swelling and degradation

Gel swelling and degradation was tracked gravimetrically as a function of time
in an acidic media adjusted to relevant pH values using 0.1M HCI (pH 4 for vaginal
application and pH 5.5 for topical/skin applications) as well as in phosphate buffered
saline (pH 7.4 for other physiological environments). After gelling the precursor
polymers into disks (diameter=0.9cm, height=0.35cm), the hydrogel samples were
placed inside transwell plate inserts and then into separate wells of a polystyrene 12-
well plate. Each sample was fully submerged in 4mL of the test solution and kept at

37<C inside a shaking incubator. The residual mass of the gel sample was measured at
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pre-determined times to assess the rate of gel degradation, with all

swelling/degradation normalized using the equation:

Swelling/degradation ratio (%) = % x 100 Equation 2-2

where W, is the initial weight of the hydrogel and W is the weight after each time
interval. All data was normalized to the initial mass of each gel in order to correctly
compare data using different gels. Four replicates per sample were used, with the error

bars representing the standard deviation of the replicates of each sample.

2.4.8. Gel drying

A similar gravimetric analysis to that used for swelling experiments was
conducted on the gels at different humidities using a controlled humidity chamber to
track the time scales of gel drying. The three relative humidity settings used were 30%,
50%, and 75%, with all samples tested at 25<C. Precursor polymers were gelled in the
same circular molds (d=0.9cm, h=0.35cm) as used for degradation and swelling tests,
placed in inserts, and weighed at predefined intervals. A benchtop drying experiment
was also performed for comparison at typical room temperature and humidity to assess
any impact of the convection inside the humidity chamber on the evaporation times.
2.4.9. Rheological measurement

Rheological characterization was performed on all the hydrogels using the
Mach-1 micromechanical tester to determine the elastic modulus (G’) of each
hydrogel. A series of oscillatory strain sweep runs were first performed to determine

the linear viscoelastic region, followed by oscillatory stress sweep runs at an
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amplitude in that viscoelastic region to obtain the modulus values that are ultimately
plotted in a G’ vs. frequency graph for comparison.

Initially, the hydrogels were prepared through usual double barrel syringe
injection into silicone molds (diameter = 0.9cm, depth = 0.2cm), capped with a thin
silicone layer, and left for several hours to ensure complete gelation. A gel was then
mounted on the base of the instrument and a find contact function (critical force
F=0.054N, speed 0.1mm/s) was run between the indenter and the hydrogel. Once the
contact was found, 30% compression was applied to the gel to ensure complete
contact between the hydrogel and the indenter, followed by oscillatory strain sweeps
and then stress sweeps to determine the elastic modulus over a frequency range. Four
replicates per sample were used, with the error bars representing the standard
deviation of the replicates of each sample.

2.4.10. Mechanics and adhesion

The adhesive strength of a hydrogel was assessed using different geometries as
well as different biointerfaces to determine the appropriateness of the hydrogels
formed for the targeted applications. Initially, a conventional tack test was conducted
(metal on hydrogel) to characterize the tackiness, or stickiness, of the hydrogel, which
must be minimized for topical applications in particular. For assessing adhesion via
topical application, animal skin was used to test the bioadhesive properties of the
hydrogel via both peel and tensile testing to simulate the different typical shearing
forces experienced by a topically-applied hydrogel film. For mucosal applications, a
mucin mimic was used as the substrate, with the adhesive interactions assessed via

both viscometry and tensile mechanical testing.
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The bioadhesive strength of the polymer to porcine skin was assessed using
two different testing modalities: the peel strength between the hydrogel and the skin
and the compression and subsequent decompression of the hydrogel while in contact
with the skin. Both of these cases represent typical applied force geometries expected
to occur during the application of the hydrogel when used on skin. The work of
adhesion was determined for each experiment by calculating the area under the curve

(AUC) using the trapezoidal rule:

f(a)+f(b)

b .
AUC = fa f(x)dx = (b — a) - Equation 2-3
Work of adhesion = _AUC Equation 2-4
AUCplank

Two different methods were used to characterize the hydrogel mucoadhesive
properties. Rheological testing was used to measure the molecular adhesion properties
of the functionalized chitosan prepolymer to soluble mucin, while a mechanical tack
test using a mucosal layer mimic was used to characterize the mucoadhesive property
of the chitosan-POEGMA hydrogel.
2.4.10.1. Tack measurement of chitosan-POEGMA hydrogel

Sample preparation for tack testing involved first layering a microscope glass
slide with epoxy glue and placing a silicone rubber mold immediately on top. Using a
double barrel syringe, hydrogel precursors were injected in the mold and left to cure
within 5 minutes of layering the epoxy. After allowing one hour for the hydrogel to
fully crosslink, the rubber mold was peeled off the glass slide, leaving the hydrogel
glued to the glass slide via the epoxy. The mechanical test was then conducted using
the Mach-1™ micromechanical tester (Biomomentum Inc.). The sequence created for

this tack test used the following ordered configuration:
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Find contact (Lmm/s with a contact load of 0.0034N)
Move relative (+0.1mm at 1mm/s)

Zero load and position

Wait 120 seconds

Move relative (-10mm at 0.1mm/s)

2.4.10.2. Peel adhesion test

In order to mimic the external force application of peeling, a tensile tester
(4411, Instron, USA) was used in conjunction with a movable flat base and a
downward facing vertical clamp, together defining a 90 degree peel configuration that
mimics a typical peeling process of a thin flat polymer on a substrate (i.e. the hydrogel
on the skin). The biological substrate used was porcine skin. The hydrogel in this test
was allowed to crosslink and cure in the presence of the biological substrate (skin) on
both sides, creating a ‘sandwich’ geometry that ensures that the weakest bond in the
system is the hydrogel-skin bond and not the hydrogel-substrate bond (key to
improving the consistency of the peel testing results). The peel sample was prepared

according to the geometry and assembly shown in Figure 2-4.
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Figure 2-4: Sample preparation for peel testing
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A silicone rubber mold with dimensions of LxWxH = 3.2x1.6x0.02 cm was
used as the mold, and a 20%2-gauge needle was inserted through the silicone mold to
act as a port to inject the hydrogel. The silicone mold was placed between two pieces
of porcine skin with larger dimensions, with one piece of skin having a significantly
longer length in order to clamp the end and keep the sample at a 90-degree angle. A
glass slide was placed on the other side of the porcine skin, and the whole sandwich
was secured using two small clamps in order to ensure that the hydrogel would cover
the whole interface without leaking out of the assembly. Once injected, the needle was
immediately pulled out and a load (0.45kg) was added for two minutes during the
gelation process to ensure intimate contact between the skin and hydrogel layers. The
sandwich (after the load, clamps, and glass slides were removed) was then mounted on
the Instron instrument according to the setup shown schematically in Figure 2-5, with
a peel speed of 1mm/s used for testing. The maximum load, average load, and average
load (per width) values following the point at which the two substrates were fully
detached were reported. Four replicates per sample were used, with the error bars

representing the standard deviation of the replicates of each sample.
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Figure 2-5: Peel testing experimental schematic
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2.4.10.3. Tensile adhesion measurement of chitosan-
POEGMA hydrogel

Pressure-responsive adhesion to skin was assessed using a
compression/decompression experiment. The experiment used is similar to the tack
experiment except that a biological substrate (porcine skin) was used as the substrate
as opposed to the metal probe. In addition, the hydrogel was also allowed to cross-link
in the presence of the biological substrate to better mimic the biological situation in

which the hydrogel would be sprayed on to skin.

Test samples were prepared using the same procedure used in the peel adhesion
experiment. The size of the biological substrate (3x3 cm) and the silicone mold (1.27

cm in diameter, 0.2cm depth) was chosen to match the diameter of the equipment’s
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indenter. A sequence tailored for compression and decompression testing was then
applied using the Mach-1™ micromechanical tester (Biomomentum Inc., Canada), as
follows:
¢ Find Contact: contact criteria of 0.0501 N at a velocity of 0.1 mm/s
e Move relative: amplitude of +0.3mm at a velocity of 0.1 mm/s (15%
compression)
e Wait: 10 seconds

e Zero Load and Zero Position
e Move Relative: amplitude of -10mm at a velocity of 0.1 mm/s

* Negative is for upwards direction and positive is for downwards direction

2.4.10.4. Rheological measurement of chitosan precursor
Rheological measurement was performed in order to measure the magnitude of

the mucoadhesive bond formation between different hydrazide-functionalized chitosan
precursor polymer concentrations and mucin. A cone/plate oscillatory rheometer (ATS
RheoSystems, USA) with a cone diameter and angle of 4cm and 20 degrees
respectively was used for testing. Measurements were performed on chitosan 1wt/v%,
1.5wt/v%, and 2wt/v% solutions along with mucin 4wt/v% and the 1:1 volume
combination of the chitosan and mucin pre-made solutions, all of which were prepared
in PBS. The solutions were stored overnight at 4<C to ensure complete hydration and
equilibration before testing. Initially, in order to find the linear viscoelastic region of
each polymer, an oscillation stress sweep was performed; a stress value in the linear
viscoelastic region was subsequently selected and a frequency sweep was performed
in which the frequency was changed from 0.01 Hz to 100 Hz in 30 intervals. These
tests were performed for both the single polymer solutions (chitosan and mucin) and
the mixture. The extent of mucoadhesion observed was assessed by calculating the

excess modulus of the mixture, defined as the difference between the measured
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modulus of the mixture and the modulus values of the two individual polymer
solutions tested individually. This relationship, based on the concept of rheological

synergism, is expressed mathematically in Eq. 3-5 (storage modulus) and Eq. 3-6 (loss

modulus):
AG" = Gpixeure — [ z,Jolymer + Grucinl Equation 2-5
AG" = G1,1,1ixture - [ zIJ,olymer + G;‘r,lucin] Equation 2-6

When the modulus of the mixture is greater than the sum of the moduli of each
individual solution comprising the mixture (the chitosan and mucin in this experiment),
there is a specific interaction between the two mixed components, here a
mucoadhesive interaction given the presence of mucous. The higher the value of AG’,
which signifies a higher G,, ;¢ COMpared to the summation value of G, ., and
polymer- the stronger the mucoadhesion between the mucin and the polymer. Note

that fresh samples of the polymers were used for each duplicate to avoid the presence

of any residual stress in the sample after a run.

2.4.10.5. Mechanical measurement of chitosan-POEGMA
hydrogel

The mucoadhesion of the chitosan-POEGMA hydrogel was measured relative
to a mucosal layer mimic prepared by the immersion of a piece of filter paper (2.5cm,
Whatman 1, GE Healthcare, UK) in a premade mucin solution (Type 111, bound sialic
acid 0.5-1.5%, Sigma-Aldrich) at either 75 mg/mL or 100 mg/mL in DIW half an hour
before the start of the experiment [79]. These two different concentrations were
chosen to cover a range of typical mucosal layer concentrations. The mucin-coated

filter paper was then removed, rinsed to remove excess mucin, and mounted on the
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base of the Mach-1 mechanical tester (Biomomentum Inc.), while the hydrogel was
attached to the indenter. The sequence applied during the bioadhesion tensile testing

(section 3.8.2.2) was also employed for this experiment.

2.4.11. Sterilization

For both bacterial and cell work, all equipment and polymers were sterilized.
Pre-polymers, dissolved in PBS, were initially filtered using 0.45pm pre-sterilized
filters, after which they were exposed to UV irradiation inside a biological safety
cabinet (BK2-4 Class 2 Type A2 Biological Safety Cabinet, Micozone Corporation,
Canada) for ~4 hours in clear scintillation vials. All equipment was sterilized by first
sealing the equipment inside an autoclave pouch and then autoclaving using high
pressure saturated steam at 121 <C for 15 minutes. All work was done in biosafety
cabinets to ensure no contamination.

2.4.12. Characterization of antibacterial properties

Chitosan inherently possess antibacterial properties that are attributed to the
amine functional groups present on its backbone chain [99]. Due to the
functionalization of chitosan with first carboxymethyl groups and then hydrazide
groups, some amine groups are lost to the functionalization, even with the selective
hydroxyl group reaction path chosen. Therefore, characterizing and confirming the
antibacterial property of the hydrazide functionalized chitosan precursor as well as the
gel as a topical antibacterial polymer is necessary.
2.4.12.1. UV-vis spectrophotometry

UV-vis spectrophotometry was used to measure the optical density of the

bacterial solution at a wavelength of 600nm after growing the E.coli bacteria. The
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ODs0o value of an E.coli suspension has been demonstrated to relate to the number of
colony-forming units (CFU) per mL of that solution [7], [95], allowing for accurate
quantification of the amount of bacteria present in the solution when performing any

future antibacterial experiments.

2.4.12.2. Bacterial growth
E. coli (strain: BL21 (DE3) with ampR) was used as the bacterial model for all

the experiments. An Eppendorf tube containing E. coli bacteria stored in a liquid
nitrogen freezer was stored in a -20<C freezer overnight. One hour before growing the
bacteria, the Eppendorf tube was removed to thaw at room temperature. This gradual
increase in temperature was necessary in order to avoid death by quick temperature
change shock. E. coli was subsequently grown overnight in 10mL of LB broth in a
37 <C incubator while shaking at 270rpm. The rigorous shaking is needed so the
bacteria does not clump together, cutting off the source of nutrients of bacteria inside
the mass and leading to loss of cell viability. The next day, an aliquot (1:100 dilution)
of the grown bacteria was removed, dispersed in 10mL of broth, and grown to the
required optical density (as measured at 600nm). This was done in order to minimize
the number of dead bacteria present in the final bacterial suspension used in the
experiment.
2.4.12.3. Minimum Inhibitory Concentration

In order to measure the minimum concentration of the hydrazide-
functionalized chitosan precursor polymer that is effective in inhibiting the growth of
bacteria, a minimum inhibitory concentration (MIC) qualitative test was employed.

Initially, E.coli was grown to an ODsgo of 0.6 (4.8x10® CFU/mL), with serial dilutions
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used to reach a final dilution of 10* CFU/mL. The hydrazide functionalized chitosan
precursor polymer was diluted from 20mg/mL (2 wt/v%) to 0.05 mg/L (0.005%),
again using serial dilutions, after which 100uL of each dilution concentration solution
was loaded (three repeats per concentration) in a polystyrene 96-well plate. 50uL of
the 10* CFU/mL bacterial suspension was subsequently added to each well plate and
mixed with the polymer solutions. Controls of bacteria only, broth only, and hydrogel
only were also added. The multiwell plate was shaken for one hour and then left in the
incubator for 24 hours at 37<C. The MIC was reported as the lowest concentration
where no bacterial growth was seen (i.e. at which the solutions remained clear).
2.4.12.4. LIVE/DEAD assay

The interfacial antibacterial properties of the chitosan-POEGMA hydrogels
were assessed using a LIVE/DEAD assay. E. coli bacteria was grown overnight, after
which a 1:100 dilution was performed up to a total volume of 5mL. This suspension
was grown to ODeoo=0.6 and centrifuged at 14,000 rpm for 5 minutes at 4<C. The
supernatant was removed, and the pellet was then dispersed in sterilized Milli-Q water.
The centrifugation step was repeated to ensure complete removal of the LB broth, as it
interferes with the fluorescence imaging. The pellet was then suspended in 10mL PBS,
and the ODgoo Was adjusted to a total concentration of ~10° CFU/mL by dilution

according to the calibrated ODeoo values.

Trial and error experimentation with different CFU/mL concentrations was
used to optimize the concentration that gave the best images; bacterial concentrations
ranging from 10° to 10* CFU/mL were imaged in both Milli-Q water and ethanol after
adding the dye (green and red fluorescence) for this purpose. The hydrogels (0.9cm

diameter, 0.2cm depth) were cross-linked and placed in a polystyrene 12-well plate,
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after which 40uL of the bacterial suspension was added to fully cover the hydrogel
surface and give a total count of 4x10” CFUs per well. The gels were incubated for
one hour before adding the dye. The dye solution was prepared by adding 1.5uL of
both SYTQO9 and propidium iodide to 1mL of sterilized Milli-Q water. A 1:1
volumetric ratio was used when adding the dye. After one hour of incubation, the
hydrogels were washed off and the dye was added to both the wash solution and the
surface of the hydrogel. Both samples were kept in the dark at room temperature for
30 minutes before imaging via confocal spectroscopy (LSM 510, Zeiss, Germany),
using a x20 objective with ~645nm (for the SYTQO9 green stained bacteria) and
~528nm (for propidium iodide red stained bacteria) measurement wavelengths.
2.4.12.5. Macro dilution method

In order to identify the presence of any leachates from the hydrogel
(particularly degraded or uncross-linked chitosan), a macro dilution method was
employed. The hydrogels were submerged inside the bacterial suspension and the
ODsoo of the bacterial suspension was measured (using UV-VIS at 600nm
wavelength) before and after 24 hours of incubation. The hydrogels were first
presoaked after gelation in sterilized PBS for an hour, wicked off, and added to 2mL
of 10* CFU/mL of bacterial suspension in scintillation vials, the standard seed
concentration that enables differentiation of results after 24 hours of subsequent
incubation (over which time the bacterial concentration typically increases by 4-5
orders of magnitude). Vials with only bacterial suspension, broth, and hydrogels in

broth only were used as controls.
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2.4.12.6. Zone of inhibition

The leaching capability of the hydrogels was also assessed using a zone of
inhibition experiment. A pre-formed hydrogel disk (1.27cm diameter, 0.2cm depth)
was added to the center of an agar plate inoculated with 20uL of a 108 E.coli
suspension, inverted, sealed, and left in the incubator at 37 <C for 24 hours. If the gel
leaches anti-bacterial components, a circular zone around the gel can be observed
where no bacteria is grown on the agar. The diameter of this zone (if present) was
measured using a ruler or a caliper. Note that this method is not necessarily
quantitative, as the measured diameter also depends on the diffusion rate of the
antibacterial polymer into the agar; as such, the presence of an inhibition zone merely

indicates polymer release from the hydrogel.

2.4.13. Cell viability

2.4.13.1. In vitro polymer cytotoxicity
The cytotoxicity of the chitosan and POEGMA precursor solutions to

mammalian cells was assessed using a colorimetric resazurin (7-hydroxy-3H-
phenoxazin-3-one 10-oxide) assay and 3T3 mouse fibroblasts as the test cells.
Resazurin is an oxidation-reduction indicator, relating the fluorescence intensity to the
aerobic respiration of viable cells present in the sample. The uptake of oxygen
irreversibly reduces its colour from blue-purple to pink [100].

3T3 fibroblast cells were plated in a polystyrene 96-well plate at a density of
10,000 cells per well, with an appropriate volume of media added (depending on
initial cell concentration) to each well to achieve a total volume of 150 pL. Cells were

left to adhere for 24 hours, after which a 17uL aliquot of polymer solution, prepared
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from a 10mg/mL stock polymer solution (in PBS) diluted appropriately such that the
final concentration of the polymer inside the wells was 200, 400, 600, 800, or 1000
ug/mL, was added. After a 24-hour incubation period, 30 puL of a 40mg/mL resazurin
sodium salt solution in PBS was added to each well, covered to prevent
photobleaching, and left for four hours in an incubator. Immediately afterward, the
fluorescence of each well was measured at a wavelength of 530nm using the
multilabel plate reader (1420 Victor 3, Perkin Elmer Life Sciences, USA). The
percentage cell viabilities are reported relative to the cell-only control as well as a

media-only control as per Equation 2-7:

Absorbancenormalized polymer solution

% cell viability = Equation 2-7

Absorbance normalized positive control

Four replicates for each polymer concentration were performed, with the error bars

representing the standard deviation of the replicates of each sample concentration.

2.4.13.2. Hydrogel cell adhesion

Cell adhesion on the hydrogel surfaces was characterized using 3T3 fibroblast
cells. Initially, the hydrogels were formed by injected in silicone molds matching the
dimensions of the wells of a 24-well plate. The hydrogels were removed from the
molds and placed in a 24 well plate with 1 mL of PBS and allowed to equilibrate in an
incubator at 37 <C for 24 hours. Cells with a density of 10,000 cells/well were added to
the surface of the hydrogels and incubated for 24 hours, after which the wells were
washed several times to remove any non-adhered cells. The surface of each hydrogel

was then stained with 30 uL. of LIVE/DEAD assay solution (mammalian cells, L-
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3224) that was prepared by adding 20uL of ethidium homodimer-1 and 5uL of
calcein-AM to 10mL of sterilized PBS. The measurement wavelengths used were
~645nm (for the calcein-AM green stained cells) and ~528nm (for ethidium
homodimer-1 red stained cells). Four replicates for each polymer concentration were
performed, with the error bars representing the standard deviation of the replicates of

each sample concentration.
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3. Results

3.1. Quantification of the substitution and functionalization
reactions

3.1.1. Chitosan

Potentiometric-conductometric titration was carried out in order to characterize
the polymers after both carboxylation and hydrazide functionalization reactions.
Titration was conducted for each new batch of chitosan polymer to ensure no
significant batch-to-batch variation, particularly problematic for natural polymers such
as chitosan; the titration results shown below are for one specific batch that is
representative of polymer used for each experiment reported.

For comparison and calculations of the degree of substitution as well as degree
of deacetylation and any other relevant calculations, a titration on unmodified chitosan
was carried out. Two maxima appear in the dpH/dV result, a representative graph of

which is given in Figure 3-1.
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Figure 3-1: Unmodified chitosan potentiometric titration

3.1.1.1. Degree of carboxyl substitution

After performing a titration on the carboxylated chitosan solution, three
maxima appear in the dpH/dV result, a representative graph of which is given in

Figure 3-2.
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Figure 3-2: Carboxymethyl chitosan potentiometric titration

The degree of substitution of carboxyl groups is calculated based on partial
substitution of both hydroxyl and amine groups to carboxyl groups. It does not infer
any conclusions in regards to the specificity of the carboxylation, which will be
addressed in the content of free amine section. This result is indicative of the presence
of two different functional groups in the carboxymethylated chitosan product: -COOH
from the carboxylation reaction at lower NaOH amounts (corresponding to lower pKa
values and quantified by the volume between the first and second maxima [64]) and —
NH2 from native chitosan at higher NaOH amounts (corresponding to higher pKa
values and quantified by the volume between the second and third maxima). The pKa

values of each functional group (-COOH and —NH>) were calculated using the
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potentiometric curves (Appendix Al) as well as the ionization vs. pH curves

(Appendix A2).

The first, second, and third peaks in the first derivative plots are attributed to
the endpoints associated with titration of excess hydrochloric acid, the carboxyl
groups, and the amine groups, respectively, in the solution. These curves were

analyzed as follows to extract the functionalization data:

1. The difference in volume between the second and first peaks was calculated.
2. The degree of substitution (DS) was calculated via the equation

161xA

DScarboxyl goups =
yigoup Warboxyl groups—58%A

Equation 3-1
where A = Vnaon X CNaoH
V[=]L and C[=] mol/L of 0.1 M NaOH used as the titrant
W = mass of carboxmethylated chitosan sample in grams
161 = MW of glucosamine repeat unit
58 = MW of carboxymethyl group added as a result of derivatization
Based on this analysis, the degree of carboxyl substitution of the carboxymethylated
chitosan is equal to 0.41.
3.1.1.2. Weight percentage of carboxylic groups

The number of moles of sodium hydroxide used to neutralize the
carboxymethyl groups during titration (difference between second and first peaks) was
used to estimate the mass of carboxymethyl groups titrated and thus the wt% of —
COOH in the modified chitosan. This calculation was pursued since it is the standard

metric used in the literature for quantifying the effectiveness of a carboxymethylation

of chitosan [64], thus allowing for benchmarking of this result with previous work.
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W1% carboxylic group = mass of carboxymethyl groups titrated (g)/ mass of polymer

(9) = 12.9%

3.1.1.3. Content of free amine
Following hydrazide modification

of the available -COOH groups, only two

maxima appear in the titration curve, as indicated in Figure 3-3.
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Figure 3-3: Hydrazide chitosan potentiometric titration

Given that our previous work has indicated nearly quantitative conversion of

free carboxyl groups to hydrazide groups using this adipic acid

dihydrazide/carbodiimide chemistry [54],

and the titratable functional groups have a

higher pKa indicative of a base instead of an acid, this result suggests that free -COOH

groups have been quantitatively converted to hydrazide groups and the signal from

this titration result is attributable to residual amine groups (note that hydrazide groups
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have a low pKa in the 2.5-3.5 range and thus are not detected in this titration result)
[101]. The free amine content, more commonly referred to as the degree of
deacytelation (DD%) of chitosan, can thus be estimated, enabling comparison with the
amount of amine prior to reaction to confirm the type of substitution that was
conducted.

The slight difference in the pKa of the amine groups could be due to the
presence of extra functional groups (carboxyl or hydrazide groups) that might
inductively shift the pKa to slightly higher or lower values based on their respective

electron withdrawing and electron donating properties.

On this basis, the number of moles of amine groups in a known mass of chitosan is:
A = Vnaon X Cnaon= (V, —V; ) X Cnaon
where (V2 - V1) is the volume difference between peaks 1 and 2 for the unmodified

and hydrazide functionalized chitosan titrations.

161XxA4

DD% = x 100

Equation 3-2

A = Vnaon X Cnaon Where V[=]L and C[=] mol/L (0.1 M NaOH used for titration)
W = mass of sample in grams

Based on this analysis, the content of free amine of the hydrazide functionalized
chitosan was equal to 60% while that of the unmodified chitosan was 79% (see the
unmodified chitosan potentiometric curve in Appendix Al). Therefore, based on this
result, 21% of primary hydroxyls and 19% of amines in the original chitosan are

functionalized with carboxylmethyl groups. This leaves 81% of the original amines on
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chitosan free, essential to promote the bioadhesive and antibacterial properties desired
in the later results.
3.1.1.4. Hydrazide groups per chain of polymer

The number of hydrazide groups per chitosan chain was calculated based on
the difference of the total titration signal between the carboxylated polymer and the
hydrazide-functionalized polymer (loss of 1 mol -COOH = gain of 1 mol hydrazide,
assuming no cross-linking with the adipic acid dihydrazide functionalization). The
degree of hydrazide functionalization, based on the complete carboxyl conversion to
hydrazide groups indicated by the titration result (Fig. 3-3), can thus be estimated

using Equation 3-3:

DScarboxylated X 120,000
161

Hydrazide groups/chain =
Equation 3-3

161 = MW of glucosamine

120kDa = average MW of chitosan polymer

On this basis, 305 hydrazide groups per chain of chitosan (assuming a molecular
weight value of 120 kDa) are present, corresponding to 1 hydrazide group per 2.5

repeat units.

Overall, the titration of the three chitosan forms (unmodified, carboxylated,
and hydrazide functionalized) can give information on the degree of functionalization,
the location of functional group substitution, and the overall number of functional
groups per chain of chitosan. The carboxylation reaction resulted an overall carboxylic
acid weight percentage within chitosan of 12.9%, consistent with the typical 10-15%

range previously reported in the literature [102]. In addition, results indicate that,
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despite the amine being the stronger nucleophile, more of the carboxymethylation
occurs on the hydroxyl groups, desirable to maintain the beneficial bioadhesive
properties introduced via the amine groups. Furthermore, the degree of hydrazide
functionalization achieved overall (1 hydrazide group per 2.5 repeat units in the
chitosan backbone) is within the range previously identified in our lab for effective
gelation of carbohydrates of similar molecular weights using hydrazone chemistry
with lower molecular weight synthetic polymers such as POEGMA [101].
3.1.1.5. Chitosan batch-to-batch variation

As previously mentioned, natural polymers like chitosan tend to have high
batch-to-batch variations that may lead to inconsistencies in the end product
synthesized. This problem was faced during the synthesis stage of the
experimentations, mandating the screening (through titration as well as solubility
assays) of each synthesized chitosan batch to to achieve reproducible hydrogel
properties and minimize any batch-to-batch variation. Batches were selected for
further functionalization (hydrazide substitution) if the carboxyl attachment is
between 40 and 50% with a maximum amine substitution of 20% and if the polymer
does not dissolve completely in PBS at the concentrations of 1, 1.5, and 2w/v%. The
key differentiation between batches appears to be the degree of substitution of the
amines with carboxyl groups; too much substitution affects chitosan’s inherent
properties but too little results in a polymer that is not fully soluble at physiological
pH. Table 3-1 shows the overall properties of the three main chitosan batch types
usually synthesized, the first two of which were always discarded and the last of

which was used for all other experiments conducted.
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Table 3-1: Example of three different batches of carboxylated chitosan synthesized

Ca_rbo_xyl Substitution
. substitution on :
Chitosan olvmer chain of amine Remarks
oty (mol%)

(mol%)

Not enough for functional
Batch 1 28 25 group attachment,
amine % too high

Amine substitution too

Batch 2 49 25 high

Batch 3 41 19 Targeted substitution

3.1.2. POEGMA characterization

The properties of the aldehyde-functionalized POEGMA polymer used for all
hydrogels reported as well as the cationic POEGMA polymer used to evaluate the

effect of chitosan specifically on the gel properties are given in Table 3-2.

Table 3-2: Characterization of POEGMA precursor polymers: (a) Mn and PDI based
on gel permeation chromatography in DMF; (b) mol% functionalization based on H
NMR,; (c) percentage of charged monomer based on potentiometric titration

Mn a Functionalization | Charge

Polymer | g/mol) PDI (MoI%)P (Mol%)°
PO10A30 21.6 2.1 30 NA
+PO10H29 41.3 2.4 29 25

DMF gel permeation chromatography indicated that the M, of the aldehyde polymer
(PO10A30) is 21.6 kg/mol (PDI 2.1) while that of the cationic hydrazide polymer is
41.3 kg/mol (PDI 2.4). The high polydispersity is attributed to the free radical
polymerization technique (performed using a chain transfer agent as opposed to a
living polymerization to control molecular weight) and is a typical polydispersity of

the POEGMA polymers synthesized this way in our lab. The cationic charge density
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of +PO10H29 was quantified as 25 mol% via potentiometric titration, comparable to the

theoretical mol% of 28.5.

'H NMR was run on PO10As0 in chloroform (Figure 3-4) and +PO1oHag in

dimethyl sulfoxide (Figure 3.5) before and after functionalization of the aldehyde and

hydrazide groups, respectively, to characterize the composition of the polymers.
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Figure 3-4: *H-NMR (600 MHz) analysis on PO10A30 using CDCI3 as the solvent
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Figure 3-5: *H-NMR (600 MHz) analysis on +PO10H29 using DMSO as the solvent
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Characteristic POEGMA signals are found in the spectra of both aldehyde and
hydrazide functionalized POEGMA (6 = 0.9-1 ppm (a,c), 2 ppm (b), 4 ppm (d), 3.5
ppm (e), and 3.2 ppm (f), see peak assignments in Figures 3-4 and 3-5). Aldehyde
groups are found at 6 = 9.6 ppm (n) in Figure 3-4, while hydrazide groups are found at
d=28.9and 2 ppm (h, i) in Figure 3-5. Based on the integration of these peaks, Table
3-2 shows the mol% functionalization of each POEGMA polymer. The degree of
aldehyde functionalization was calculated based on the integrals of the signals at 6 =
9.6 ppm (CHO) and & = 3.2 (O-CHzs in the OEGMA repeat unit) in Figure 3-4; the
degree of hydrazide functionalization was calculated based on the integrals of the
signals at 6 = 8.9 (NH-NH>) and 6 = 3.2 (O-CHs in the OEGMA repeat unit) in Figure

3-5.

3.2. Hydrogel design

A matrix of different combinations of the precursor polymers developed was
constructed for property testing. Chitosan is a highly cationic polymer that is viscous,
and increasing the hydrazide functionalized chitosan concentration to above 2wt/v%
resulted in a significant increase in viscosity that would render the solution not easily
injectable or sprayable. Also, higher chitosan concentrations promote inter- and intra-
molecular interactions between the functional groups on chitosan and subsequent self-
crosslinking of the polymer. As a result, studies were conducted on hydrogels
prepared with chitosan concentrations of 1%, 1.5%, and 2% (all on a weight by

volume basis), with the lower end selected based on the requirement for sufficient
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cross-linking for hydrogel formation and the upper end based on rheological

limitations. PBS was used to prepare all polymer solutions.

Initially, medium molecular weight (MMW, ~240kDa) non-modified chitosan
was used to synthesize the hydrazide-functionalized chitosan; however it posed
challenges in terms of viscosity, even at 2wt%, as well as ease of use during synthesis.
In addition, hydrazide functionalized MMW chitosan precipitated out of PBS after
approximately one month, indicating poor storage ability. Instead, low molecular
weight (LMW, ~120kDa) chitosan was used given that it was easier to handle, resulted
in lesser variation between batches, had a lower viscosity at any concentration, and
(following hydrazide functionalization) remained stable in solution over at least three
months. Note that the molecular weight of even the LMW chitosan is still high enough

to impart the desired properties of the gel, bioadhesion in particular.

POEGMA polymers were used primarily at concentrations of 20wt%, due to
the significantly lower molecular weights (<20 kDa) and thus lower viscosities of the
starting polymers. A cationic hydrazide-functionalized POEGMA polymer with
superior cationic charge density compared to hydrazide functionalized chitosan at
2wt% (+PO10H20) was alternately used to form a gelling pair with aldehyde-POEGMA
to better understand the effect of the chitosan itself, without its charge contribution, on

the gel properties.

All these hydrogels were easily extruded through the double barrel syringe
assembly with minimal injection force, ideal for practical use. Furthermore, the
ability to spray the hydrogels to form a thin homogenous layer was investigated by

connecting an intranasal mucosal atomization device (Wolfe Tory Medical, USA) to
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the end of a double barrel syringe. Figure 3-6 shows the resulting spray distribution,

with food coloring added to enable visualization of the sprayed hydrogel.

Figure 3-6: A sprayed thin layer of hydrogel using the double barrel syringe and
atomizing spray device

This result confirms the ability to not only inject these hydrogels but also facilitating
the ability for this system to be sprayed, highly advantageous for topical applications

(particularly wound healing applications).

3.2.1. Aldehyde to hydrazide ratio

The number of hydrazide and aldehyde functional groups per 1mL of chitosan
and POEGMA prepolymer solution was calculated using Equation 3-4 to determine
the ratio between the hydrazide and aldehyde groups in the hydrogel following mixing

of the two precursor polymers (the latter calculated using Equation 3-5):

func groups mass of polymer per 1 ml X # functional groups per chain .
groups _ poymep STOUPSP Equation 3-4
1mL Avg MW of polymer (Da)

. Aldehyde functional groups
Ratio = Y §70UP

Equation 3-5

B Hydrazide functional groups
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The recipes used for the key hydrogels to be studied and the resulting aldehyde to

hydrazide ratio of those recipes is provided in Table 3-3.

Table 3-3: Hydrogel design matrix including functional group ratio, mass and wt% of
polymer in hydrogel network

Overall dry
Aldehyde polymer
to mass per W1t% of each polymer in
0,
Hydrogel (wt/v)% Hydrazide mL of hydrogel
ratio hydrogel
(mg)
Chit-Hzd 1 %/PO10A30 20% 9.0 210 5% Chit-Hzd, 95% PO10A30
Chit-Hzd 1.5%/P0O10A30 20% 6.0 215 7% Chit-Hzd, 93% PO10A30
Chit-Hzd 2%/PO10A30 20% 4.5 220 9% Chit-Hzd, 91% PO10Az0
PO10A30 20%/+PO10H29 20% 1.2 400 50% +PO10H29, 50% PO10A30

Of note, considering the potential for excess aldehydes present following
gelation to form Schiff bases with amines in native tissue, higher aldehyde contents
may lead to higher bioadhesion but also potentially higher inflammation; the range of
hydrogels produced here would enable optimization of gel composition on this basis.
Note that these ratios can also be adjusted to any desired number by mixing the
viscous chitosan-hydrazide with the non-viscous cationic POEGMA polymers (or
neutral hydrazide-POEGMA polymers) to increase the concentration of hydrazide
groups in the final gel as desired using the idea of modularity developed in previous
work from our lab [101]; however, for first-pass screening, the compositions above

were used.
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3.2.2. Charge density

Quantifying the charge density is important when making comparison between the

measured polymers and the reference. Table 3-4 shows the lineal (moles charge/gram
of dry polymer) and volumetric (moles charge/volume of precursor polymer solution)
associated with the hydrazide polymer used to prepare each of the studied hydrogels,

as determined via titration.

Table 3-4: Charge density values in each dry polymer and polymer precursor solution

Charge density per g | Charge density per mL of
Polymer (w/v)% of dry polymer polymer solution
(mmol/g) (mmol/mL)
Chit-Hzd 1.0% 3.6 0.036
Chit-Hzd 1.5% 3.6 0.054
Chit-Hzd 2.0% 3.6 0.072
+PO10H29 20% 16 0.320

Hydrogels prepared with different chitosan contents have systematically increasing
volumetric charge densities, but the lineal spacing between those charges is the same
since the same precursor Chit-Hzd polymer is used. In comparison, the +PO19H29
POEGMA polymer used as a reference has a lineal charge density of only roughly half
of the Chit-Hzd polymer (since only ~25% of repeat units carry a cationic charge
versus ~80% in chitosan); however, given that significantly higher concentrations of
+PO10H29 Were used for gelation (20 wt% compared to a maximum of 2 wt% for
chitosan), the net volumetric charge in the +PO10H29 control hydrogel is significantly
(~4-fold) higher than even the most charged chitosan-based gel used. Thus, if only
charge is important in driving bioadhesion, the +PO19H29 hydrogel should exhibit

significantly stronger bioadhesion; this control thus allows for identification of the
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role of chitosan itself on regulating the bioadhesive properties of the hydrogels.
However, it should be noted that the cationic charge on chitosan and POEGMA is

achieved using different types of amine groups; chitosan features a primary amine

while POEGMA features a tertiary amine. The different nature of these two cationic

groups may affect the actual cationic role in the bioadhesive/anti-microbial behaviour

of the hydrogels. Primary amines have been shown to more effectively bind to
bacterial cell membranes and disturb their abilities due to the complexation of the
primary amines to the lipid’s phosphate groups in the phospholipid bilayer through

electrostatic forces and hydrogen bonding [103].

3.3. Gelation Kinetics

Hydrazide-functionalized chitosan was subsequently gelled with aldehyde-
functionalized POEGMA using a double-barrel syringe to deliver and mix the
precursor polymers. Table 3-5 shows the measured gelation times for all polymer
pairs using the vial inversion test. All the polymer pairs gelled in <5 seconds, with
gelation faster as the concentration of the polymers was increased and (a) the
concentration of reactive functional groups and (b) the number of polymer chains

available for cross-linking per unit volume are both increased.

Table 3-5: Gelation time of hydrogels

Hydrogel (wt/v)% Gelation time (s)
Chit-Hzd 1.0%/P0O10A30 20% < 5 seconds
Chit-Hzd 1.5%/P0O10A30 20% < 5 seconds
Chit-Hzd 2.0%/P0O10A30 20% < 5 seconds
+PO10H29 20%/P0O10A30 20% < 5 seconds
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3.4. Transparency

Figure 3-6 shows the transmittances of the hydrogels over a wavelength range
of 400-600 nm (visible range). All measured transmittance values for the chitosan-
POEGMA hydrogels were >88% for the 2.5mm thick samples studied over the full
visible range. For the cationic POEGMA-POEGMA gel, the transmittance measured
was higher than 95% over the whole visible light range. Note that this thickness is
much higher than what is required for a topical application, such that these results are
significantly underestimating the actual transmittance values for a typical topical
application thickness of <0.5mm (since absorbance is directly proportional to sample

thickness according to Beer’s law).
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Figure 3-7: Transparency of hydrogels tested over the visible range (n=4)
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3.5. Swelling and degradation Kinetics

The swelling and degradation kinetics were characterized gravimetrically by
measuring the change in mass over a time period where the hydrogel is submerged at a
buffer of specific pH. Changes in hydrogel weight (representing a combination of
swelling and degradation as a function of time) versus time were measured for
hydrogels incubated at pH 4, 5.5, and 7.4 (using acetic acid-sodium acetate buffer for
the lower pH values and phosphate buffered saline for pH 7.4), with all results
normalized to the initial weight of each hydrogel. Figure 3-8 shows the swelling

response of the hydrogels at pH 5.5, mimicking the pH of skin.
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Figure 3-8: Swelling and degradation of POEGMA-POEGMA and chitosan-
POEGMA hydrogels at pH 5.5 (n=4)
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POEGMA-POEGMA hydrogels initially swell to ~1.7 times their initial mass
then maintain their weight throughout the test period, indicative of slow degradation.
In comparison, the chitosan hydrogels initially swelled but after relatively short times
(<2 hours depending on the chitosan concentration) began to lose mass, indicative of
gel degradation. Chit-Hzd 1.0%/PO10A30 20% degraded the fastest, reaching a
normalized weight of 0.5 within the first 21 hours, while Chit-Hzd 1.5%/PO10A30 20%
and Chit-Hzd 2.0%/PO10A30 20% maintained a normalized weight of 0.89 and 0.95
respectively within the first 21 hours. This is attributed to the decrease in crosslinking
density as the chitosan wt% decreases, as lower number of hydrazide functional
groups are available (thus enabling faster degradation of the gel properties as a result
of a similar degree of hydrolysis). Higher weight percentages of chitosan result in
hydrogels that degrade slower, maintaining approximately half of their initial mass 12

days into the experiment.

Swelling results at pH 4 (mimicking vaginal pH), shown in Figure 3-9, show a

slightly different trend.
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Figure 3-9: Swelling and degradation of POEGMA-POEGMA and chitosan-
POEGMA hydrogels at pH 4 (n=4)

The POEGMA-POEGMA hydrogels again kept swelling throughout the whole
test period (exceeding a normalized weight of 4 by day 12), Chit-Hzd 1.5%/PO10As0
20% and Chit-Hzd 2.0%/PO10A30 20% swelled initially to ~1.85 times their initial
weight within 28 hours followed by slow degradation (with degradation faster at lower
chitosan contents), and Chit-Hzd 1.0%/PO10A30 20% swelled slightly over the first
couple of hours followed by degradation to 0.58 of its normalized weight within 28
hours. All three Chit-Hzd data plots show the same trend: as the chitosan wt%
decreases, the duration and magnitude of the initial swelling is reduced and

degradation occurs faster.

79



Interestingly, the measured degradation times of the chitosan-POEGMA
hydrogels are slightly longer at pH 4 relative to pH 5.5 despite the acid-labile nature of
the hydrazone cross-link. This may be related to (1) the lower degree of initial
hydrogel swelling observed at pH 4 relative to pH 5.5, resulting in slower diffusion of
the aqueous buffer into the hydrogel or (2) protonation of at least some of the residual
hydrazide residues at pH 4 that poses an electrostatic repulsion to the transport of H

ions inside the hydrogel.

The swelling results at normal physiological pH of 7.4 are shown in Figure 3-

10.
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Figure 3-10: Swelling and degradation of POEGMA-POEGMA and chitosan-
POEGMA hydrogels at pH 7.4 (n=4)
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The swelling responses of each hydrogel at pH 7.4 are similar in that each gel
swells slightly once incubated at 37°C followed by a collapse and a plateau at >100
hours out to the end of the test. +PO19oH29 has the highest normalized weight over the
plateau region followed by Chit-Hzd 2.0%/PO10A30 20%, Chit-Hzd 1.5%/PO10A30
20%, and finally Chit-Hzd 1.0%/PO10A30 20%, directly correlated with the projected
cross-link densities of each gel based on the aldehyde:hydrazide ratio. This result can
be attributed to the phase transition properties of the PO10A30 polymer, which is
thermosensitive (lower critical solution temperature ~53.6°C); the significantly lower
charge density of chitosan at pH 7.4 relative to the acidic pH values tested allows the
overall gel to demonstrate a phase transition whereas the higher charge densities at
lower pH values combat this phase transition. In addition, the hydrolysis of the
hydrazone cross-links is acid-catalyzed and thus would be quite slow at neutral pH. Of
note, the Chit-Hzd 1.0%/PO10As0 20% gels start losing their initial conformed shape
and spread on the insert relatively quickly, potentially trapping water not part of the
hydrogel matrix in the insert; this would result in an overestimation of the results for

this hydrogel.

3.6. Water retention and loss of the hydrogels

For potential topical applications, the drying rate of the hydrogels under ambient
humidity and temperature conditions is essential to understand. Figure 3-11 (a to d)
shows the drying rate of the hydrogels tested at different relative humidity values,
using a controlled humidity chamber for testing as well as the benchtop. All the
humidity tests were done in multiples of three or four, with all weights (of actual gel

without the insert) normalized to one (i.e. mass changes are expressed with respect to
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the initial gel weights). Note that, based on the gel compositions tested, a “dry”

sample for each of the recipes would correspond to the following normalized weights

(denoted by a dashed line on each graph for reference):

1) Chit-Hzd 1.0%/PO10A30 20%: 0.105 normalized weight
2) Chit-Hzd 1.5%/PO10A30 20%: 0.1075 normalized weight
3) Chit-Hzd 2.0%/PO10A30 20%: 0.11 normalized weight
4) +PO10H29 20%/PO10A30 20%: 0.2 normalized weight
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Figure 3-11: Evaporation-based mass loss of hydrogels inside a controlled humidity
chamber and benchtop for (a) Chit-Hzd 1.0%/PO10A30 20%, (b) Chit-Hzd
1.5%/PO10A30 20%, (c) Chit-Hzd 2.0%/PO10A30 20% and (d) +PO10H29 20%/PO10A30

20% (n=4)
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At a relative humidity of 30%, the evaporation rate is rapid and all hydrogels
reach 30% of their initial gel weight by the third hour. In comparison, hydrogels
exposed to 50% relative humidity dropped to 30% of their normalized weight within
the first 5 hours while at 75% relative humidity evaporation is again slower, with
normalized weights of ~0.4 achieved only after six hours. Thus, not surprisingly, gels
retained water for longer periods of time at higher relative humidities. However,
relative to the benchtop evaporation experiment (~50% humidity on the day of the
test), all the evaporation rates measured were significantly higher; all samples were
fully dry within 24 hours for all experiments performed in the controlled humidity
chamber, while under ambient conditions the normalized weights of the hydrogels
remained in the range from 0.37 to 0.25, indicating significant water retention. We
believe this observation is related to the significant air flow present in the humidity
chamber, which enhances convective mass transfer versus normal, ambient conditions
present in the benchtop test. The POEGMA-only hydrogels retained water somewhat
shorter than the chitosan-containing hydrogels, when accounting for the dry hydrogel
mass, although this effect was relatively small. Overall, for topical applications, the
results suggest that water retention to some degree is possible over at least the targeted
one-day period, depending on the relative humidity and convective conditions used in

the test.

3.7. Rheological characterization
The storage modulus of the hydrogels, essential to understand for applying

these hydrogels in potential wound healing or bioadhesive applications, is shown in
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Figure 3-12 for each of the hydrogels tested as a function of frequency and plotted in

terms of the average modulus value over the full frequency plateau in Table 3-6.
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Figure 3-12: Elastic modulus (G’) of all four hydrogels (n=4)

Table 3-6: Average elastic modulus for each hydrogel over the plateau region

Hydrogel (w/v)% Average elastic modulus (Pa)
Chit-Hzd 1.0%/PO10A30 20% 270 +50
Chit-Hzd 1.5%/ PO10A3020% 585 +84
Chit-Hzd 2.0%/ PO10A30 20% 803 82
+PO10H29 20%/ PO10A30 20% 8680 2310

The POEGMA-POEGMA hydrogel has a significantly higher elastic modulus
than the chitosan-POEGMA hydrogels; the +PO19H29 20%/PO10A30 20% hydrogel has
an average elastic modulus of 8.7kPa, while the chitosan hydrogels are all lower than

1kPa (with higher moduli as the chitosan weight percentage increases). This result
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was predicted based on the calculated aldehyde:hydrazide ratios of each hydrogel

(Table 3-2), higher residual aldehydes results in fewer potential cross-links and thus a

lower modulus value.

3.8. Chitosan-POEGMA hydrogel as a bioadhesive

3.8.1. & testing

Force versus displacement curves measured during the detachment process of

the stainless steel testing probe (following a pre-compression step) from the tested

hydrogels using the MACH-1 micromechanical tester are shown in Figure 3-13.
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Figure 3-13: Tack detachment force of the tested hydrogels (n=3)

For the tack profiles, the two key parameters are of interest in a tack adhesion

experiment are the peak force (i.e. the detachment force required to initiate
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delamination) and the total area under the curve (related to the energy required to
completely break the adhesive bond). By either measure the POEGMA-only hydrogels
exhibited the least tack. For the chitosan hydrogels, gels prepared with lower chitosan
levels have the lowest peak force but adhesive detachment over longer displacements,
which can be clearly seen for Chit-Hzd 1.0%/PO10As0 20% in Figure 3-12. In
comparison, Chit-Hzd 1.5%/PO10A30 20% has a higher delamination force but the
detachment displacement (and hence time) was almost immediate (resulting in a
significantly lower energy requirement to break the probe-sample interaction), and
Chit-Hzd 2.0%/PO10A30 20% had the highest delamination force with a clean and
rapid delamination, as exhibited by the sharp slope of the curve. This data is consistent
with the lower the cross-link density and thus increased “softness” of the hydrogels as
the chitosan content is decreased, resulting in a more viscous and less elastic hydrogel
that is tackier and sticks better to the surface; however, due to the lower crosslinking
density, the force required to deform the hydrogel is lower. These combined properties
result in a lower peak force but adhesion persisting over a longer displacement and
time. However, the forces and energies associated with each tested hydrogels are very
low relative to other materials, suggesting the gels all have minimal tack (as desirable

for topical applications in particular).

3.8.2. Peel adhesion measurement of chitosan-POEGMA
hydrogel

Table 3-7 shows the detachment force of hydrogels from porcine skin

following the slow peeling of the polymer-skin interface until full detachment. Both
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the peak load achieved and the average load measured in the plateau region is plotted
for comparison. See Appendix A3 for representative peel curves for this system.

Table 3-7: Peel maximum and average force of detachment for the chitosan-
POEGMA hydrogels (n=3)

Maximum force Average force of
Hydrogel (w/v)% of detachment g
detachment (N)
(N)
Chit-Hzd 1.0%/PO10A30 20% 0.13 +0.02 0.09 +0.01
Chit-Hzd 1.5%/ PO10A3020% 0.15 +0.01 0.12 +0.01
Chit-Hzd 2.0%/ PO10A3020% 0.21 +0.07 0.18 0.07

As the weight percentage of chitosan in the hydrogel is increased,
enhancements in skin adhesion were observed. Chit-Hzd 1.0%/PO10As30 20%
(F=0.09N =0.01N) exhibited an average peel force of only one half of Chit-Hzd
2.0%/PO10A30 20% (F=0.18N +0.07N), with Chit-Hzd 1.5%/PO10A30 20% lying in
between (F=0.12 +£0.01N). However, likely due to the inherently high variation
associated with peel tests [104], one-way ANOVA indicates that the change in the
peel detachment force as the chitosan concentration was increased was not statistically
significant at 95% confidence [F(2,6)=4.38]. Even so, given the lower number of
residual aldehyde groups present as more chitosan-hydrazide is added to the gels; this
observation suggests that the adhesion is not primarily attributed to Schiff base
formation with amines on skin proteins but rather the chemical nature of the chitosan.
Note that the failure mode during the peel experiment is adhesive detachment, with the
hydrogel remaining completely attached to one of the skin pieces while the other is
functionally detached from the hydrogel. The hydrogel itself, while stretching during
the experiment, does not break apart, indicating strong cohesion. This mechanical

profile is consistent with what would be favourable as a wound sealant.
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3.8.3. Tensile bioadhesion measurement of chitosan-
POEGMA hydrogel

Similar to the peel testing, tensile testing of the bioadhesive bond strength
between porcine skin and the hydrogels indicate a positive correlation between the
concentration of chitosan in the hydrogel matrix and the adhesive strength, as shown
in Figure 3-14. Table 3-8 summarizes the maximum force of detachment and work of

adhesion associated with each of the hydrogels.
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Figure 3-14: Representative tensile detachment profiles for all four hydrogels from
porcine skin

Table 3-8: Maximum force of detachments and work of adhesion for each hydrogel
(n=3)

Maximum force of | Work of adhesion
Hydrogel (w/v)% detachment (N) (N.mm)
Chit-Hzd 1.0%/PO10Az0 20% 0.13 +0.01 0.66 +0.16
Chit-Hzd 1.5%/ PO10A3020% 0.21 +0.01 1.83 0.03
Chit-Hzd 2.0%/ PO10A30 20% 0.32 +0.06 2.84 +0.89
+PO10H29 20%/ PO10A30 20% 0.13 +0.01 0.69 +0.41
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The same roughly three-fold enhancement in bond strength between Chit-Hzd
1.0%/PO10A30 20% and Chit-Hzd 2.0%/PO10A30 20% observed in the peel experiment
is again observed under tension, with the maximum tensile force increasing from
0.13N to 0.32N. A similar result is shown by integrating the area under the force
versus distance curves, with the area under the curve (AUC, related to the work of
adhesion of the polymer) also roughly tripling as the chitosan content of the gel is
doubled. One-way ANOVA test confirms that there is a significant effect of increasing
the chitosan concentration on the bioadhesive strength of the hydrogel at 95%
confidence [F(3,8)=27.48]. These results indicate that chitosan significantly improves
the bioadhesive capacity of the hydrogels via multiple mechanisms. In addition to
charge, hydrogen bonding due to the presence of multiple functional groups (amines,
residual carboxyl groups, and hydroxyl groups), as well as physical entanglement due
to the high molecular weight of chitosan may also contribute to forming stronger
adhesions between the tissue and hydrogel film. Also, pairwise t-tests for all other
comparisons indicate that all other results are significantly different at a 95%

confidence interval.

3.8.4. Mucoadhesion properties of chitosan precursor

polymer
The mucoadhesive property of the functionalized chitosan polymer was

characterized using rheological synergism. Figure 3-15 shows the storage modulus of
Chit-Hzd 1.0% (Fig. 3-15a) and Chit-Hzd 1.5% (Fig. 3-15b) solutions, a 4wt% mucin
solution, and a 1:1 volumetric ratio of the two solutions. Note that the final

concentrations of Chit-Hzd in the mixture are lower than those used in the gel since
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4wt% and 3wt% Chit-Hzd solutions could not be prepared; however, this result still

gives insight into the fundamental polymer mucoadhesive properties.
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At the lower concentration (Chit-Hzd 1.0%), a significant excess modulus

value (AG") was observed only at lower frequencies, suggesting a relatively weak



interaction. However, when the concentration was increased to 1.5wt%, the mucin-
polymer mixture has an overall higher dynamic modulus and positive average excess
modulus throughout the whole frequency range; an excess modulus value of ~2930Pa
was observed over the whole frequency range (see Appendix A4 for a plot of excess
modulus as a function of frequency). This result validates that functionalizing chitosan
with carboxymethyl and then hydrazide groups did not eliminate its inherent
mucoadhesive property, which is attributed to its positively charged free amino groups,
hydrogen bonding, and also physical entanglement, which facilitate interactions with

negatively charged sialic acid groups in the mucin structure.

3.8.5. Tensile mucoadhesion measurement of chitosan-
POEGMA hydrogel

The same tack protocol for the rigid and biological tissue experiments was
used for the quantification of the hydrogel’s mucoadhesion, using mucin-soaked filter
paper as a mucous layer mimic in place of the porcine skin. Table 3-9 shows that the
same trend holds as would be implied from the rheological synergism results, with
hydrogels containing higher chitosan concentrations also exhibiting stronger adhesion

with the mucosal mimic.

Table 3-9: Work of adhesion of the hydrogels at two different mucin concentrations

75 mg/mL mucin 100 mg/mL mucin
Hydrogel (w/v%o) Work of adhesion Work of adhesion
(N.mm) (N.mm)
+PO10H29 20%/PO10A30 20% 0.034 +0.007 0.027 £0.007
Chit-Hzd 1.0%/PO10A30 20% 0.062 +=0.011 0.054 £0.011
Chit-Hzd 1.5%/PO10As0 20% 0.107 =0.011 0.097 +0.011
Chit-Hzd 2.0%/PO10As0 20% 0.164+0.021 0.269 +0.038
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As the concentration of chitosan in the hydrogel increases, the work of
adhesion between the hydrogel and the mucosal mimic also increases, with Chit-Hzd
1.5%/P0O10A30 20% showing a work of adhesion almost double and Chit-Hzd
2.0%/P0O10A30 20% showing a work of adhesion roughly four-fold higher than that of
the Chit-Hzd 1.0%/PO10A30 20% hydrogels (Table 3-9). One-way ANOVA test
confirms that the chitosan concentration has a significant effect on the mucoadhesion
for both mucin concentrations tested at 95% confidence ([F(3,8)=30.69] at 75 mg/mL
mucin and [F(3,8)=80.6] for 100 mg/mL mucin). This result is consistent with gels
containing higher chitosan concentrations having more free amines present that allow
for stronger interactions with the mucosal layer, thereby resulting in a stronger
interfacial interaction and hence stronger adhesion and force of detachment. As the
mucin concentration increases, there are more sialic acids present per surface area and
hence a higher potential for interaction with each hydrogel, although this effect is only
significant at the mucin concentrations tested in the case of the Chit-Hzd
2.0%/P010A30 20% hydrogel in which the overall potential for mucoadhesion (i.e.
concentration of mucoadhesive chitosan repeat units) is significantly higher. Note also
that the +PO10H29 20%/PO10A30 20% hydrogel shows significantly lower
mucoadhesive bond strength than even the Chit-Hzd 1.0%/PO10A30 20% hydrogel
(95% confidence) despite its significantly higher (~9-fold) cationic charge density,
again suggesting that the multi-faceted mucoadhesion-promoting properties of
chitosan are critical to the performance of the chitosan-POEGMA hydrogels in this

application.
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3.9. Antibacterial properties

Based on the reported antibacterial properties of chitosan [29], [75], [78], [83],
[96], several experiments were conducted to assess the antibacterial properties of both
chitosan-Hzd and chitosan-POEGMA in situ-gelling hydrogels.
3.9.1. Minimum inhibitory concentration

After the carboxylation and subsequent hydrazide functionalization of chitosan,
a MIC experiment was carried out to verify and then quantify the minimum chitosan
precursor concentration needed to inhibit the bacterial growth when exposed to a

bacterial suspension. Figure 3-16 shows the visual results of this experiment.
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Figure 3-16: Minimum inhibitory concentration experiment with serial dilution of
chitosan-hydrazide (mg/mL); 24-hour incubation period

The minimum inhibitory concentration of the hydrazide-functionalized
chitosan clearly lies between 2mg/mL and 5mg/mL, with bacterial growth (indicated
by spots and later extreme turbidity) apparent at concentrations 2mg/mL and less in
the experiment. In comparison, the MIC of unmodified chitosan ranges from 0.02 to 1
mg/mL [78, 99]. This result is consistent with the consumption of a small (~20%)
fraction of primary amine groups (primarily implicated in bacterial inhibition)

following the carboxymethylation reaction [105]. However, the MIC value of 5
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mg/mL is still below the final concentrations of chitosan-Hzd in the hydrogels, which
for the tested gels lies between 10 and 20 mg/mL. Therefore, at the concentration used
to form hydrogels, the hydrazide functionalized chitosan precursor polymer is verified

to be antibacterial.

3.9.2. Topical antibacterial property of the chitosan-
POEGMA hydrogel

To assess the contact antibacterial properties of the hydrogels, a LIVE/DEAD
assay was used to image the bacteria deposited on the chitosan-POEGMA hydrogels.
Figure 3-17 shows the result for the four different hydrogels (Chit-Hzd 1.0%/PO10Az0
20%, 1.5%/P0O10A30 20%, and 2.0%/PO10A30 20%, and +PO10H29 20%/PO10A30 20%)
as well as the polystyrene control. The images show an overlay of the green (live cell)
and red (dead cell) fluorescence signals. The Chit-Hzd images are collected by
streaking the gels across a microscope slide and subsequently imaging the streaked
slide; this method has been demonstrated to provide lower background noise than
imaging the gels directly and higher resolution relative to washing techniques for
removing bacteria from the gels which inevitably dilute the bacterial suspension. The
hydrogels were also imaged and the same results were witnessed; however due to the
hydrogel’s high fluorescence background during imaging, the images of the streaked

method are reported.
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..
Figure 3-17: LIVE/DEAD assay response of E.coli incubated on the surface of the (a)

Polystyrene control, (b) +PO10H20/PO10A30 20%, (c) Chit-Hzd 1.0%/PO10A30 20%, (d)
Chit-Hzd 1.5%/PO10A30 20%, and (e) Chit-Hzd 2.0%/PO10A30 20% hydrogels

While the polystyrene control (Fig. 3-17a) as well as the +PO1oH29
20%/PO10A30 20% containing hydrogels (Fig. 3-17b) maintained viable bacteria (i.e.
all but a few of the cells stain green), almost all the bacteria appear red stained for the
chitosan-based hydrogels, indicating that chitosan-POEGMA hydrogels have contact
anti-microbial properties. This property is of potential utility in wound healing
applications or in barrier applications in which the prevention of bacterial infection is
critical (e.g. following peritoneal surgery) [106]. Again, given the viability of bacteria
noted on the +PO10H29 20%/PO10A30 20% hydrogel, it is clear that the chitosan
component in the hydrogel matrix is what gives it its antibacterial properties (i.e. anti-
bacterial properties are not a simple charge effect).

3.9.3. Macro dilution method
To characterize the stability of the potential anti-bacterial properties of the

chitosan-POEGMA hydrogel due to leaching (as well as the proposed contact mode of
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bacterial killing), a macro dilution experiment was conducted to investigate the anti-
bacterial properties of any leachates from the hydrogel. Figure 3-18 shows the
concentration of E. coli bacteria in suspension before and after incubation with the

chitosan-POEGMA and POEGMA+ hydrogels.
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Figure 3-18: E. coli concentration after 24-hour incubation with and without the
presence of the hydrogel

Overall, little to no decrease in E. coli concentration is observed after hydrogel
incubation, with the slight decrease in E.coli concentration observed for Chit-Hzd
1.5%/P0O10A30 20% and Chit-Hzd 2.0%/PO10A30 20% potentially attributable to the
topical interaction between the hydrogel surface and bacteria that comes in contact

with it.
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3.9.4. Zone of Inhibition

A zone of inhibition test was also conducted to confirm that leachates, if
present, are not at significant concentrations for the Chit-Hzd 1.0%, 1.5%, and 2% as
well as +PO10H29 20% with PO10A30 20%. Figure 3-19 shows the typical zone of

inhibition result for all the hydrogels tested.

Figure 3-19: A zone of inhibition typical result for all the hydrogels

Qualitatively, due to the lack of a ring around the hydrogel, it is inferred that
no significant leaching occurred, since leaching of chitosan-Hzd polymers from the
hydrogel would induce killing in the area immediately around the gel. Note that the
local concentration of any leached chitosan-Hzd immediately around the gel would be
expected to be significantly higher in this experiment as opposed to the previous
macro dilution experiment given the slow diffusibility of the chitosan in agar; the lack
of apparent anti-bacterial activity further supports the absence of leachates from the

hydrogels.

3.10. Cell viability

3.10.1. In vitro Polymer cytotoxicity

To ensure the hydrogel components are only antibacterial and not cytotoxic to
mammalian cells, polymer cytotoxicity was measured against 3T3 mouse fibroblast

cells using the resazurin assay. Figure 3-20 shows the cell viabilities in the presence of
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various concentrations of the component prepolymers used to prepare the hydrogels

studied.
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Figure 3-20: Cell viability (%, relative to cell-only control) of different concentration
dilutions of chitosan-Hzd, PO10As0, and +PO1gH29 polymers against 3T3 cells using
the resazurin assay (n=4)

The data in Figure 3-20 shows that for any of the starting polymers, no cytotoxic
effects against 3T3 cells were observed, suggesting that the polymers are not cytotoxic
to mammalian cells.
3.10.2. Hydrogel cell adhesion

To further assess the cell compatibility of the hydrogels, a cell adhesion
experiment was performed using a LIVE/DEAD assay to image the 3T3 fibroblast

cells deposited on the hydrogels. Figure 3-21 shows the result for the four different
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hydrogels (+PO10H29, Chit-Hzd 1%, 1.5%, and 2% with PO10A30 20%) as well as the

polystyrene control.

Figure 3-21: LIVE/DEAD assay response of 3T3 fibroblast cells incubated on the
surface of the (a) Polystyrene control, (b) +PO10H29/PO10Az0 20%, (c) Chit-Hzd
1.0%/PO10A30 20%, (d) Chit-Hzd 1.5%/PO10A30 20%, and (e) Chit-Hzd 2.0%/PO10A30
20% hydrogels

Both the cationic POEGMA hydrogel as well as all Chit-POEGMA hydrogels
show apparent cell adhesion, although the degree of cell adhesion observed is less than
that observed in the polystyrene control. This result is in contrast to previously
reported uncharged POEGMA hydrogels [90], which exhibit virtually no cell
adhesion; the cationic charge of these hydrogels can again be used to rationalize this
result. However, while it is possible that the +PO1oH29 20%/PO10A30 20% hydrogel
results in adhesion with less cell clumping, there is no significant difference noted in
the cell density adhered to any of the tested hydrogels. This result suggests that the

gels are all moderately cell adhesive but also well tolerated by cells. Comparing this
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result to the bacterial adhesion test (Fig. 3-17), it is clear that the chitosan-POEGMA
hydrogels are effectively antibacterial but also well tolerated by mammalian cells,

again ideal for use as an injectable antibacterial material.

3.11. Conclusion

The incorporation of chitosan in an in situ hydrogel matrix produced a
hydrogel with both tissue and mucosal adhesive properties and topical antibacterial
properties. The functionalization of chitosan with first carboxymethyl and then
hydrazide groups did not eliminate chitosan’s adhesive or antibacterial properties,
resulting in a hydrogel matrix that can be potentially employed in multiple biomedical
applications. Rheological synergism results indicate a significant synergistic
interaction is present between the mucin and chitosan at chitosan concentrations as
low as 0.75%. This was further validated through mechanical testing using porcine
tissue as well as a mucin mimic substrate, where a 1% increase of chitosan in the
hydrogel matrix results in a two to three fold increase in the detachment force as well
as work of adhesion. As for the antibacterial properties, a minimum inhibitory
concentration (MIC) of 5 mg/mL was measured, lower than the native chitosan MIC
due to the 19% amine substitution with carboxyl groups but still within a relevant
range for hydrogel antibacterial properties. This was further validated through the
hydrogel’s ability to inhibit and kill E.coli bacteria in contact with the hydrogel, as
confirmed through the LIVE/DEAD assay images. The bioadhesive as well as
antibacterial properties of this hydrogel combined with its potential for in situ gelation

via either injection or spraying (via hydrazone bond chemistry) suggest particular
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applications of these materials as wound sealants inside the body that have potential to

reduce the need for invasive surgery and increase patient comfort.

101



4. Conclusions and Recommendations
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4.1. Conclusions

Soluble hydrazide functionalized chitosan was synthesized using a two step
synthesis by initially carboxylating the chitosan and then performing an
EDC/ADH reaction to attach the hydrazide functional groups via adipic acid
dihydrazide conjugation.

Different carboxymethylation recipes were pursued to generate the highest
carboxymethylation percentage with the lowest degree of amine substitution. A
41% carboxymethyl substitution (with less than half of that functionalization
occurring on the primary amine groups) was achieved, leading to a total of 305
hydrazide groups per chain for hydrazide chitosan.

Gelation was achieved by mixing hydrazide-chitosan with aldehyde
functionalized POEGMA in under 10 seconds. However, due to the relatively
low (~2 wt%) upper limit of chitosan-hydrazide concentration required to
maintain injectability and the resulting high aldehyde to hydrazide ratio in the
resulting gels, the Chit-Hzd/PO10A30 gels are not as strong as cationic
POEGMA gels; a maximum modulus of ~1kPa is achieved for the highest
concentrated Chit-Hzd 2.0%/PO10A30 20% hydrogel compared to the 8.5kPa
for the +PO10H29 20%/PO10A30 20% hydrogel.

The transparency of the hydrogel is not affected by the chitosan incorporation,
with all samples exhibiting a transparency higher than 88% over the whole
visible range.

Water retention within the hydrogels can be achieved over 1-3 day periods,

depending on the humidity and place of application
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Strong rheological synergism effects were observed between mucin and
hydrazide-functionalized chitosan even at polymer concentrations of 0.75%,
confirming the mucoadhesive property of the polymer post-functionalization
Increasing the chitosan wt% in the hydrogel matrix results in stronger gels with
higher bioadhesive and mucoadhesive strength.

Both peel and tack testing between the hydrogel and porcine skin were used to
mimic the potential external forces of a topical application; both tests showed
similar detachment forces, with the vertical detachment mechanism requiring
more force for detachment as compared to the peeling mechanism.

The hydrazide functionalized chitosan polymer was shown to possess
antibacterial properties through a minimum inhibitory concentration
experiment, using E.coli as the model bacteria (albeit at somewhat higher
concentrations than unfunctionalized chitosan). Given that no leaching of anti-
bacterial polymers was detected via zone of inhibition tests, any antibacterial
effects are inferred to be topically induced, a result validated through a
LIVE/DEAD bacterial assay.

Chit-Hzd 2.0%/PO10A30 20% appears to be the most promising candidate as a
bioadhesive, antibacterial gel due to its superior hydrogel strength and
bioadhesive properties when compared to the lower chitosan content hydrogels.
Chitosan’s cationic property is not the dominant contributor to its bioadhesive
and antibacterial properties but it is facilitated through multiple mechanisms.
The properties of the hydrogel can be tuned to the application desired, with the

elasticity, tack, degradation kinetics, and adhesion all adjustable based on the
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chitosan content of the gel and/or the substitution of chitosan for cationic
POEGMA.
e Cytotoxicity assessment using 3T3 fibroblast cells on the chitosan and

POEGMA polymers indicated no significant cytotoxic effects.

4.2. Recommendations

e Synthesizing a more selectively carboxyl substituted chitosan in which
carboxyl groups are incorporated solely on the primary hydroxyl group could
potentially increase the adhesive strength of the hydrogel by maximizing the
number of residual amine groups in the polymer.

e The aldehyde POEGMA concentration and/or the concentration of aldehyde
functional groups should be decreased to reduce the aldehyde to hydrazide
ratio and investigate the result of that ratio independent of the gel mechanics.

e Mixing cationic POEGMA-hydrazide with chitosan-hydrazide offers potential
to maintain the desirable bioadhesive properties of chitosan-containing
hydrogels while maintaining the strength of a POEGMA-POEGMA hydrogel

¢ Increasing the cationic co-monomer content of POEGMA to match that of the
intermediate chitosan hydrogels would be beneficial to further confirm the role
of charge density versus other chitosan properties on the bioadhesive and
antibacterial properties of the hydrogels

e Antibacterial experiments for gram positive bacteria such as Staphylococcus

aureus or Staphylococcus epidermidis should be conducted for a clear
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understanding of the chitosan polymer as well as chitosan-POEGMA
hydrogel’s antibacterial properties

Bacteria should be incubated on the surface of the hydrogel for 24-48 hours to
assess the relative degree of colony formation as a log reduction in growth on
the surfaces relative to a standard control well.

An in vivo wound healing study of the adhesive properties of the hydrogel in
rat models should be conducted to see the actual utility of these hydrogels in
the proposed target applications.

Functionalization of catechol groups on hydrazide functionalized chitosan
offers potential for significantly enhanced adhesion properties in a wet tissue
environment. Proof of principle of this concept has already been completed,
with catechol-Chit-Hzd polymer successfully synthesized and gelled with an
aldehyde POEGMA polymer.

Quaternizing chitosan with quaternary amine groups offers potential for further
enhancing the antibacterial properties of the chitosan-POEGMA hydrogel,
although care must be taken to ensure the density of quarternization does not
negatively influence the good mammalian cell compatibility observed with the
present materials.

Synthesizing a POEGMA control that matches the cationic charge as well as
excess aldehyde to better understand chitosan’s contribution to bioadhesion
and as an antibacterial agent is recommended. In particular, reducing the
+PO10H29 polymer concentration from 20wt% to 5wt% in the hydrogel
formulations would result in a a gel with the same ~4.5:1 aldehyde:hydrazide

ratio and ~0.75 mmol/mL charge density of the 2wt% Chit-Hzd-POEGMA
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hydrogels, representing a significantly better control to isolate the effects of
chitosan in the formulation.

Gelling quaternized POEGMA-aldehyde polymers with catechol Chit-Hzd
offers potential to form a hydrogel with high adhesive, antibacterial, and
swelling properties for wound healing or topical mucosal drug delivery.

Drug loading and release studies of an appropriate drug (e.g. an antibiotic for
non-contact bacterial killing, an anti-fungal drug, or an anti-inflammatory
drug) may be conducted to investigate the potential application of the chitosan-

POEGMA hydrogel as a drug delivery system on mucosal and topical surfaces.
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Appendix Al

Potentiometric titration curve for (a) unmodified chitosan, (b) carboxymethylated

chitosan, and (c) hydrazide functionalized chitosan to determine the pKa of the amine

as well as carboxyl groups (if present) through the ionization and pH derivative curves.

For both the unmodified and hydrazide functionalized chitosan, only two maxima are

present due to no carboxyl groups being present in the chitosan backbone. The pKa is

determined by initially finding the volume at the equivalence point (Veg), which

corresponds to the intersection between the pH and first derivative curves and finding

the pH at the Y2 Veq. The same method applies for the carboxyl groups for the

carboxymethylated chitosan.
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Appendix A2

Degree of lonization vs. pH curves for titration data for (a) Unmodified chitosan, (b)

Carboxylated chitosan, and (c) hydrazide functionalized chitosan
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Appendix A3

Representative peel curves for (a) Chit-Hzd 1.0%/PO10A30 20%, (b) Chit-Hzd

1.5%/P010A30 20%, (c) Chit-Hzd 2.0%/PO10A30 20% are shown below.
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Appendix A4

The excess storage modulus (a) and the relative synergism parameter (b) for Chit-Hzd

1.5% was calculated and plotted on the curves below. Synergism is observed

throughout the whole frequency range through positive AG’ values and relative

synergism values. Somewhat reduced synergism is observed at higher shear rates (Fig.

b), consistent with the mucin-polymer interaction being physical in nature and thus

susceptible to shear.
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