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ABSTRACT

Chemically cross-linked hydrogels (chemical gels) offer a number of enhanced properties
over their physical counterparts, particularly in biomedical applications such as drug
delivery, tissue engineering, and cell encapsulation. Conventional chemical gels are
generally too elastic to be introduced into the body without requiring surgical
implantation, making them challenging to use in a clinical context. In response, this thesis
is focused on developing injectable analogues of conventional hydrogel-based
biomaterials as well as advanced, engineered injectable hydrogels, enabling the facile use
of these hydrogels in biomedical applications. Cross-linking is achieved using hydrazone
chemistry, in which one precursor is functionalized with aldehyde groups and the other is
functionalized with hydrazide groups. Following coextrusion of the reactive precursors, a
stable hydrogel network spontaneously forms within seconds. By employing this
chemistry as a standard in all of this work, a number of injectable hydrogel systems with
well-defined properties (including swelling, drug loading and release, optical properties,
gel formation and degradation kinetics, response to the temperature of the surrounding
environment, and tissue response) have been generated that can be tuned by rationally
varying the charge content in the precursor polymers, the number of cross-linking
functional groups used, the reactivity of the electrophilic cross-linking units, and the
length and number of hydrophobic affinity domains present within the gels. This work
therefore presents a series of independent methods for customizing hydrogels so that they

may be adapted to a number of different biomedical applications.
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INTRODUCTION

The tremendous advancements in polymer science over the past few decades have
provided researchers with a unique opportunity to overcome some of the most
fundamental limitations facing pharmacology. In this regard, a particular challenge is
achieving spatial and temporal control over the delivery of therapeutics in the body
following systemic administration. Conventional routes of drug administration, including
oral, nasal, intravenous, or intramuscular routes, are generally indirect and take place far
removed from the drug’s intended site of action within the body. Upon entering the
general circulation, the drug generally reaches a distribution equilibrium with the body’s
tissues and may be biotransformed to an inactive state prior to reaching an effective dose
at its intended site. In general, these two effects governing a drug’s pharmacokinetics
limit the amount of drug available at the desired site within the body, effectively diluting
its effects. Of greater concern are therapeutics that can cause systemic damage following
uptake by the body, such as in the case of chemotherapeutics. While such drugs are often
desired to behave site-specifically, systemic administration promotes their action on
tissues throughout the body. The emergence of cell-based therapies requires the
entrapment of cells within a matrix in order to prevent migration away from the site of
administration and support cell adhesion during the tissue repair process. These matrices
may also provide a micro-environment for loaded cells to migrate through and

communicate in the context of tissue engineering. On these bases, there is a clear need to
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develop biocompatible systems that can be delivered site-specifically and are capable of

delivering a therapeutic at a controlled rate.

Polymers have attracted particular interest in terms of addressing these pharmaceutical
challenges. The chemical diversity of polymers and the ability to design them from the
ground up (i.e. from simple monomer units) makes them attractive as pharmaceutical
delivery vehicles since they can be adapted for use with a number of different drugs and
dosing regimens. For water-soluble drugs, macromolecular drugs, and cells in particular,
hydrogels have attracted specific interest. Hydrogels are water-swollen three-dimensional
networks consisting of cross-linked polymer chains, with cross-linking occuring via either
physical interactions or chemical bond formation between polymer chains. The chemical
and mechanical similarities between hydrogels and the mammalian extra-cellular matrix*
can impart hydrogels systems with the ability to remain undetected following placement
within the body, as the body’s host defenses may not deem the implanted hydrogel as
being different from the body’s native tissues. As a result, pre-loaded cargoes bound for a
pre-determined location in vivo can avoid premature degradation by being protected
within the matrix of the biologically inert hydrogels, potentially increasing the efficiency
of cell, small molecule, or macromolecular therapy. In the context of tissue engineering,
hydrogels may provide an environment for directed adhesion, spreading, growth and/or
differentiation of cells into the desired tissue construct. Hydrogels made for applications
in tissue engineering may potentially offer selectivity over nutrient uptake or even
influence the fate of cellular growth based on the physical properties of the surrounding

hydrogel environment that has been pre-seeded with precursor cells.??
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While the several advantageous properties of hydrogels in biomedical applications have
motivated significant research into such materials, the practical introduction of hydrogels
into the body is a significant challenge limiting their routine clinical application.
Materials that are difficult to introduce into the body are generally associated with high
levels of patient discomfort and may therefore result in a lower degree of patient
compliance. The high elasticity of conventional hydrogels has particularly limited the
administration of these materials through non-invasive techniques, such as though
injection. As a result, gels pre-formed outside of the body must often be introduced

surgically to their target site of therapeutic application.

In previous work, this limitation has been addressed by using gels that form
spontaneously in vivo through physical interactions between polymer chains following
injection, taking advantage of unique properties of the biological environment such as
ionic strength, pH, or temperature to trigger self-associations.*° Physical gelation may
also be triggered by using precursor polymers designed to possess latent physical inter-
chain interactions, such as stereochemical,® electrostatic,” supramolecular,® or
hydrophobic interactions.® These relatively weak interactions can be momentarily
disrupted through the application of mechanical energy in the form of a shear force such
as the force that is applied to the barrel of a syringe, enabling these precursors to be
injected into the body; after, the gels may then spontaneously reform in situ through
reassociation of physically complimentary moieties once the injection shear is removed.°
The inherent attractiveness of this approach to gel fabrication lies not only in the ease of

introduction of such materials but also in the lack of functional chemistries required for
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gelation, as latent reactive functional groups are often not be well tolerated within the
body.!! However, physically cross-linked hydrogels face two major challenges that limit
their overall efficacy in application. First, a reliance on physical interactions between
polymer chains for gelation limits the degree of control that can be exerted over which the
timescale of gel degradation within the body, with most gels susceptible to rapid
dissolution by the body and subsequent dissolution (or at least rapid loss of mechanical
integrity). This can be a major challenge in the biomedical context, as pre-loaded cargoes
may not be secured within the context of a protective matrix throughout a pre-determined
therapeutic window. For example, the thermogelling Poloxamer triblock copolymer
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) has been shown to
degrade and be reabsorbed by the body in a matter of hours subsequent to
administration.*? Second, the inherently dynamic nature of inter-chain physical
interactions often limits the mechanical strength of these physically cross-linked gels,
particularly under shear. Although this shortcoming can in part be addressed by
increasing the number of polymer chains composing the physical gels, an increase in the
local concentration of polymer can increase the osmotic gradient into the matrix and

potentially dehydrate surrounding tissues.*®

These limitations have encouraged the growth of a class of hydrogels formed via covalent
bond formation between polymer chains. By controlling the number of complimentary
reactive groups (typically electrophiles and nucleophiles) present on component precursor
polymer chains, it is possible to pre-program the relative density and types of cross-links

present within the hydrogel matrix.!* In this way, the rate of hydrogel formation and
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degradation and gel mechanical properties can be controlled to a degree not offered by
physical gels. Unfortunately, hydrogels pre-formed in this way outside of the body
generally do not possess the shear-thinning qualities of physically cross-linked hydrogels,
making them difficult to introduce into the body through minimally invasive means. For
this reason, there is a growing interest in hydrogels that can rapidly form under
physiological conditions via chemical reactions between complimentarily functionalized
precursor polymers subsequent to their co-administration at a desired site. Typically, two
precursor copolymers are coinjected that possess complimentary nucleophilic and
electrophilic functionality (or one polymer coinjected with a small molecule cross-linker
with complimentary functionality) that spontaneously form a covalent bond in situ
following co-injection. Chapter 1 of this thesis provides an exhaustive critical analysis of
such systems and comprehensively reviews the different chemical techniques employed

in the development of in situ forming injectable hydrogels.

In order to effectively inject complimentary precursor copolymers to the intended site of
therapeutic action within the body, the injected aqueous copolymer solutions must be of
sufficiently low viscosity that the reactive precursors can be injected through a standard
25G hypodermic needle.> More importantly, measures must be taken in order to prevent
gel formation prior to the precursor solutions being introduced into the body. This may be
achieved by physically separating the two reactive solutions using a double barrel
syringe, in which reactive precursors are introduced into different barrels and are mixed
and co-extruded into the body only after depression of the plunger (Figure 1). Although

co-injection occurs rapidly, extrusion of the reactive precursors must be quicker than the
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macroscopic onset of gel formation; however, gel formation must occur rapidly enough
such that the reactive precursors (or their loaded cargoes) do not do not diffuse away from
the site of administration in vivo prior to gel network formation. In this way, gel
formation is temporally and spatially restricted to only occur in vivo.1*16-2° The rate of gel
formation depends primarily on the degree of polymer functionality (functional group
concentration) and on the specific chemistries employed in the formation of covalently
cross-linked in situ forming hydrogels and is typically targeted to occur within seconds to

minutes depending on the application.

' \\w\
.
-
$

Figure 1.1 — Double barrel syringe to coextrude functionalized electrophilic and nucleophilic precursor
copolymer chains. The mixed polymer solution rapidly forms a stable chemically cross-linked hydrogel
post-needle (i.e. in the body).
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During the tenure of my Ph.D. studies, | have sought to develop novel injectable hydrogel
systems that form in situ. A particular emphasis has been placed on developing systems
with highly tunable properties that can provide a design framework that may be used to
make these systems adaptable for use in a number of different biomedical applications,

including drug delivery, cell encapsulation, and tissue engineering.

In this work, I begin by describing a rapidly-forming injectable, degradable, and
environmentally responsive hydrogel system, which is covered in the second chapter of

this thesis.

In the third chapter of this thesis, | have expanded upon the work described in the first
chapter by incorporating an additional, less electrophilic, ketone monomer along with a
more electrophilic aldehyde monomer within the electrophilic polymer chains. By co-
functionalizing these electrophilic hydrogel precursor chains with different ratios of
aldehyde to ketone groups, I have been able to fine-tune a number of gel properties,
including the rates of gel formation and degradation, gel opacity, and gel mechanical

properties.

| then expand on this work by demonstrating a “modular” approach to hydrogel design
(presented in chapter 4 of this thesis), whereby fine-tuning different hydrogel components
on either the monomeric or macromolecular level enables us to exercise fine control over
a number of gel properties, including the rate of gel formation and degradation,
mechanical properties, transparency, swelling, drug loading and release, and response

toward the temperature of the local environment.
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Chapter 5 expands upon the theme of highly-tunable injectable hydrogels by describing
systems with a range of different hydrophobicities. Using this approach, the degree of gel
swelling, gel mechanical properties, degradation kinetics, and protein loading and release

can be rationally tuned.
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CHAPTER 1

DESIGNING INJECTABLE, COVALENTLY CROSS-LINKED
HYDROGELS FOR BIOMEDICAL APPLICATIONS

Authors: Mathew Patenaude, Niels M. B. Smeets, and Todd Hoare

Publication Information: Macromolecular Rapid Communications 35(6), 598-617

Accepted Date: Jan 19, 2014

Abstract: Hydrogels that can form spontaneously via covalent bond formation upon
injection in vivo have recently attracted significant attention for their potential to address a
variety of biomedical challenges. In this review, we discuss the design rules for the
effective engineering of such materials and outline (with examples) the major chemistries
used to form injectable, in situ-gelling hydrogels in the context of these design guidelines.
Directions for future research in the area are addressed, noting the outstanding challenges

associated with the use of this class of hydrogels in vivo.
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1. Introduction

Hydrogels are three dimensional, water-swollen polymer networks formed as a result of
physical or chemical cross-linking between water-soluble polymer chains.® Given their
high water content, controllable porosity, and mechanical and (potentially) compositional
similarities between hydrogels and native soft tissues in the body,? hydrogels have been
widely investigated for tissue engineering, bioadhesives, would healing, space-filling, cell
encapsulation and controlled release applications.>® The design of these soft materials has
benefitted greatly from recent developments in polymer science that have enabled the
synthesis of polymers with unprecedented control over molecular weight, composition,
topology and functionality.” Imparting this control on a linear polymer level to a hydrogel
network has resulted in the design of novel hydrogels that can change their water content
in response to one or more environmental stimuli,® have more uniform networks,®° or can

dynamically rearrange their structure.'*-3

Successful biomedical application of conventional hydrogels, however, remains somewhat
limited given that the inherent elasticity of hydrogels limits their ability to be delivered via
an injection or any other minimally-invasive (i.e. non-surgical) route. Most synthetic
hydrogels are prepared using free radical chemistry and/or functional group condensation
chemistry, which is generally incompatible with in vivo conditions.!* One clinical
exception to this rule is in situ photopolymerization of hydrogels, which has found
significant applications in conjunction with surgical interventions as adhesion prevention

materials.® However, the need for a small molecule photoinitator as well as UV irradiation
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over (in most cases) several minutes to induce gelation both pose potential safety concerns
with this technique, as does the highly exothermic nature of free radical polymerization that
can lead to undesirable heat generation in vivo and induce cell stress or cell death.
Furthermore, the poor penetrability of UV irradiation negates the use of such materials in

any non-invasive applications outside of near-surface transdermal applications.®

As a result of these limitations, significant research efforts have recently been invested in
the design of “injectable” or “in situ gelling” hydrogels that can be delivered in vivo via
injection and then rapidly gel inside the body.!’ Injectable hydrogels circumvent the need
for surgery to administer the hydrogel in vivo, reducing pain while minimizing, healing
time, scarring and the risk of infection. Injectability also enables effective molding of the
hydrogel shape in situ by the neighboring tissue to fit cavities and/or tissue defects, of

tremendous application in space filling or anti-adhesion applications.

Injectable hydrogels can be formed by exploiting a variety of physical cross-linking
interactions that can be triggered by the unique pH/temperature/ionic strength environment
of the body (typically driving a phase transition in all or part of the pre-gel polymers that
induces physical interactions between the chains)'®° or by latent physical interactions
between the pre-gel components (e.g. electrostatic interactions,?® stereochemical

22 or hydrophobic interactions?®) that can be

interactions,?! supramolecular chemistry,
disrupted by shear.?* The advantage of using physical cross-linking approaches is that no
reactive functional group chemistry is required to form hydrogels in vivo, typically

resulting in acceptable tissue responses to such materials over multiple types of

applications.?®> However, physical in situ gelling hydrogels suffer from two significant

11
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limitations that significantly hinder their wide-spread use in clinical settings. First, the use
of physical interactions for cross-linking imparts minimal control over the clearance rate of
the hydrogel in vivo and thus the therapeutic window associated with the material. For
more weakly associated materials, the infinitely diluting environment of the body can
significantly reduce the local polymer concentration over time, leading to (in some cases
rapid) dilution of the hydrogel and a loss of mechanical integrity. For example, the widely-
investigated thermogelling Poloxamer polymers (triblock poly(ethylene oxide)-b-
poly(propylene oxide-b-poly(ethylene oxide) copolymers) have been observed to resorb
within hours once injected in vivo even at high polymer concentrations.?® In other cases in
which the physical interaction is significantly stronger,?’ there is no clear mechanism to
degrade the hydrogel outside of backbone degradation, either limiting the composition of
physical gels to those with degradable polymer backbones or leading to a risk of
bioaccumulation and resulting chronic inflammatory responses. Second, the mechanical
strength of physically-gelled hydrogels is typically relatively low due to the often times
dynamic nature of bond formation/breaking in physically-cross-linked hydrogels,
particularly in the presence of even low magnitudes of shear. Improvements in mechanical
strength can be achieved when extremely high polymer concentrations are used to form the
gels, but this creates large osmotic gradients that can dehydrate surrounding tissues and/or
further speed hydrogel degradation via dilution.?® It must be noted that some more recent
examples of physically cross-linked hydrogels (e.g. peptide assemblies) have significantly
improved both the stiffness and stability achievable with physically cross-linked

hydrogels?®, although such control often comes at the price of chemical versatility in the

12
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hydrogel backbone. Overall, while physically-cross-linked injectable hydrogels may have
significant advantages for shorter-term biomedical applications, they generally do not offer

desirable properties for longer-term applications.

To overcome these challenges, a growing body of research is focused on the design of
injectable hydrogels that are cross-linked via covalent bond formation. Typically, such gels
are formed by mixing two polymers (or one polymer and one small molecule cross-linker)
with complementary reactive functional groups that can lead to covalent bond formation.
In this review article, we will provide a framework for the rational design of injectable and
covalently cross-linked hydrogel systems. We will first discuss the design requirements of
the precursors and degradation products of in situ-gelling hydrogels (as dictated by the in
vivo use of these materials), followed by a discussion of different cross-linking chemistries
amenable to in situ hydrogel formation in the context of currently reported injectable and
covalently cross-linked hydrogel systems for controlled release and tissue regeneration. A
particular focus is placed on the use of covalent chemistries that do not interfere with native
biological molecules and are therefore considered toxicologically inert, a significant
challenge in the field given the inherent chemical reactivity required in the precursor
polymers in order to facilitate fast covalent gelation upon mixing. Due to the diversity and
depth of the work published on hydrogel-based materials for biomedical applications, we
have limited the focus of this review to injectable and covalently cross-linked systems; for
more information on the synthesis and biomedical applications of other classes of injectable

hydrogels, readers are referred to excellent earlier reviews,1’-2430-33
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2. Designing injectable and covalently cross-linked hydrogels

Injectable hydrogels based on covalent bond formation must meet several criteria for their
effective use in a clinical application. The key design requirements of injectable hydrogels

are described below, with specific reference to the typical applications of such hydrogels.

2.1. Delivery mode: In order to reduce or eliminate the need for surgical procedures
associated with the use of a hydrogel-based material in vivo, it is important that hydrogel
precursors can be introduced into the body via a minimally invasive manner. This requires
the use of precursor solutions that are either of sufficiently low viscosity or sufficiently
shear-thinning that they can be extruded through at least a standard 25G hypodermic
needle.®* The maximum size of the needle may be even smaller in some applications (e.g.
many ophthalmic injections routinely utilize 33G needles). As such, minimizing the
viscosity of the precursor solution would facilitate use of the formulation in the maximum
possible number of potential clinical settings. The delivery mechanism selected must also
consider how to prevent gelation prior to administration in vivo. In most cases, this has
been achieved by physically separating the two reactive polymer components in separate
barrels of a double-barrel syringe, analogous to epoxy glue; co-extrusion of the two
polymers through a static mixer mixes the precursor polymers on contact to induce gelation
only upon delivery.®-3 Alternately, precursor polymer solutions can be stored pre-mixed
at pH conditions not amenable to cross-linking, using the body chemistry to actively titrate
the mixture upon injection to physiological pH to drive gelation. In either case, for practical

clinical use, the precursor polymer solutions must be stable in the pre-loaded solutions over
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the course of several months at room temperature or, at minimum, under refrigerated
storage without undergoing significant degradation or deactivation of the reactive

functional groups.

2.2. Gelation kinetics: Gelation should occur quickly after injection, within seconds to a
few minutes, under physiological conditions (aqueous, 37°C, 0.15M ionic strength, pH
7.4). Fast gelation is favorable to prevent leaching of the precursors away from the injected
site, which significantly reduces the local polymer concentration and thus both volume and
the ultimate mechanical strength of the resulting hydrogel. Furthermore, slow gelation
would allow for diffusion of the precursor polymers (as well as any entrapped therapeutic
in a drug delivery application) into surrounding tissues, leading to potentially unfavorable
cross-linking reactions with surrounding tissue, potential toxicity due to high concentration
of reactive polymer released locally, and (for drug delivery applications specifically)
significant undesirable burst drug release. This requirement for fast gelation typically
makes the pH-induced gelation mechanism described above typically less attractive than
the use of a double-barrel syringe technique, as the gelation speed is in the former case
inherently limited by mass transport of titrating ions into the pre-gel solution. Gelation time
is in large part determined by the kinetics of the in situ gelling chemistry chosen, but can
be reduced to some degree by using higher concentrations of higher molecular weight
polymer precursors which require the formation of fewer bonds in order to effectively form

a gel network.

2.3. Cross-linking chemistry: Most in situ-gelling hydrogels reported are cross-linked based

on substitution or condensation reactions between one polymer functionalized with a
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nucleophilic functional group and another polymer functionalized with an electrophilic
functional group. Ideally, the cross-linking functional group pair would react both quickly
(i.e. with a low activation energy) and orthogonally with functional groups normally
present in biological tissues. Given the diversity of functional groups present in the body,
true orthogonality is frequently difficult to achieve in injectable polymer formulations.
However, many reported injectable gel systems with the potential to react with
complementary functional groups on biological proteins (and thus disrupt the tertiary
structure responsible for protein activity) have still been demonstrated to show good tissue
responses.®” In most cases, this positive tissue response can likely be attributed to the
“kinetic orthogonality” of the cross-linking functional groups; that is, the desired cross-
linking reaction occurs much faster than any competing reaction with tissue-borne
functional groups such that any competing chemistries with native tissues are strongly

suppressed.

2.4. Backbone chemistry: Both natural polymers (e.g. carbohydrates, polypeptides, etc.)
and synthetic polymers may serve as useful backbones for the fabrication of covalently
cross-linked injectable hydrogels. Natural polymers have many advantages such as
biocompatibility, degradability and innate biological activity (i.e. they can play specific
roles in native biological signaling and cell adhesion events);***° however, their pre-
defined chemistries and biological functions may also limit their utility in some
applications. Consequently, many emerging hydrogel designs are based on synthetic
polymers which (if non-cytotoxic and clearable) offer the advantage of outstanding control

over the composition of the precursors and, therefore, the physicochemical properties of
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the hydrogel. Typically, the use of synthetic polymers as injectable hydrogel precursors
mandates the pre-polymerization of the monomers into a functional oligomer, typically in
the presence of a chain transfer agent or in the context of a controlled radical polymerization
method to limit the molecular weight of the carbon-carbon backbone.** Polymeric
precursors are generally less cytotoxic compared to their low molecular weight analogues
and benefit from a multivalency effect in that they can form hydrogels at much lower
concentrations than low molecular weight molecules. Synthetic “smart” polymers that
exhibit lower critical solution temperatures (LCST) in water have become of particular
interest for biomedical applications and thus injectable hydrogel design. Polymers such as
poly(N-isopropylacrylamide) (PNIPAM),*? poly(vinyl caprolactone) (PVCL)*® or
poly(oligoethylene glycol methacrylate) (POEGMA)* are completely soluble at a
temperature below their LCST but undergo a conformational change, collapse and
precipitate from solution once heated above their LCST. This temperature transition can be
used to trigger a macroscopic change in swelling within the hydrogel that can be applied
to, for example, alter cell/protein interactions with the hydrogel in tissue engineering

applications or induce pulsatile release in drug delivery applications.3>%7

2.5. Backbone functionalization: The degree to which the precursor polymer backbones
are functionalized with reactive groups must be carefully considered depending on the
ultimate application of the hydrogel. Important hydrogel properties such as the cross-link
density, pore size, and degree of swelling can be controlled (or at least influenced) by
tuning the average number of reactive functional groups per polymer chain and thus the

average molecular weight between adjacent cross-linking points (Mc). Gel swelling and
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average gel pore size can be directly predicted based on M. by applying the Flory-
Huggins relationship (Equation 1), where a is the gel dimension, T is temperature, y is
the solubility parameter, ky is the Boltzmann constant, f is the average number of charges
between cross-links within the gel matrix, Ny is the average number of monomers
between the cross-links, and ¢ and ¢o are the volume fractions of polymer in the gel at the

equilibrium condition and the zero-strain condition respectively.
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A high number of reactive groups would typically result in highly cross-linked, highly

elastic hydrogels with a small pore size; conversely, a low number of reactive groups results
yields a soft hydrogel with a larger pore size. Thus, to a first approximation, the number of
reactive functional groups on the polymer backbone can be manipulated to modulus match
stiffer soft tissues in the body, manipulate the biological responses of cells entrapped within
the hydrogel,* reduce diffusion through the gel matrix, and/or reduce the time required for
the hydrogel to cross-link. It should be emphasized that the gelation time and the cross-link
density of the ultimate hydrogel are, for a given gelation chemistry, intimately linked;
increasing the functional group density drives both faster gelation and higher cross-link
densities. Two additional caveats must be mentioned with regard to this tunability of gel

mechanics via manipulation of the precursor reactive functional group density: (1)
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increasing the degree of functionalization increases potential steric effects that can limit the
ability of nearby or adjacent functional groups on the polymer backbone to form cross-links
with the complementary polymer, typically leading to lower numbers of cross-links per
available functional group with more highly functionalized precursor polymers and (2)
significantly increasing the density of reactive functional groups dilutes the effect of the
principal backbone co-monomer on the hydrogel properties, potentially leading to an
increased inflammatory response, a reduced magnitude “smart” response, etc. at higher

degrees of chain functionalization.

2.6. Tissue interactions: Both the hydrogel as well as the hydrogel precursors, cross-linkers
and degradation products must cause a minimal response from the body’s innate and
adaptive immune systems in order for the injectable hydrogel formulation to have potential
clinical relevance. Inflammation as a response to the presence of a hydrogel in vivo may
initiate the formation of granulation tissue, a foreign body response, and eventually the
formation of a fibrous capsule walling-off the hydrogel from the surrounding tissue.*® Such
“walling off” responses would negate the effective use of the hydrogel in tissue engineering
or cell encapsulation (no cellular access to oxygen/nutrients) and drug delivery
(significantly hindered mass transport of loaded drug into the body), among other
applications. The inflammatory response is in large part controlled by the interfacial
properties of the hydrogel, or any other biomaterial.*” Opsonin proteins in vivo adsorb to
the surface of biomaterials to “mark” foreign materials for clearance and subsequently
initiate an immune response. As highly hydrophilic and water-swollen materials, hydrogels

are innately significantly less prone to opsonization compared to other classes of foreign
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materials.*®4° However, the presence of residual reactive functional groups following
gelation can lead to significantly higher protein adsorption/grafting reactions in injectable
hydrogels relative to conventional hydrogel systems. Thus, minimizing the number of
residual functional groups following gelation (particularly those not orthogonal with
protein functional groups) is generally desirable and achievable at least in part by
manipulating the stoichiometry of the complementary reactive functional groups in the
precursor polymer mixture. In many cases, one of the reactive functional groups is
significantly more deleterious than the other in terms of inducing inflammatory responses;
in such cases, preparing gels using a precursor mixture containing a large excess of the less
deleterious functional group (and thereby maximizing consumption of that functional group
during gelation) can significantly improve the observed tissue response. As an example,
Tao et al. reported significantly less ophthalmic inflammation related to hydrogels prepared
from methacrylate end-capped PEG and thiolated four-armed PEG as the thiol to

methacrylate ratio in the precursor mixture was increased.*

2.7. Clearance: After injection, for most relevant biomedical applications, hydrogels
should degrade into non-toxic fragments that can either be metabolized or cleared from the
body at a rate matched to the intended application of the hydrogel. The use of natural
polymers such as chitosan, hyaluronic acid (HA), alginate, or elastin offers the advantage
that the hydrogel components are ultimately degraded and metabolized into biocompatible
small molecule products in vivo at well-defined rates. Synthetic polymers based on
PNIPAM, poly(ethylene glycol) (PEG), poly(hydroxyethyl methacrylate) (PHEMA),

poly(vinylpyrrolidone) (PVP), or other polymers with carbon-carbon backbones cannot be
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degraded into small molecule products via natural mechanisms and thus must be of
sufficiently low molecular weight to allow for renal clearance. Typically, a molecular
weight limit of 20 x 102 to 60 x 10° g-mol™ has been reported for kidney clearance of
macromolecules, which corresponds to the albumin excretion limit.5! The rate of
degradation is an important design criteria that can be exploited to optimize the utility of
the hydrogel in a specific application.>? For example, a fast degrading hydrogel network
would result in a burst release of contained therapeutics, while a slow degrading hydrogel
can provide for sustained drug release over a prolonged period of time. It should be noted
that clearance is not necessarily required in all biomedical applications of hydrogels; for
example, the use of hydrogels as dermal fillers may benefit from a more permanent, non-

degradable matrix.
3. In situ-gelling chemistries for injectable hydrogel formulations

Based on the requirements outlined above, a variety of chemistries has been explored for
the generation of injectable hydrogels cross-linked via covalent bond formation. Figure
1.1 shows the chemistry of the most common approaches to cross-link formation. The
mechanisms, applications, and both benefits and drawbacks associated with each of these

in situ-gelling chemistries are outlined in the sections to follow.

21



Ph.D. Thesis — M. Patenaude; McMaster University — Chemical Engineering

P i T w9 0
’ )+ Nu Nu Nu

NT

B g i e . Oxidation g ”
\v/' \\/ \\// \‘s/\"a'
Reduction
NH

N ;

c |
R I

D
E
F

Figure 1.1. Chemistries used in forming in situ gelling, covalently cross-linked hydrogels: A - 1,4-addition
(Michael-type addition); B - disulfide formation 2+4; C - hydrazone condensation; D - oxime formation; E -
alkyne azide 1,3-dipolar Huisgen cycloaddition; F - Diels-Alder cycloaddition

3.1 Cross-linking via conjugate 1,4 addition (Michael-type addition): The 1,4-addition,

commonly referred to as a Michael-type addition, of a nucleophile to the B position of an
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a,B-unsaturated carbonyl compound such as an aldehyde or ketone is a widely-investigated
approach for injectable hydrogel preparation. This reaction can occur spontaneously under
physiological conditions due to the formation of a resonance-stabilized enolate ion as an
intermediate following nucleophilic attack (Figure 1.1A).>® The B position of the acceptor
is made electrophilic by resonance between the a,p-unsaturated carbonyl form and the
enolate form. Addition of the nucleophile to the B position then locks the acceptor into an

enolate intermediate, which then tautomerizes to a ketone or aldehyde.

Nucleophiles capable of carrying out Michael-type addition include halide ions, cyanide
ions, thiols, alcohols, and amines; however, only thiols, alcohols, and amines are generally
suitable for use in cross-linking of biomaterial hydrogels given the relative toxicity of
halides and cyanides in the body. Both secondary and primary amines have been used as
nucleophilic groups;>*® however this chemistry requires pre-fabrication of the gels at
elevated temperatures under basic conditions, limiting their utility as injectable precursors.
Instead, the lower pKa (~8) and stronger nucleophilicity of thiols relative to amines have
made thiols the predominant nucleophile used for cross-linking under physiological

conditions.>":°8

The introduction of thiol groups into polymer chains is normally performed following
polymerization due to the proclivity of free thiol groups to act as a chain transfer agent
during free radical polymerization. The most common method of introducing thiols into
polymer chains containing free amines or hydroxyl groups is to first deprotonate the amine
or hydroxyl using a strong base such as NaH and react an alkene group using an allyl halide

via a simple Sn2 reaction.>*% A radical source, commonly azobisisobutylonitrile, is then
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added along with thioacetate, and the resulting thioester is deprotected with sodium
hydroxide to reveal the thiol group. Alternately, functionalized thiol compounds such as
thioglycolic acid,®® cysteine®® and N-acetyl-L-cysteine®®® can be conjugated to
complementary amine or carboxylic acid-functionalized polymer backbones via
carbodiimide coupling, although this method can suffer from potential cross-reactivity of
the thiol with the electrophile in the thiol-containing compound to generate poorly-defined
polymers. Disulfide-containing compounds can also be grafted to polymers and/or used as
cross-linkers to create hydrogels and then reduced to expose free thiols®®. For example,
Vercruysse and co-workers® reported the synthesis of 3,3’-dithiobis(propanoic
dihydrazide) (DTP) and its use as a cross-linker to for the synthesis of a HA-based hydrogel
via conjugation of the dihydrazide cross-linker to carboxylic acid groups on the HA
backbone. Free thiols (and linear polymer precursors) are subsequently liberated by
reduction of the S-S bonds using dithiothreitol (DTT).%” Of note, the resulting free thiols
can be difficult to stabilize at physiological pH under long-term storage, frequently
demanding the use of a slightly acidic carrying solution to minimize S-S bond formation

over time.

The electrophile in a Michael-type addition is typically a o,B-unsaturated electrophile.
Acrylates and are by far the most common electrophile used for generating injectable
hydrogels®%8-197 for both tissue engineering’®1%:1% and drug delivery®®119111 gpplications.
Since the acrylate group is also common site of radical propagation in free radical based
polymerizations, acrylates must also be added post-polymerization, typically via an

addition-elimination reaction of a hydroxyl or amine group with acryloyl chloride.”
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Methacrylate electrophiles have also been reported in the literature!'>122 and are typically
also added to the prepolymers after polymerization using a similar approach (i.e. via

nucleophilic addition-elimination of a hydroxyl or amine to methacryloyl chloride).

Michael-type chemistry typically drives gelation over time frames ranging from a few
minutes to tens of minutes at physiological pH,'% rates that may be undesirably slow in
some applications. The use of slightly basic conditions to drive bond formation can
significantly speed the reaction but may cause biocompatibility issues in certain
applications such as cell encapsulation (although high cytocompatibility with 3T3
fibroblasts and adipose-derived stem cells was maintained in at least one study under such
conditions??¥). Alternately, Michael chemistry can be combined with physical gelation
strategies to create hydrogel systems that gel much faster than those based on Michael-type
chemistry alone. For example, the Vermonden group reported a dual gelling system based
the combination of thiolated HA with poly(N-isopropylacrylamide)-b-PEG-b-poly(N-
isopropylacrylamide) triblock copolymer in which the poly(N-isopropylacrylamide) chains
(capable of physically gelling rapidly once heated above the LCST of PNIPAM, ~32°C,
once injected in vivo) were functionalized with methacrylate groups that could undergo
Michael reactions with the thiolated HA.!*® These gels formed rapidly, degraded under
physiological conditions over a period of months, and prolonged the release of a bradykinin

at a rate tailored by altering the polymer concentration within the gel matrix.

Many of the more interesting Michael-type cross-linked systems reported consist of
combinations of synthetic and natural polymers, combining the advantages of each

component to create novel functional systems with highly biomedically-relevant properties.
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For example, Dong et al. prepared hydrogels by cross-linking acrylate-functionalized
(thermoresponsive) POEGMA hyperbranched polymers with thiolated HA that were highly
cytocompatible with 3T3 fibroblast cells and adipose-derived stem cells,*?* while the
Zhong group cross-linked thiolated chitosan with oligo(acryloyl carbonate)-b-
poly(ethylene glycol)-b-oligo(acryloyl carbonate)!?® to form hydrogels that enzymatically
biodegraded via the activity of lysozyme toward chitosan under physiological
conditions.'?® Given that the Michael adduct is inherently stable under physiological
conditions, incorporating an alternate method of degradation (such as that reported by
Zhong) is critical to satisfy the clearance requirement of these hydrogels in vivo. Disulfide-
based di(meth)acrylates'?®!?" offer another alternative for hydrogel degradation in this
context, as gelation can occur via a Michael reaction with the di(meth)acrylate and

degradation can occur via oxidation of the S-S bond within the cross-linking moiety.

Another potential chemistry for use in in situ gelling injectable hydrogels makes use of the
addition of maleimides as the electrophilic reactive partner to thiols.'?®-13! Maleimides are
typically incorporated into polymer chains via carbodiimide-mediated reactions of
polymer-bound acid groups with nucleophilic maleimide precursors or by nucleophlic
attack of polymer-bound amines to N-hydroxysuccinimide activated esters functionalized
with maleimide groups, such as succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (SMCC).**? Thiol-maleimide cross-linking offers the advantage of increased
speed of reaction over acrylates and methacrylates;*®! furthermore, maleimides do not
readily undergo free radical polymerizations, which increases the simplicity of the synthetic

steps required to generated maleimide functionalized polymers. Of particular note, the
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Feijen group reported rapid gelation (over the course 0.5 to 5 minutes, depending on the
degree of maleimide functionalization along the HA chains) of maleimide-functionalized
HA cross-linked with thiol-functionalized 4-arm PEG following simple mixing at
physiological pH,*** conditions under which thiol-acrylate reactions would typically take
several tens of minutes to facilitate gelation. However, the thioether bond formed remains
non-degradable to normal hydrolytic or enzymatic degradation mechanisms, requiring

backbone degradation if clearance is desired.

Vinyl sulfones (VS) also offer enhanced rates of gel formation relative to acrylates due to
the high degree of stabilization offered by the sulfone moiety, whose reactive intermediate
is more stable.’3*+1%0 Vinyl sulfones are typically attached to polymer chains via multiple-
step reactions, for example, first reacting mercaptoalkanoic acid to divinyl sulfone to yield
a free carboxylic acid group and subsequently performing an esterification with hydroxyl
groups on a carbohydrate via carbodiimide chemistry.*® Single-step functionalizations are
also possible via direct reactions between a polymer-bound hydroxyl or amine group and
VS in the presence of a strong base*®1% or copolymerization of a ring opening monomer
possessing VS functionality that provides direct chain functionalization with VS without
the need for post-polymerization reactions.®®! As an example, Peng et al. demonstrated the
rapid gelation of VS-functionalized dextran cross-linked with 1,4-dithioerythritol, a
hydrocarbon cross-linker possessing a single thiol group at each terminal carbon, to form a
hydrogel intended as a bone scaffold (Figure 1.2).1% Gels formed within 5 minutes under
normal physiological conditions and were demonstrated to degrade via retro Michael

addition at a rate that depended on the degree of polymer chain functionalization. The
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Feijen group also demonstrated the utility of thiolated HA—vinyl sulfone PEG injectable
gels in the application of cartilage repair, a notoriously challenging branch of tissue
engineering.1** These gels displayed tunable rates of gelation and degradation and were
demonstrated to promote chondrocyte activity, as demonstrated by the accumulation of
collagen type Il, chondroitin sulfate, and additional glucosaminoglycans within the gel

matrix.
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SH mixing

Figure 1.2. Injectable hydrogels prepared via vinyl sulfone-thiol Michael-type chemistry: A — Schematic
representation of the gelation mechanism used in fabricating injectable hydrogels from vinyl sulfone
functionalized dextran and 1,4-dithioerythritol; B — Gels were shown to form rapidly from by simple
mixing, as is demonstrated by vial inversion test (flow to no flow). Reprinted with permission.t% 2013,
Wiley-VCH.

Quinones have also been reported for use as the Michael receptor, as reported by the

Messersmith group.®? In their work, HA was functionalized with dopamine, which can be

transformed to a quinone under oxidizing conditions using EDC/NHS chemistry. Mixing

of this functionalized HA with thiol end-functionalized poly(ethylene glycol)-b-

poly(propylene glycol)-b-poly(ethylene glycol) (Pluronic) polymer yielded rapidly (within

5 seconds at 37 °C) reversibly thermoresponsive gels with highly tunable stability,

29



Ph.D. Thesis — M. Patenaude; McMaster University — Chemical Engineering

dependent on the amount of Pluronic added to the gel matrix. Subcutaneous injections of
these gels demonstrated their stability in the body over a 21 day assay, with no significant
inflammation or immune responses observed. In addition, oscillatory rheology
measurements demonstrated a high degree of adhesion between unreacted catechol groups
and mucin, demonstrating the effectiveness of this chemistry in generating highly tissue
adhesive gels. As with other Michael adducts, however, the formed bond is functionally
non-degradable via normal hydrolytic and enzymatic reactions and requires use of a

backbone-degradable polymer in order to facilitate ultimate clearance.

Polymers functionalized with different Michael receptors may be mixed in a single solution
in order to achieve hydrogels with intermediate properties, a strategy we refer to as
“modular” hydrogel design.®® For example, Wen et al. demonstrated that cross-linking of
thiolated dextran by end-functionalized Pluronic was significantly slower when Pluronic

was functionalized with acrylates rather than vinyl sulfones.>

3.2 Cross-linking via disulfide formation: The ubiquitous disulfide bond plays an essential
structural and chemical role in protein folding and assembly. Disulfides are formed by the
reaction of two thiol groups, which are protonated and unreactive in their reduced states
(such as in the cytoplasm), but form a sulfur-sulfur bond in the presence of an oxidizing
environment, such as in the endoplasmic reticulum and extracellular space (Figure 1.1B).
Animal cells regulate their thiol concentration via glutathione (GSH), a tripeptide capable
of reducing disulfide bonds to liberate the corresponding thiols. This biochemistry is often
exploited for the design of responsive nanoparticles'® that are destined to partially*>>%" or

completely degrade®>®-1 in the presence of GSH.
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Dithiol-cross-linked hydrogels require the presence of an oxidation agent to form, although
oxygen itself is sufficient to drive cross-linking. Vercruysse and co-workers formed
hydrogels from thiolated HA in which S-S bond formation was induced in the presence of
oxidation agents such as atmospheric oxygen or 0.3% hydrogen peroxide, with gels formed
within 15 minutes and completely degraded upon the addition of DTT.% The use of these
HA-based hydrogels was demonstrated for controlled drug release of dextran blue
(controllable by the DTT concentration used to degrade the gels) as well as encapsulation
of murine fibroblasts, which remained highly viable and proliferated inside the hydrogel
over the 3 day test period. An analogous approach was reported by Swindle-Reilly and co-
workers,*®! who synthesized thiolated poly(acrylamide) polymers via free radical co-
polymerization of acrylamide and bisacryloylcystamine (BAC) and subsequently reduced
the S-S bond in BAC by DTT. Gelation occurred within an hour in the presence of oxygen,
resulting in optically clear hydrogels with a refractive index and storage modulus
comparable to porcine vitreous humor. No opacity or inflammation was observed 1-7 days
post-injection into a rabbit eye, suggesting the potential use of these hydrogels as vitreous

substitutes.

Alternately, instead of using polymers containing free thiols and relying on auto-oxidation
to drive gelation, disulfide rearrangements commonly used in nature for the formation of
disulfide bonds in proteins can be exploited for the formation of hydrogels from mixtures
of thiolated and disulfide-functionalized polymers.t62163  Choh and co-workers!®®
demonstrated this approach by co-extruding HA pyridyl disulfide (HA-PD) with PEG-

dithiol (PEG-DS) (Figure 1.3), with simple mixing of these precursors at 37°C in PBS
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resulting in gelation within 4-5 minutes. Of note, this exchange reaction facilitated gelation
significantly faster than the auto-oxidation of thiols. The resulting hydrogels exhibit similar
physicochemical properties to thiol-thiol cross-linked gels in that they are cleavable in the
presence of hyaluronidase and/or GSH and allow for the encapsulation, protection and, in
this case, release of a thiol-containing chemokine to regulate cellular processes. Fibroblasts,
endothelial cells (HUVECs), and adult stem cells (pMSCs) were successfully encapsulated
in-situ and shown to proliferate over several days, even in the presence of unreacted thiols

and the low molecular weight pyridine-2-thione cross-linking by-product.

s N
< s
/f_\/ll_\ , PBS,pHT74, . '\“\/\
N 37°C i

- ..“l - il
HA-PD Mix - + N
* > -

HS SH
PEG-dithiol HA-ss-PEG hydrogel

Figure 1.3. Cross-linking of HA via disulfide exchange reaction using doubly thiol terminated PEG,
resulting in the in situ release of pyridine-2-thione. Reprinted with permission.*% 2011, American Chemical
Society.

A similar although more complex approach was reported by Wu and co-workers,'®2 who
synthesized hyperbranched polymers consisting of a hydrophilic PEG shell and a
hydrophobic core containing disulfide linkages via a one-pot, two-step Michael reaction.
During the Michael addition reaction, some free thiols remain unreacted which can
exchange with the disulfides to form a hydrogel that remains stable for several months at

physiological pH. However, gelation using this approach was only observed at high
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polymer concentrations (10 w/w%) and extremely high pH (pH = 12) over a relatively long

gelation time (approx. 1h), making this system less suitable for injection.

Double network hydrogels based on multiple covalent bond forming reactions and/or dual
physical/chemical cross-linking can be easily introduced using dithiol cross-linking. As an
example of the former, Zhang and co-workers reported the formation of a hydrogel from
oxidized dextran (aldehyde-functionalized) and chitosan partially functionalized with N-
acetyl-L-cysteine.® The resulting hydrogel was cross-linked by both disulfide bond
formation as well as by Schiff base formation between the aldehydes and residual amine
groups on chitosan, a double network structure observed to improve the long-term stability
of the hydrogel. Subcutaneous injection in mice demonstrated a mild inflammatory
response, with formation of only a thin fibrous capsule, and good resistance to degradation.
As an example of the latter, Du and co-workers functionalized gellan gum with cysteine
and observed gelation over ~4 hours in the absence of an oxidation agent.®? Since the
thiolation reacton does not alter the characteristic 3-D conformation of gellan gum, these
polymers maintain their ability to form physical hydrogels typically observed upon cooling
of a gellan solution in the presence of cations.*®* Gels could be formed at extremely low
polymer concentrations (0.5-1 w/w%) and the resulting hydrogels displayed excellent
cytocompatibility and complete degradation in the presence of reducing agents such as
DTT. Such dual physical-chemical cross-linked hydrogels may be of particular interest for

producing stiffer hydrogels for tissue engineering applications.

Overall, disulfide cross-linking provides a promising route to injectable hydrogel formation

given that gelation can occur under mild oxidative conditions and in the absence of catalysts
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or small molecules and residual thiol groups have demonstrated to not significantly impact
cytocompatibility in vitro or biocompatibility in vivo. However, the relatively low gelation
rates at the physiological pH in the absence of an oxidizing agent (on the order of tens of
minutes to hours) limits this cross-linking chemistry to locations in the body where there is
a relatively long residence time or a confined injection area (for example, inside the eye).
Furthermore, it has been demonstrated that the delivery of proteins from these hydrogels
may be limited due to covalent modification of the loaded protein’s cysteine residues with
thiol groups located on the precursor polymer chains, inducing potential protein

denaturation.t6®

3.3 Cross-linking via hydrazone bond formation: The hydrazone bond is a type of Schiff
base resulting from the nucleophilic addition of a nitrogen from a hydrazine group (or some
derivative) to a carbonyl group (normally a ketone or aldehyde), resulting in the elimination
of water. Due to the high toxicity of hydrazines, structurally-similar hydrazides, which are
substantially less toxic, are normally employed as the nucleophilic group in the literature.
Relative to conventional Schiff base formation between carbonyl groups and primary
amines, hydrazone bonds form faster and result in a significantly more hydrolytically stable
bond due to the increased nucleophilicity of adjacent lone pair-bearing amines through the
alpha effect,'% negating the need for subsequent reduction of the bond in order to impart
stability in water. The most typical implementation of this chemistry is the reaction

between a hydrazide group and an aldehyde group (Figure 1.1C).

The principal advantage of hydrazone bond-forming chemistry is the remarkable speed at

which gelation can occur following injection, often on the timescale of seconds (indeed, in
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our experience, highly functionalized polymers at higher concentrations can frequently gel
in the static mixer of the double barrel syringe before they can even be extruded). In
addition, the hydrolytic lability of the hydrazone bond facilitates the fabrication of
hydrogels capable of degrading over time in aqueous environments to a degree that depends
on the cross-link density of the hydrogel network and the pH of the surrounding
environment.671%8 The decreased electrophilicity of the sp? carbon attached to nitrogen
over that of a carbonyl group renders the hydrazone bond less reactive than its parent
carbonyl, offering prolonged residence time within the body often on the timescale of
several months. In addition, again owing in part to the high driving force for cross-link
formation using this chemistry, hydrazone-cross-linked hydrogels can exhibit relatively
stronger mechanical properties to hydrogels prepared using other chemistries. For
example, Chaikov’s group observed rapid gelation (within seconds) and a maximum
compressive modulus of 1MPa upon cross-linking elastin-like proteins modified with
aldehyde and hydrazide functional moieties,'®® a modulus orders of magnitude higher than

most reported injectable hydrogels.

Hydrazone-cross-linked hydrogels also have an excellent record of good biological
performance in a variety of biomedical applications (particularly relative to other injectable
hydrogel chemistries). HA based injectable hydrogels formed via hydrazone chemistry
have been demonstrated by the Tan group to be effective for site-specific protein delivery
while eliciting low cellular toxicity.}’® Kohane and co-workers have demonstrated the high
tolerability of hydrazone-cross-linked hydrogels prepared based on a variety of

carbohydrates in the peritoneum, typically a particularly challenging biological
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environment for biomaterial use.’® Varghese et al. demonstrated the effective use of
hydrazone-cross-linked HA-based hydrogels to deliver a growth factor used in spinal fusion
and promote simultaneous angiogenesis.!™ Langer et al. have also shown that hydrazone-
cross-linked gels trigger only a mild host response following placement within vocal fold
tissue.!’? It is important to note that this observed biocompatibility in multiple tissues and
applications is maintained even given the potential reactivity of aldehyde functional groups
toward amines on proteins via Schiff base formation, in part since many reported systems
use an excess of hydrazide groups to minimize the number of residual aldehydes following

gelation.

The number and identity of excess functional groups can also be manipulated to effect
performance changes in the material, particularly in the context of drug delivery. For
example, hydrogels made with excess hydrazide functionality have been shown to slow the
release of therapeutics possessing aldehyde or ketone functional groups via the formation
of reversible (covalent) hydrazone bonds between the drug and the hydrogel.1”® Similarly,
Kohane and co-workers reported the use of aldehyde-functionalized dextran and hydrazide-
functionalized carboxymethylcellulose with an excess of aldehydes to generate injectable
reservoirs for the prolonged release of hydrophobic anti-fungal therapeutics containing an
amine group, which formed a Schiff base with the excess aldehyde groups.t’ The ready
reversibility of this bond in water facilitated sustained release of the hydrophobic

therapeutic.

Our laboratory has also actively investigated using hydrazide-aldehyde chemistry to

fabricate hydrogels based on synthetic polymers or natural-synthetic polymer mixtures with
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well-defined biological properties (Figure 1.4). We have demonstrated that co-extrusion of
thermally responsive poly(N-isopropylacrylamide) (PNIPAM) precursor copolymers
possessing complimentary aldehyde (via copolymerization with an acetal-containing
comonomer that can be acid-hydrolyzed to free aldehyde groups) and hydrazide (via
carbodiimide conjugation of a large excess of adipic acid dihydrazide to a carboxylic acid-
functionalized polymer) groups leads to the formation of stable gels in the body within
seconds following extrusion (Scheme 1.1).1® The polymeric degradation products of these
gels did not invoke any significant cytotoxic response in in vitro assays to multiple cell
types even at very high polymer concentrations (2000 ug/mL) and induced an extremely
mild inflammatory response and a complete absence of capsule formation even over several
months when injected subcutaneously in a mouse model (Figure 1.4A). Both the biological
properties and the physicochemical properties of these gels (such as the reversible
swelling/deswelling at alternating temperatures above and below PNIPAM's LCST) can be
precisely tuned by substituting aldehyde-functionalized PNIPAM with different aldehyde-
functionalized polysaccharide “modules” composed of either carboxymethyl cellulose or
dextran within the network (Figure 1.4B).*® By using this synthetic strategy of modular
hydrogel fabrication, the gel swelling, temperature-induced volume changes, drug
retention, mechanical properties, and degradation kinetics can all be precisely tuned (in
most cases in a manner predictable by the simple rule of mixtures) by changing the relative
ratios of carboxymethyl cellulose and dextran used in gel fabrication.®® Cell adhesion, cell
spreading, and cell infiltration into the hydrogels can similarly be controlled via selection

of carbohydrates with defined physical (charge, hydrophilicity) and biological properties.
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Our group has also demonstrated the use of hydrazone chemistry for the design of
nanocomposite materials with highly unique drug delivery properties. Soft
nanocomposites have been fabricated in which acid-functionalized microgels based on
PNIPAM and functionalized with hydrazide groups are co-extruded with hydrazide-
functionalized carboxymethyl cellulose and aldehyde-functionalized dextran. The
microgels significantly enhanced the mechanical strength of the gels and, based on ionic
interactions with the cationic drug bupivacaine, could extend small molecule drug release
from a few days in the absence of the microgel to over two months in the presence of the
microgel (Figure 1.4C).81® Inorganic nanoparticle nanocomposites have also been
designed based on superparamagnetic iron oxide nanoparticles surface-functionalized with
physically adsorbed hydrazide-functionalized PNIPAM.*® Cross-linking of these
nanoparticles with aldehyde-functionalized dextran resulted in nanocomposites with
remarkably high elastic moduli (>60 kPa) and mechanical properties more akin to “bouncy
ball” elastomers than conventional hydrogels. Furthermore, by applying an oscillating
magnetic field to the nanocomposite to remotely generate heat and induce deswelling in the
PNIPAM polymer coating, pulsatile “on demand” drug delivery was achieved for

bupivacaine loaded within the hydrogel matrix. (Figure 1.4D).
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Scheme 1.1. Spontaneous chemical cross-link formation between hydrazide and aldehyde- functionalized
PNIPAM precursors to generate an injectable hydrogel capable of degrading in vivo via reversible hydrolysis
of the hydrazone bond.

On this basis, hydrazone bond formation is a highly flexible strategy for generating a range
of different injectable hydrogel morphologies. However, the storage stability and potential
cross-reactivity of aldehyde groups with native tissues has raised concern over wide-spread
use of this chemistry (despite the positive in vivo assay results reported to date). To
mitigate this potential concern, we have recently shown effective formation of hydrogels
by reacting hydrazide-functionalized PNIPAM with ketone-functionalized PNIPAM.1"’
Although gels form significantly slower than with aldehydes and require higher degrees of
ketone functionalization in order to generate hydrogels with matched elastic moduli,
ketones are significantly more stable in storage and do not react readily with any
physiologically-relevant functional group, providing the advantages of hydrazone
chemistry (particularly in terms of degradability) without the potential drawbacks of

aldehyde groups.
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Figure 1.4. Injectable hydrogel formulations based on hydrazone bond formation. A - Subcutaneous co-
injection of hydrazide and aldehyde poly(N-isopropylacrylamide)-based copolymer precursors lead to the
formation of a stable gel in vivo with no apparent fibrous capsule or signs of chronic inflammatory response
towards the material (Reprinted with permission.3” 2012, American Chemical Society). B - Thermally-driven
deswelling and thermoreversibility can be tuned according to the mole fraction of oxidized (aldehyde-
functionalized) carboxymethyl cellulose and dextran polysaccharide precursor solutions co-extruded with
hydrazide-functionalized PNIPAM precursors (fixed total polymer content of 6 wt% (m/v)) (Reprinted with
permission.® 2012, American Chemical Society). C — Slow release of bupivacaine can be achieved by soft
nanocomposite hydrogels produced by embedding or crosslinking hydrazide-functionalized PNIPAM-based
microgels into a hydrogel formed by co-extruding hydrazide-functionalized carboxymethyl cellulose with
aldehyde-functionalized (Reprinted with permission.®® 2013, American Chemical Society) D - Hydrogels
formed by co-extruding oxidized dextran with superparamagnetic iron oxide nanoparticles coated with
hydrazide-functionalized PNIPAM can facilitate on-demand, pulsatile release of bupivacaine upon
application of an external magnetic field (switched on at time points indicated by the arrows) (Reprinted with
permission.t’® 2011, American Chemical Society).

3.4 Cross-linking via oxime formation: Oxime bonds form rapidly between an aldehyde or
ketone and a hydroxylamine under physiological conditions. This reaction offers enhanced

hydrolytic stability over Schiff base and hydrazone cross-linking strategies at the cost of
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requiring an acid catalyst in order to proceed at an appreciable rate due to electron
withdrawal by the adjacent oxygen (Figure 1.1D).17%18 However, these properties make
the oxide click reaction an attractive candidate for cross-linking in regions of lower pH
within the body, such as ischemic tissue following myocardial infarctions, and may be
compatible with less demanding biological environments such as the subcutaneous space
in which the hydrogel can form and then be titrated by buffering salts in vivo prior to

inducing significant tissue damage.*8!

Oxime cross-linking is a relatively new approach for the synthesis of injectable hydrogels,
with the first example reported by Ossipov and co-workers in 2010.1% HA was
functionalized with a bi-functional dihydrazide compound with a cleavable 2,2’-
dithiobis(ethoxycarbonyl) protective group using EDC chemistry. Subsequent treatment
with dithiotreitol (DTT) liberates free unstable thiols that decompose spontaneously,
liberating episulfide and carbondioxide and exposing the free aminooxy functionality. This
functionalization procedure is somewhat more complex than that required for previously
discussed reactions, but involves well-established aqueous chemistry that can proceed at
high yields. Mixing this aminooxy-functionalized HA with an aldehyde-functionalized-HA
formed an oxime cross-linked HA hydrogel within 30 seconds stable in PBS for up to 20
days but completely degraded in the presence of 500 U/mL hyaluronidase within 24 hours.
No decrease in cell viability was observed when the precursor solutions were put in direct
contact with the cell culture medium, suggesting that gelation is sufficiently fast to prevent

exposure of the endogenous cells to the potentially toxic precursors.82
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Grover and co-workers have significantly expanded this work into biomedical applications
via the synthesis of PEG hydrogels that support cell adhesion by cross-linking 8 arm
aminooxy PEG (AO-PEG) with glutaraldehyde.!8 While the use of low molecular weight
cross-linkers is typically avoided for in vivo gelation due to potential toxicity issues
(particularly glutaraldehyde, which is commonly used as a tissue fixative), Grover and co-
workers surprisingly demonstrated that the use of glutaraldehyde did not cause any
cytotoxicity in vitro to mouse mesenchymal stem cells (MSCs) mixed with the precursor
solutions.'® AO-PEG was synthesized by a Mitsunobu reaction of N-hydroxyphthalimde
with 8 arm hydroxyl-PEG, followed by reduction with hydrazine. The mechanical
properties of the hydrogels can be tuned by controlling the molar ratio of aminooxy to
aldehyde groups and the AO-PEG concentration. Gelation takes approximately 20 minutes
at the physiological pH but occurs within 5 minutes at pH = 6, a relatively mild acidic pH
that may facilitate use of this chemistry in a broader range of biological environments. The
hydrogels were further functionalized by adding a ketone-functionalized RGD signalling
protein that could be grafted on residual aminooxy groups to promote MSC adhesion and

proliferation.

Although rapid gelation is typically considered critical for practical use of injectable
hydrogels, in certain applications a slower or a tunable gelation rate might be preferable. In
a follow-up study, Grover and co-workers demonstrated such an example in vivo by cross-
linking a 4-arm PEG-AOQ and a 4-arm ketone functionalized PEG (PEG-K) in myocardial
tissue using a catheter (Scheme 1.2 and Figure 1.5).184 The rate of gelation in vitro could

be controlled by pH and ranged from 30 minutes at pH = 4 to >50 hours at pH = 7.4;
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however, following subcutaneous dorsal injection in Sprague Dawley rats, gelation was
observed within 20 minutes in vivo independent of the pH of the injection solution (pH 6.0-
7.4), potentially as a result of the more complex biological environment (see Figure 1.5B-
E). As aresult, when precursor polymers were injected at physiological pH, gelation is slow
within the catheter (thus allowing slow injection) but significantly faster once in vivo (thus
ensuring gelation at the site of injection), which has the potential to open up more minimally
invasive delivery routes that require materials to held at body temperature for an extended
period of time yet gel fast once injected. Proof of principle of this controlled gelation
behavior was demonstrated by injecting the PEG hydrogel in the left ventricular wall of

Sprague-Dawley rats (Figure 1.5F).

B ooy = I

Scheme 1.2. Chemical cross-linking of 4-arm PEG precursors possessing either hydroxyl or aminoxy
functionality to yield a spontaneously forming oxime cross-linked hydrogel network.
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Figure 2.5. Oxime-cross-linked injectable hydrogels for catheter applications: A) PEG-oxime (pH 6.0)
after injection through the inner nitinol tubing of the MyoStar catheter and subsequent incubation for 4 h at
37 °C. B) Subcutaneous injection of PEG-oxime (pH 7.4) after 20 min. C—E) 200 pL (left) and 100 pL
(right) PEG-oxime gels excised after 20 min (scale bar = 1 cm): C) pH 4.0. D) pH 7.4. E) pH 10.5. F) H&E
stained section of heart after injection of PEG-oxime (pH 7.4) (scale bar =200 pm). The * denotes the
region of injection of PEG. Reprinted with permission.'®* 2013, Wiley-VCH.

While this chemistry is still relatively new, functionalization of the polymers with the
aminooxy functional group typically demands significantly more complex chemistries
compared to the other functionalizations described herein, potentially limiting the broad

appeal of the technique.

3.5 Cross-linking via 2+4 (Diels-Alder) cycloaddition: The Diels-Alder reaction is one of
the only pericyclic chemistries reported in the literature that is used in the chemical cross-
linking of hydrogels. In a Diels-Alder reaction, a conjugated diene reacts with an activated
double bond (dienophile) in a single step, forming a new ring between the two species. The

most common Diels-Alder reaction used for hydrogel formation involves the reaction
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between maleimide and furan groups (Figure 1.1E). In this case, the double bond of
maleimide serves as both the nucleophile and electrophile (denoted by ‘e’ and ‘n’),
performing a 1,4 addition to the conjugated double bonds of the furan group. These reactive
functional groups may be conjugated to the polymers post-polymerization (for example,
via attachment of amine-functionalized furans or maleimides to carboxylic acid moieties
on the polymer using carbodiimide chemistry) or may be incorporated into synthetic
polymer chains by copolymerizing with a monomer possessing these functionalities, as
neither group is particularly reactive in a free radical polymerization environment. The
relatively high selectivity of this chemistry makes it particularly attractive for use in vivo
because, unlike many other cross-linking methods, its functional groups are relatively
unreactive with chemical groups found within the body (with the exception of thiols present
at relatively low concentrations in proteins). In addition, this reaction is spontaneous in
aqueous environments and occurs spontaneously at body temperature.!8 This chemistry
has been utilized in the formation of in situ-gelling hydrogels,'® with particular success
utilizing Diels-Alder chemistry to fabricate HA gels for tissue engineering,'®’ and protein

encapsulation.*8®

The main drawback of using Diels-Alder chemistry for injectable hydrogel formulations is
that the gelation rates achieved with this chemistry are relatively slow, with hydrogels
typically formed over the timescale of tens of minutes to hours instead of the seconds to
minutes timescale most favored for in situ-gelling systems at physiological temperature.
Again, combining physical and chemical cross-linking in a single injectable hydrogel can

in part address this issue. The Zhao group reported a thermally responsive injectable
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system based on dual physical and chemical cross-linking of a copolymer of N-
isopropylacrylamide, N,N-dimethylacrylamide, and 2-hydroxymethacrylate functionalized
with N-maleoyl alanine (dieneophile) and a copolymer of N-isopropylacrylamide, N,N-
dimethylacrylamide, and furfuryl methacrylate (diene) (Scheme 1.3).1%° Below the LCST
of the PNIPAM-rich chains, relatively slow gelation occurred (~50 minutes reported) based
solely on Diels-Alder chemistry; above the LCST, temperature-driven physical interactions
between polymer chains imparted by thermosensitive poly(N-isopropylacrylamide) blocks
induce gel formation prior to covalent cross-linking via Diels-Alder reaction (Figure 1.6).
Given the relatively slow timescale of Diels-Alder reactions at 37°C, it is likely that future
injectable systems based on this chemistry will also rely on some cohesive physical
interactions between polymer precursors in order to prevent diffusion away from the site

of injection prior to covalent gel formation.

Scheme 1.3. Spontaneous formation of a Diels-Alder adduct following coextrusion of furan and maleimide
functionalized precursor copolymer chains.
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Figure 1.6. Mechanism leading to the stable formation of both physically and (subsequently) chemically
cross-linked gels. Co-extrusion of the PNIPAM based precursors possessing either dieneophile or diene
results in a low viscosity solution at room temperature (A). The initial volume phase transition results from
thermally-driven collapse of PNIPAM moieties, bringing the diene and dienophile into proximity with one
another (B), eventually forming more rigid chemically cross-linked hydrogels via Diels-Alder 2+4
cycloaddition (C). Reprinted with permission.'® 2011, Springer.

3.6 Cross-linking via azide-alkyne cycloaddition: The cycloaddition between an azide and
a terminal alkyne has attracted significant interest in the design of injectable hydrogels due
to the high selectivity and bioorthogonality of this cross-linking chemistry. This reaction
was initially described by Huisgen and in its classic form offered only limited applicability
due to the requirement of high temperatures needed to drive the reaction.’®® A significant
improvement was made in 2003 by Sharpless and co-workers,'°* who described a copper(1)-
catalyzed alkyne-azide click (CUAAC) reaction capable of occurring at physiological
temperature that quickly gained popularity for the synthesis of hydrogels. The first example

of an azide-alkyne cross-linked hydrogel was reported by Ossipov and co-workers in 2006,
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in which poly(vinyl alcohol) (PVA) was modified with alkyne and azide groups through
carbamate linkages.'%? Transparent hydrogels could be obtained by mixing both polymeric
precursors in the presence of 6 mM Cu(l), with gelation was observed in both DMSO and

aqueous solutions within one minute.

As the formed trizole product of the cycloaddition is non-degradable under physiological
conditions, biodegradable polymer precursors are preferred for in vivo application. Alkyne-
azide cross-linked hydrogels have been synthesized using biopolymers such as
polysaccharides'®*% and peptides.®” The Lamanna group'®*1% synthesized alkyne and
azide HA (HA) precursors by EDC functionalization of the carboxylic acid groups with 11-
azido-3,6,9-trioxaundecan-1-amine or propargylamine. HA hydrogels formed after mixing
the functionalized HA precursors at 5 w/w% in water within a few minutes upon the
addition of 1 w/v% Cu(l). Such hydrogels demonstrated sustained release of doxorubicin
over the course of over 10 days and maintained the viability of over 80% of encapsulated
S. Cerevisiae yeast cells after 24 h.*% Similar carbohydrate-based gels have been reported
by Gao and co-workers using CuUAAC to cross-link both azide-functionalized HA and
chondroitin sulfate (CS) with alkyne functionalized gelatin; the resulting hydrogels
facilitated the formation of a confluent layer of chondrocytes within three days.'% Peptides
have also been reported as degradable backbone polymers for azide-alkyne-based
hydrogels. van Dijk and co-workers'®’ synthesized a protease-sensitive bis-azido peptide

that was cross-linked by 4-arm PEG-alkyne in the presence of CuSO4 and ascorbic acid
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and could be degraded within 40-80 hours (depending on cross-link density) using 0.8 uM

trypsin.

As with other in situ-gelling chemistries, both physical and chemical cross-linking can be
combined to produce hydrogels with novel properties. One interesting example of this

approach was reported by Tan and co-workers'®®

who developed hydrogels based on o,®-
dialkyne PEG (PEG-alkyne) and azido-functionalized a-cyclodextrin (aCD-N3). PEG and
aCD can form inclusion complexes which have been extensively studied for the formation
of sliding-ring hydrogels.!*® Mixing of the PEG-alkyne and oCD-Nj3 in the presence of
Cu(l) forms a hydrogel that is based on inclusion complexation as well as covalent cross-

linking, which improves the mechanical properties of the hydrogel. Preliminary

cytotoxicity studies showed excellent cell viability to HeLa and HEK293T cell lines.

While these examples demonstrate the potential of alkyne-azide cross-linking for the
synthesis of hydrogels, none of these systems can be used practically as an injectable
hydrogel system given the potential in vivo toxicity of copper. Indeed, most of the
particularly noteworthy biological responses reported were achieved with hydrogels after
removal of Cu(l) via extensive dialysis against EDTA,*® a purification step not possible if
the hydrogels are to be directly injected in vivo. As a result, the focus has shifted to the
development of an uncatalyzed version of the cycloaddition reaction that can enable
hydrogel formation in the body under physiological conditions. Bertozzi and co-workers
have achieved such high click reactivity in the absence of Cu(l) in biologically relevant
conditions by employing strained alkynes such as cyclooctyne as the reactive functional

group, demonstrating selective modification of biomolecules and living cells in vitro
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without any apparent toxicity,?® Consequently, strain-promoted alkyne-azide
cycloaddition (SPAAC) has emerged as one of the top choices for bioorthogonal reactions
(Figure 1.1F). Lallana has described the application of this approach to generate chitosan-
PEG polymeric carriers for drug delivery,?! while Anseth and co-workers have reported
hydrogels prepared from 4-arm PEG tetraazide and bis(cyclooctyne)-peptide.2°22% In this
latter example, a gem-difluoro cyclooctyne (DIFO) was used as the alkyne since the
presence of electron-withdrawing fluoride groups adjacent to the triple bond of
cyclooctyne offers faster cross-linking kinetics, facilitating gelation within a few minutes
(5 min) and complete network formation within an hour.?* The biomechanical properties
of the hydrogels could be tuned by the molecular weight and the off-stoichiometric ratio of
the precursors (Figure 1.7). Interestingly, the synthetic bis(cyclooctyne)-peptide was
functionalized with a pendant vinyl which allowed for further modification of the hydrogel
network. Post-gelation modification with cysteine-containing peptides facilitated the
creation of peptide gradients within the hydrogel network that could prove promising for

3D stem cell differentiation.2%
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Figure 1.7. Cross-linking between azide-terminated 4-arm PEG and the fluorinated cyclooctyne DIFO bound
to an RGD peptide yields a peptide cross-linked PEG based network. Further modification with thiolated
proteins generates a cell matrix with tunable cell encapsulating properties. Reprinted with permission.2%
2010, American Chemical Society.

Progress in the synthesis of functionalized cyclooctynes offer the possibility of tuning
gelation kinetics to further speed the rate of gelation under physiological conditions.?% For
example, the inclusion of aromatic rings has been demonstrated to increase the degree of
ring strain of a cyclooctyne, increasing its reactivity.2®® Xu and co-workers have exploited
this approach to prepare hydrogels by cross-linking azido-functionalized PEG-co-
poly(carbonate) with dibenzocyclooctyne (DBCO)-functionalized PEG, with gelation in

this case occurring in less than one minute to form relatively strong hydrogels with shear
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moduli ranging from 102 to 10* Pa.?%” The use of poly(carbonate)-based precursors ensures
degradability of the hydrogel network by hydrolysis of the ester groups. Encapsulated bone
marrow stromal cells exhibited higher cell viability in these hydrogel scaffolds compared
to conventionally UV-cured hydrogels of similar composition. Zheng and co-workers
prepared similar PEG hydrogels by cross-linking 4-dibenzocyclooctynol (DIBO)
functionalized PEG with a relatively low molecular weight glycerol exytholate triazide to
successfully encapsulate human mesenchymal stem cells.2® However, the injectability of
this hydrogel system in vivo may be hampered by the use of the low molecular glycerol
exytholate triazide cross-linker, which is more likely to leach out of the gel than a
functionalized polymer and thus runs a higher risk of inducing potential inflammatory or

immune responses.

Despite the great potential of SPAAC for the synthesis of hydrogels, the high reactivity of
the strained cyclooctynes makes their syntheses relatively complex, often requiring
multistep reaction with poor yields. Compared to other chemistries discussed previously,
which typically require a single post-polymerization reaction or even functionalization
directly via comonomer incorporation, this represents a significant disadvantage of this
approach. Nevertheless, the high specificity, acceptably fast cross-linking kinetics, and
excellent bioorthogonality of these reactive groups makes azide-cyclooctyne chemistry a

very attractive candidate for in situ forming hydrogels.
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4. Summary and Outlook

Based on the examples shown here, it is clear that injectable, in situ-gelling covalently
cross-linked hydrogels hold great promise for addressing a host of challenges involved with
the use of hydrogels in biomedical applications. The facile delivery of the hydrogel,
capacity of the precursor polymers to flow to some extent prior to gelation (to conform to
biological cavities), the ability of the hydrogel lifetime in vivo to be tuned via judicious
choice of cross-linking chemistry, and the absence of any external intervention or small
molecules to facilitate gel formation make gels prepared using the chemistries discussed
herein easier to use for clinicians, less invasive and therefore less uncomfortable for
patients, and more flexible for use in multiple biological environments and multiple
applications. Furthermore, the generally good biocompatibility/cytocompatibility results
achieved with such hydrogels, even those gelled using functional groups which are not
strictly bio-orthogonal, is promising, although rigorous in vivo evaluation of these materials
remains in its infancy. However, there remain significant challenges, and thus opportunities
for research, to more effectively engineer injectable hydrogels for use in multiple areas of

medicine:

(1) The mechanical strength of many injectable hydrogels, at least without
functionalizing the precursor polymers to a point that the favorable chemistry of the
backbone polymer itself is compromised, remains below what might be desirable
for modulus matching stiffer tissues in vivo or using these hydrogels as functional

bioadhesives. Further development of methods to increase the potential modulus of
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in situ-forming gels, via the development of dual network materials such as those
discussed,5263115189 injectable interpenetrating polymer networks, or nanoparticle-
reinforced hydrogel matrices, may broaden the potential applications of injectable
gels.®®

(2) For a given chemistry, there is currently a direct correlation between the kinetics of
gel formation and the ultimate mechanical properties of the hydrogel. This
correlation is not unexpected, given that the capacity to form more cross-links in
the system would also result in more cross-links forming per unit time upon mixing.
However, this correlation significantly complicates the formation of highly cross-
linked injectable hydrogels (some of which form so quickly that gelation occurs in
the syringe) or lower modulus gels modeling extremely soft biological tissues (in
which cross-linking occurs too slowly to localize the gel at the desired injection
site). Approaches to form hydrogels by mixing fast and slow reacting functional
groups reactive via the same general chemical pathway (i.e. fast-gelling aldehydes
and slow-reacting ketones with hydrazide groups) may address the former problem,
as substituting a fraction of slower-reacting functional groups would slow down
gelation without sacrificing the ultimate number of potential cross-linking
functional group pairs. The latter challenge may be addressed by using native
biomolecules present in vivo to compete with cross-link formation, potentially
facilitating rapid hydrogel immobilization (prior to in-diffusion of the competing

species) followed by effective de-cross-linking to reduce the local modulus.
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(3) While the in vitro gelation and degradation rates associated with varying in situ-
gelling chemistries have been largely well-documented, measurements of these
parameters in vivo remain sparse. Given the complexity of the biological
environment, and the example cited in the oxime cross-linking section of significant
acceleration of the gelation rate in vivo relative to in PBS in vitro,'8 further studies
on this point seem warranted to (1) ensure that the design rules followed based on
in vitro characterization are valid in vivo and (2) ensure that the actual gelation rate
in vivo instead of in vitro is optimized for any given hydrogel application.

(4) While initial results on the cytocompatibility and biocompatibility of hydrogels
containing latent non-orthogonal reactive functional groups have been surprisingly
positive, the development of methods to effectively consume non-reacted functional
groups after gelation offers significant promise in further passivating these
hydrogels in vivo. One interesting approach to address this problem is the
“temporarily-reactive polyelectrolytes” reported by Stover’s group, 2°° in which gel
formation is demonstrated by reacting amine-containing polymers with anhydride-
functionalized polymers which hydrolyze in parallel to cross-linking to consume
the reactive anhydride groups. However, use of such chemistries is inherently
challenging given dynamic nature of many of these bond-forming chemistries as
well as the need to store reactive precursor polymer solutions over extended periods
for commercial or clinical use. Approaches by which quenching molecules are
instead slowly released from a reservoir inside the gel may address this issue.

Connecting reactive functional groups via disulfide linkages to the polymer
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backbones may also offer promise in this regard, provided the small functional
molecules released upon S-S reduction are themselves biocompatible. Given that
to-date most in vivo investigations of these hydrogels have been relatively
superficial (i.e. generally simple histological investigations of surrounding tissues),
more detailed investigations into the complex biological impacts of varying
concentrations of different residual functional groups at hydrogel-tissue interfaces
would be highly beneficial to determine how (and to what extent) latent functional
groups impact inflammatory and immunological pathways and thus the ultimate
biological response to the gel.

(5) Given the likelihood that the truly bio-orthogonal hydrogel formation chemistries
will ultimately provide the best performance in the widest diversity of physiological
environments, developing methods by which these chemistries can be more easily
implemented on a wide variety of polymer backbones (via one or maximum two
step conjugation or copolymerization protocols) would significantly improve their
utility as biomaterials. In particular, the alkyne-azide click reaction holds
tremendous promise for injectable hydrogel development. but the chemistry
required to introduce the strained alkynes remains at the present time strictly in the
domain of synthetic chemists instead of biomaterials engineers.

(6) Most of the chemistries discussed in this review require the intimate mixing of two
or more functionalized polymers (typically via co-extrusion in a double-barrel
syringe) to drive gelation. However, the viscosities of the polymer solutions,

potential misicibility mis-matches between functionalized polymers, and the
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limited magnitude and length scale of mixing possible with static/mechanical
mixers likely results in the formation of domains of one or both reactive polymers
in many injectable hydrogel formulations (as reflected by the opacity of many of
these formulations in the literature). Domain formation may significantly reduce the
elastic modulus of the resulting hydrogel (limiting the potential to modulus-match
stiffer tissues) as well as compromise hydrogel transparency (key in many
applications such as ophthalmics). Fast-gelling polymer mixtures, in which gelation
occurs faster than any diffusional mixing that may further homogenize the
hydrogels, are particularly problematic in this regard, despite the fact they are
typically favored for in vivo applications. However, relatively few studies have
addressed the internal morphologies of injectable hydrogels, 2% an area of

potentially fruitful fundamental research with direct engineering relevance.
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Abstract:

Degradable, covalently in situ gelling analogues of thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM) hydrogels have been designed by mixing aldehyde and
hydrazide-functionalized PNIPAM oligomers with molecular weights below the renal
cut-off. Co-extrusion of the reactive polymer solutions through a double-barreled syringe
facilitates rapid gel formation within seconds. The resulting hydrazone cross-links
hydrolytically degrade over several weeks into low molecular weight oligomers. The
characteristic reversible thermoresponsive swelling-deswelling phase transition of
PNIPAM hydrogels is demonstrated. Furthermore, both in vitro and in vivo toxicity
assays indicated that the hydrogel as well as the precursor polymers/degradation products
were non-toxic at biomedically-relevant concentrations. This chemistry may thus
represent a general approach for preparing covalently-cross-linked, synthetic polymer

hydrogels that are both injectable and degradable.
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Thermoresponsive hydrogels based on poly(N-isopropylacrylamide) (PNIPAM) that
switch from a hydrated, expanded state at low temperature to a collapsed state at high
temperature have been extensively investigated in the literature. The proximity of the
~32°C volume phase transition temperature (VPTT) of PNIPAM hydrogels with
physiological temperature (37°C) has sparked particular interest in the biomedical
applications of these hydrogels as “smart”, environmentally-tunable drug delivery
vehicles?, tissue engineering scaffolds?, cell growth/separation supports®, and biomolecule

separation and recovery matrices*, among other applications®.

Despite their significant potential in biomedical applications, PNIPAM hydrogels have
not achieved clinical success, primarily due to concerns regarding the ultimate fate of
PNIPAM inside the body. Though toxic in its monomeric form®, poly(N-
isopropylacrylamide) has been shown to be effectively non-cytotoxic at concentrations
realistic to many medical applications®. However, possible depolymerization and/or
chronic bioaccumulation of PNIPAM represent significant regulatory barriers to medical
use. An additional practical barrier is the need to fabricate current PNIPAM hydrogel
formulations outside of the body, as the free radical chemistry and thermal or UV
initiation?!® required to form the hydrogels can induce significant cell toxicity and/or
cannot be performed in deep tissues. While weakly cross-linked hydrogels may be
sufficiently viscous to facilitate injection?!’, injection of more highly elastic hydrogels is

impractical. As a result, there is a need for mechanically-robust PNIPAM-based
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hydrogels that can be introduced into the body through minimally invasive means and

subsequently degrade into safe and clearable products.

While many studies have explored the formation of injectable and degradable
thermoresponsive hydrogels via physical association® "8 or space-filling®, relatively few
studies have addressed the challenge of creating injectable and degradable covalently-
cross-linked PNIPAM hydrogels.  Hydrolytically-degradable hydrogels have been
prepared by copolymerizing NIPAM with di(meth)acrylate cross-linkers containing a
hydrolyzable internal segment, including poly(caprolactone)® 11, poly(trimethylene
carbonate)*?, acryloyloxyethylaminopolysuccinimde®?, ester linkages®, or chitosan®®.
Reducible hydrogels have been fabricated by incorporating disulfide linkages in the
cross-linker®® 7. Enzymatically-degradable PNIPAM hydrogels have also been reported
based on peptide cross-linkers'®. In all these cases, chain transfer or controlled radical
polymerization techniques can be used to limit the molecular weight of the polymers
between degradable cross-linking points to promote clearance following degradation?’.
However, none of these formulations gel in situ upon injection, limiting the maximum
mechanical strength of a hydrogel amenable for injection. In situ-gelling natural polymer
hydrogels have also been reported, using Michael addition®, Schiff base formation?, and
hydrazone bond formation?! to facilitate rapid gelation upon the mixing of reactive
polymer precursors and/or functional cross-linkers. However, outside of hydrogels
fabricated by mixing aldehyde and amine-functionalized Pluronic copolymers??, no
covalently cross-linked and in situ-gellable thermoresponsive hydrogels have been

reported.
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In this communication, we report the design and synthesis of covalently-cross-linked
PNIPAM hydrogels that are both injectable and degradable based on PNIPAM
copolymers possessing hydrazide and aldehyde functionalities. Figure 2.1 shows the
chemistry used to synthesize the reactive polymeric precursors. Hydrazide-functionalized
polymer precursors (poly(NIPAM-co-ADH)) were synthesized by functionalizing
poly(NIPAM-co-acrylic acid) polymers with adipic acid dihydrazide via carbodiimide
chemistry. Aldehyde-functionalized polymer precursors (poly(NIPAM-co- oxoethyl
methacrylate ) were synthesized via copolymerization of NIPAM with dihydroxypropyl
methacrylate and subsequent oxidation of the diol. In both cases, use of a chain transfer
agent limits the molecular weight of the polymers (Mn < 22 kDa) below the renal cut-off
(~40 kDa), facilitating potential clearance of the degradation products from the body. To
make a hydrogel, reactive polymers were individually dissolved in 6 wt% 10mM NacCl
aqueous solutions, loaded into separate barrels of a double-barreled syringe, and co-
extruded through a turbulent mixer into a silicone mould. Formation of the hydrogel
network occurred in less than one minute following co-extrusion. This rapid gelation
would permit the formation of a gel network before the low-viscosity linear polymer
precursors are able to diffuse away from their site of introduction, a significant problem

with slower-reacting in situ gelation chemistries.
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Figure 2.1. Synthesis of hydrazide-functionalized precursor copolymers (route A) and aldehyde-
functionalized precursor copolymers (route B). Each precursor copolymer (dissolved at 6 wt% in 10mM
NaCl aqueous solutions) was added to its respective barrel of a double-barreled syringe. Precursors are then
extruded along a mixing channel into a mould, where they rapidly cross-link to form the hydrogel.

The reversible thermal response of the resulting PNIPAM hydrogel is demonstrated in
Figure 2.2. Hydrogels were incubated in 10 mM PBS (pH 7.4) and were alternately
placed on shaking platforms maintained at 25 °C and 37 °C for defined time intervals to

assay the reversibility of the PNIPAM hydrogel phase transition.
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Figure 2.2. Reversible collapse/swelling of poly(NIPAM) hydrogel network incubated in 10 mM PBS (pH
7.4) at alternating temperatures of 25 °C and 37 °C (as noted at top of graph). Inset: Gel opacity resulting
from a transition from the zero-strain state to 37 °C and re-swelling at 25 °C.

The initial collapse of the hydrogel network occurs more rapidly (5.1 hours) than
subsequent cycles (7.7 hours on average), while re-swelling of the network takes place
over a number of days before the equilibrium swelling condition is again reached.
Although the hydrogels do not fully recover to the zero strain state following their first
incubation at 37 C, hydrogels exhibit reversible swelling-deswelling transitions upon
subsequent cycles; this is consistent with previous reports of conventional PNIPAM
hydrogels?'8. The swelling response is mirrored by changes in the turbidity of the
hydrogel, which switches from nearly transparent immediately following gel formation to

completely opaque upon thermal collapse to semi-translucent upon re-hydration (Fig. 2.2,
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side panel). The relatively long time period required for full reswelling at each cycle
likely results from the high degree of cross-linking between precursor copolymers. Based
on the degree of functionalization of the constituent polymers (14.3 + 0.3 % hydrazide
groups and 11 + 3 % aldehyde groups), the average number of monomers between cross-
links Ny is as high as ~12 in these injectable hydrogels, equivalent to the preparation of
conventional hydrogels with ~8.5 mol% cross-linker; conventional PNIPAM hydrogels of
similar cross-link densities have been reported to require several days to reswell to their
equilibrium state upon a temperature change®. Thus, the injectable hydrogels exhibit the
same thermal deswelling and scattering properties of conventional, non-degradable

PNIPAM hydrogels.

Figure 2.3 demonstrates the degradability of the synthesized PNIPAM hydrogels in
response to acid-catalyzed hydrolysis. The increase in degradation rate with increasing
acid concentration demonstrates that bulk loss of hydrogel occurs by proton-catalyzed
hydrolysis of the hydrazone cross-links (the carbon-carbon polymer backbone is not
hydrolytically susceptible). It should also be noted that minimal hydrolysis of amide
groups in PNIPAM residues has been observed using the same catalytic conditions®*.
Extrapolating the measured kinetics using a power law correlation that fits the data, the
gel lifetime would be ~3 months at physiological pH (pH = 7.4), consistent with
previously reported hydrolytic lifetimes of hydrazone cross-links?. Note that the
maximum water content (measured gravimetrically) upon thermal cycling decreases
slightly upon multiple cycles (Figure 2.2), indicating a loss of hydrogel mass as a function

of time that may be related to slow degradation of the hydrogel in the PBS media used for
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release studies. By degrading the hydrogels at defined chemical cross-linking points, we
expect that the toxic effects observed with very low molecular weight PNIPAM chains in
vivo may be avoided® without compromising the potential clearance of the polymer
degradation products through the kidney. The time frame over which this degradation
occurs may be tunable by altering the number of cross-links between the polymer
precursors, by reducing the amount of oxoethyl methacrylate and/or acrylic acid (i.e.
conjugation sites for adipic acid dihydrazide) in the base polymer used to synthesize the
hydrogels, reducing the degree of oxoethyl methacrylate oxidation, or by reducing the

molecular weight of the PNIPAM gel precursors.

100
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Figure 2.3. Degradation of PNIPAM hydrogels on incubation at 37 °C in 0.1 M, 0.5 M, and 1 M HCI.

In vitro and in vivo toxicity studies of the injectable PNIPAM hydrogels and the
hydrazide and aldehyde-reactive precursor copolymers are shown in Figure 2.4. In vitro
cell viability assays were performed using an MTT assay with 3T3 mouse fibroblasts and
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retinal pigment epithelial (RPE) cells. Note that retinal pigment epithelium cells are
grown in serum-free media, permitting cytotoxicity assessments both in response to the
pure material (RPE cells) and a protein-adsorbed material (3T3 cells). Poly(NIPAM-co-
ADH) induces a slight cytotoxic response at concentrations greater than 400 pg/mL in
3T3 cells (Fig. 2.4-A) and no significant toxicity at any tested concentration in RPE cells
(Fig. 2.4-B). Poly(NIPAM-co-oxoethyl methacrylate) induces only mild cytotoxicity to
both cell types at low-to-moderate concentrations but becomes more cytotoxic at very
high concentrations (i.e. 2000 ug/mL, Figs. 4-A, B). Overall, any observed cytotoxicity
occurs at polymer concentrations well above any local concentrations expected due to the
slow hydrolytic degradation of hydrogel under physiological conditions. Similarly, 3T3
cells incubated in the presence of a PNIPAM hydrogel showed no significant decrease in
cell viability relative to a cell-only control (viability = 0.99 + 0.11 % relative to a cell-

only control).

Acute (48 hours post-injection) in vivo toxicity assays were performed via subcutaneous
injection of BALB/c mice with 0.35 mL of 6 wt% solutions of PNIPAM polymer
precursors (Figs. 2.4-C and D), a 6 wt% in situ-formed hydrogel (Fig. 2.4-E), and a
phosphate buffered saline (PBS) control (Fig. 2.4-F). Hematoxylin-eosin (H&E) staining
indicates that the reactive copolymer solutions are largely cleared from the injection site
48 hours post-injection and induce only a very mild acute inflammatory response, similar
to that observed with the PBS control injection (see Supporting Information, Figure 2.S2).
The in situ-gelled PNIPAM hydrogel remains at the injection site after 48 hours and
induces a mild inflammatory response at the tissue-hydrogel interface consisting
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predominantly of macrophages with a few neutrophils. However, the adjacent muscle
tissue maintains its polygonal, multi-nucleate structure and blood vessels remained un-
occluded. Following a five-month chronic incubation of gel in vivo (figure 3.4F) it is
observed that the gel remains at the site of introduction, although the quantity of residual
gel is somewhat lower than the initial injected volume. However, minimal to no fibrous
capsule formation was observed at the gel-tissue interface and no sign of a chronic
inflammatory response was noted either within the residual gel or within the tissue
adjacent to the gel relative to the PBS-only control (Supporting Information, Figure 2.S2).
Together, these results suggest that the gel is well-tolerated within the subcutaneous space

and may be amenable for practical use in in vivo applications.
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Figure 2.4. Cytotoxicity and biocompatibility of injectable hydrogels and precursor/degradation product
polymers: (A) MTT viability assays of 3T3 mouse fibroblasts in the presence of both precursor copolymers
at various concentrations; (B) MTT viability assays of RPE retinal pigment epithelial cells in the presence
of both precursor copolymers at various concentrations; (C—F) H&E stained sections of mouse
subcutaneous tissue: (C) 6 wt % poly(NIPAM-co-ADH) in PBS, after 48 h; (D) 6 wt % poly(NIPAM-co-
oxoethyl methacrylate) in PBS, after 48 h; (E) PNIPAM in situ-formed hydrogel from 6 wt % polymer
precursor solutions in PBS, after 48 h; (F) PNIPAM in situ-formed hydrogel from 6 wt % polymer
precursor solutions in PBS, after five months. Tissue labels on (F) are pertinent to all histological samples.
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In summary, we have described a novel method to synthesize covalently-crosslinked and
in situ-gellable thermoresponsive hydrogels based on poly(N-isopropylacrylamide) using
reversible and rapid hydrazide-aldehyde chemistry to link functionalized PNIPAM
oligomers. The hydrogels exhibit the same thermal swelling-deswelling responses as
conventional PNIPAM hydrogels but can be degraded back into the reactive polymer gel
precursors via an acid-catalyzed hydrolysis process. Furthermore, the combination of
rapid gelation with low toxicity observed herein suggests that this hydrazide-aldehyde
oligomer cross-linking approach may be translatable to the design of injectable,
degradable covalently-cross-linked hydrogels based on a range of biocompatible synthetic

polymers.

Experimental

Synthesis of poly(NIPAM-co-ADH): Hydrazide-functionalized polymers were
synthesized via adipic acid dihydrazide functionalization of acid-functionalized
PNIPAM?®, Poly(NIPAM-co-acrylic acid) polymers were first synthesized by reacting
N-isopropylacrylamide monomer (4.5 g), acrylic acid (0.5 g), 2,2-azobisisobutyric acid
dimethyl ester (AIBME) initiator (0.056 g), and thioglycolic acid chain transfer agent (80
uL) in 20 mL of absolute ethanol overnight at 56°C under nitrogen. Solvent was then
removed under reduced pressure and the resulting viscous product was dialyzed over six
cycles (12-14 kDa MWCO) against distilled deionized water. Gel permeation

chromatography (GPC) indicated the product polymer had a molecular weight of My, =
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21.6 kDa (PDI 1.65), below the renal cutoff. Conductometric titration indicated that the
copolymers contained 14.5 + 0.3 mol% of acrylic acid. Hydrazide groups were then
grafted to the acrylic acid residues by dissolving 0.5 g of poly(NIPAM-co-AA) and
10.15¢ of adipic acid dihydrazide (ADH) together with 5.58g of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide) (EDC) in 100 mL of water adjusted to pH 4.75.
The pH was maintained throughout the reaction by drop-wise addition of 0.1 M HCI until
no further pH change was observed (5 hours total). The resulting solution was
exhaustively dialyzed for three days (12-14 kDa MWCO) against distilled deionized
water. Conductometric titration showed a 99% consumption of acrylic acid groups,
resulting in a 14.3 + 0.3 mol% functionalization of polymer with ADH. *H NMR (Bruker
200 mHz) in DMSO: 1.45H - 6 = 6.50-7.80 ppm, 1H - 6 = 4.75-5.25 ppm, 10.82H - 6 =

10.82 ppm

Synthesis of poly(NIPAM-co-oxoethyl methacrylate): N-isopropylacrylamide monomer
(4.5 g), 2,3-dihydroxypropyl methacrylate (DHOPMA, 0.5 g), AIBME initiator (0.056 g),
and thioglycolic acid chain transfer agent (80 uL) were dissolved in 20 mL absolute
ethanol and reacted overnight at 56°C under nitrogen. The resulting copolymer was
isolated in a similar manner to that described above. *H NMR analysis indicated that the
copolymer contained 10 mol% DHOPMA. The cis-diol groups present in the purified
copolymer were then oxidized by dissolving 1 g of the diol-containing copolymer and
1.5g sodium periodate in 150 mL H2O for 2 hours, with 200 pL of ethylene glycol then
added to stop the reaction. The oxidized copolymer was purified in the same manner as

above. GPC analysis indicated Mn = 15,100 kDa (PDI 1.51), below the renal cutoff. A
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tert-butyl carbazate-based aldehyde detection assay?® indicated that 11 + 3 mol% of total
monomer residues in the polymer contained aldehyde groups. This result was confirmed
by *H NMR, which gave a value of 10.5 mol% of aldehyde groups within a polymer
chain. *H NMR (Bruker 200 mHz) in DMSO: 0.08H - § = 9.45-9.6 ppm, 1H - § = 6.75-

7.75 ppm, 0.16H - & = 5.25-4.75 ppm, 1H - & = 3.5-4.0, 9.4H - & = 0.0-2.25 ppm

Hydrogel synthesis and testing: 6 wt% (m/v) solutions of each precursor copolymer in 10
mM NaCl were added to separate barrels of a double barrel syringe and co-extruded into
a 0.37 mL circular silicone mold (diameter 6 mm and height 2 mm) through a turbulent
mixer to create hydrogel samples for testing (Fig. 2.1). Thermosensitivity assays were
conducted by loading the hydrogel samples (n = 6) inside cell culture inserts (2.5 cm, 8
um pore size) placed in 12-well cell culture plates containing 2 mL of 10 mM phosphate
buffered saline (PBS, total ionic strength 0.15M) at pH 7.4. Gels were incubated in
alternating cycles of 37 °C (above VPTT) and 25 °C (below VPTT) until equilibrium was
reached. The change in gel mass (related directly to the water content of the gel) was
determined gravimetrically at each time point indicated in Figure 2.2. Degradation assays
were conducted by loading the hydrogel samples (n = 6) into the same cell culture inserts
which are subsequently placed in wells containing 0.1 M, 0.5 M, or 1M hydrochloric acid
(HCI). Changes in gel mass were measured gravimetrically every half hour until the bulk

gels were completely degraded.

Toxicity assays: Cytotoxicity in the presence of various concentrations (0-2 mg/mL) of
reactive polymers and hydrogels was tested in vitro in 24 hour cycles, using 3T3 Mus

musculus mouse cells and human retinal pigment epithelial (RPE) cells as model cells. A
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MTT assay was used to quantify cell viability, following published methods??. In vivo
toxicity was assayed using a subcutaneous injection model, injecting n = 4 BALB/c mice
(22-24 g, Charles River Laboratories) with 0.35 mL total of (a) 6 wt% solutions of
reactive polymer precursors dissolved in 0.15 M NaCl; (b) a 6 wt% PNIPAM hydrogel
prepared by mixing 6 wt% hydrazide and aldehyde-functionalized polymers (both
dissolved in 0.15 M NaCl) inside a double-barreled syringe (Medimix, Switzerland); and
(c) phosphate buffered saline as a control. Animals were visually observed to identify
any toxic response, with two animals sacrificed 2 days following injection (acute
response) and another two animals sacrificed 100 days after injection (chronic response).
A tissue sample including skin, underlying tissue, and (if present) residual polymer was
recovered from the animals and subjected to histological analysis using hematoxylin and
eosin staining. Animals were cared for in compliance with protocols approved by the
Animal Research Ethics Board at McMaster University and regulations of the Animals
for Research Act of the Province of Ontario and the guidelines of the Canadian Council

on Animal Care.
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Experimental

Materials: N-isopropylacrylamide (NIPAM, 99%), acrylic acid (AA, 99%), adipic acid
dihydrazide (ADH, 98%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide(EDC,
commercial grade), ethylene glycol (99.8%), sodium periodate (>99.8%), tert-butyl
carbazate (>98.0%), 2,4,6-trinitrobenzenesulfonic acid (TNBS, 5% (w/v) in H20),
thioglycolic acid (MAA) (>98.0%), and thiazolyl blue tetrazolium bromide (MTT) were
all purchased from Sigma Aldrich (Oakville, Ontario). 2,2-azobisisobutyric acid dimethyl
ester (AIBME) was purchased from Wako. 2,3-dihydroxypropyl methacrylate
(DHOPMA) was purchased from ABCR (Karlsruhe, Germany). 3T3 Mus musculus
mouse cells and human retinal pigment epithelial cells were acquired from ATCC
(Cedarlane Laboratories Ltd., Burlington, ON). Media contents, which included
Dulbecco’s Modified Eagle Medium-high glucose (DMEM), fetal bovine serum (FBS),
horse serum (HS), and penicillin streptomycin (PS), were obtained from Invitrogen
Canada (Burlington, ON). Recovery cell culture freezing and trypsin-EDTA were
purchased from Invitrogen Canada (Burlington, ON). All water used was of MilliQ grade.
Gel Permeation Chromatography: Gel permeation chromatography (GPC) was run using
two different solvents. Poly(NIPAM-co-ADH) molecular weights were measured using a
Polymer Labs PL-GPC 50. 10 mM sodium phosphate buffer at pH 7 (1 mL/min) was used
as the continuous phase and a PL Aquagel-OH mixed column was used the separation
medium. Calibrations were performed using polyethylene glycol standards (Waters).
Poly(NIPAM-cooxoethyl methacrylate) molecular weights were measured using a Waters

515 HPLC pump, Waters 717 Autosampler, and Waters 2414 RI detector. THF (1
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mL/min) was used as the continuous phase and three Waters HR2 HR3 and HR4 columns
in series were used as the separation medium. Calibrations were performed using
polystyrene standards (\Waters).

Conductometric Titration: The degree of acrylic acid incorporation in poly(NIPAM-co-
AA) and the degree of hydrazide functionalization in poly(NIPAM-co-ADH) were
measured using conductometric titration using a Burivar-12 automatic buret (ManTech
associates) with PC Titrate software (Version 2.0.0.79). Samples of 50 mg of polymer
were dissolved in 50 mL of 10-3M NaCl. Titration was conducted using 0.1 M HCI and
0.1 M NaOH Acculute standards, with injections performed at a rate of 10 min/unit pH
over the course of the titration. TNBS Assay: Aldehyde characterization was performed
using a tert-butyl carbazate assay, taking advantage of the reaction between carbazates
and aldehydes to form stable carbazones. For this assay, 5 mg of aldehyde-functionalized
polysaccharide was dissolved in 1mL of a sodium acetate buffer (L0mM, pH 5.2, 0.2M
NaCl) containing tert-butyl carbazate (0.04 g). This solution was mixed with a defined
mass of poly(NIPAM-co-oxyethyl methacrylate) polymer for 24 hours at room
temperature. From this reacted solution, 0.005 mL was removed and added to 1.98 mL
borate buffer (50 mM, pH 8). A further 50 pL of 5 w/v% 2,4,6-tri-nitrobenesulfonic acid
solution (TNBS) was added and reacted with the borate-buffered solution at room
temperature. The resulting red solution was diluted 1:1 with 0.5 M hydrochloric acid,
yielding a yellow solution. From this yellow solution, 50 pL was removed and added to
1.95 mL of 0.5 M hydrochloric acid. The absorbance of the solution was measured on a

DU 800 UV/Visible spectrophotometer (Beckman Coulter) at a wavelength of 334 nm.
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The same dilutions with solvent were conducted above without reactive species
(aldehyde, carbazate, or TNBS). The absorbance was then subtracted from the measured
absorbencies of the carbazate-TNBS complex to calculate the aldehyde content of the

polymers.

In vitro cytotoxicity: Cytotoxicity was assayed using 3T3 mouse fibroblasts and human
retinal pigment epithelial cells. Proliferation media for 3T3 cells consisted of
500mLDulbecco’s Modified Eagle Medium-high glucose (DMEM), 50mL fetal bovine
serum (FBS), and 5mL penicillin streptomycin (PS). Proliferation media for RPE cells
consisted of Dulbecco’s Modified Eagles Media (DMEM):F12 only (no serum added).
Tests were conducted in 24 well polystyrene plates (2cm2/well) containing (a) 10,000
3T3 cells and 1mL of 5% horse serum (HS) media or (b) 100,000 RPE cells and 1 mL
DMEM:F12 media. A blank well containing no cells and wells containing cells but no
polymer solutions were used as controls. Cells were exposed to precursor copolymer
solutions at concentrations ranging from 100-2000 pg/mL. Cells were exposed to
hydrogels by placing the hydrogels on top of an adhered cell layer. Each experiment was
replicated 4 times, with results reported as means +standard deviations. Thiazolyl blue
tetrazolium bromide (MTT) assays were performed as previously described12. The MTT
stock solution (3mL) was reconstituted in 10 mM PBS at a concentration of 40 mg/mL
and sterile filtered. When applied to 3T3 mus musculuscells, the solution was diluted to
0.4mg/mL with appropriate HS containing medium. A similar dilution was made for RPE

cells, but using (DMEM):F12 solution only. After 24 hour exposure to polymers, the
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polymer solution was removed and fresh media was added. Cells were then exposed to
150pum of MTT solution and incubated for 4 hours. After the incubation, 250pL DMSO
was added to each well to solubilize the formazan precipitate. Plates were shaken for 10-
20 minutes or until formazan was dissolved. The resulting solution was transferred to a 96
well plate (200pL per plate) and read in a microplate reader at 540nm, with absorbance
due to the plate and medium itself used as a control. Viability was measured as a function
of formazan absorption at 540nm. Absorption was compared to a blank well, in which no
polymer was exposed to cells.

EXPERIMENTAL RESULTS
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Figure 2.S1A. Changes in pH during acid hydrolysis as a function of time for acid-catalyzed gel
degradation assays under 0.1 M, 0.5 M, and 1 M HCI.
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Figure 2.51B. GPC spectra of (A) hydrogel degradation products (based on time at which 100%
degradation was observed in Figure 2.3), (B) poly(NIPAM-co-oxoethyl methacrylate), and (C)
poly(NIPAMco-ADH) in DMF at 30 °C. Note that the spectra were collected without presence of a charge
screening molecule in the mobile phase, likely accounting forthe peak at ~70 min. retention.
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Figure 2.S2. Sub-cutaneous sections of mouse tissue followinginjection of phosphate buffered saline after
(A) 2 days and (B) 150 days.
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Abstract: Injectable, covalently in situ forming hydrogels based on poly(N-
isopropylacrylamide) have been designed based on mixing hydrazide-functionalized
nucleophilic precursor polymers with electrophilic precursor polymers functionalized
with a combination of ketone (slow reacting) and aldehyde (fast reacting) functional
groups. By tuning the ratio of aldehyde:ketone functional groups as well as the total
number of ketone groups in the electrophilic precursor polymer, largely independent
control over hydrogel properties including gelation time (from seconds to hours),
degradation kinetics (from hours to months), optical transmission (from 1 — 85 %), and
mechanics (over nearly one order of magnitude) can be achieved. In addition, ketone-
functionalized precursor polymers exhibit improved cytocompatibility at even extremely
high concentrations relative to polymers functionalized with aldehyde groups, even at
four-fold higher functional group densities. Overall, increasing the ketone content of the

precursor copolymers can result in in situ-gellable hydrogels with improved transparency
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and biocompatibility and equivalent mechanics and stimuli-responsiveness while only

modestly sacrificing the speed of gel formation.

1. Introduction

Hydrogels have attracted widespread interest as biomaterials due to their analogous
interfacial, mechanical, and physicochemical properties to many soft tissues.! By
controlling the chemistry of the monomers or linear polymers used to prepare the
hydrogels, the properties of the hydrogels can readily be engineered to optimize their
utility as drug storage and release depots,? network scaffolds for tissue engineering
applications,®’ and biosensors.®1° Hydrogels cross-linked via covalent bond formation
are particularly attractive in that they generally possess more elastic mechanical
properties and more tunable degradation kinetics than physically cross-linked hydrogel
formulations,!* making them more suitable within the body for long-term use (especially
in applications in which the gels are designed as space-filling or must bear some load).
However, this enhanced elasticity makes most chemically cross-linked hydrogels
unsuitable for introduction within the body through minimally invasive means such as via
injection, requiring invasive surgical implantation that renders them non-ideal for routine
clinical use.!? In response, in recent years, a great deal of attention has been drawn
toward the development of injectable hydrogels, including physically cross-linked shear
thinning hydrogels'® and chemically cross-linked gels that can form in vivo following co-

injection of complimentary reactive polymer precursors.>*® To maintain the advantages
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of chemically cross-linked hydrogels in the context of injectable formulations, a number
of cross-linking chemistries that occur rapidly in water at physiological conditions have
been developed, including Michael-type addition between a thiol functionalized precursor
and a,B-unsaturated acid moieties of another precursor,}’~?° Diels-Alder “click” chemistry
between reactive precursors functionalized with furan or maleimide groups,?*-2® oxime
formation between a carbonyl group and a hydroxylamine,* and Schiff base formation
between polymer precursors functionalized with carbonyl and amine functional
groups.?>? Of particular interest, hydrazone bond formation, resulting from the
condensation of carbonyl and hydrazide functional groups, has been widely reported for
use with injectable hydrogels due to the rapid kinetics of this chemistry in aqueous
environments and the hydrolytic lability of the formed hydrazone group that facilitates
both in situ formation and biodegradation. > We have previously reported the use of this
chemistry to prepare injectable environmentally-responsive hydrogels based on poly(N-
isopropylacrylamide) (PNIPAM) that can be tailored to suit a number of biomedical

applications, including drug delivery and tissue engineering.?-4

An ideal hydrogel chemistry for most tissue engineering or drug delivery applications
would facilitate moderate to rapid rates of gel formation (preventing or minimizing
undesirable diffusion of the precursor polymers away from the injection site prior to gel
formation), form hydrogels with degradable linkages, and avoid reactions with
biomolecules in the gel environment. In the latter case, ensuring self-gelation instead of

cross-reaction of the gel precursors with biomolecules is critical to produce hydrogels
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with sufficiently high cross-link densities (i.e. adequate mechanics) as well as prevent or
suppress potential reactions with proteins, which can lead to significant inflammatory
responses.?®  However, most if not all existing chemistries reported in the literature
present limitations with respect to at least one of these criteria. For example, aldehyde
groups employed in generating hydrazone cross-linked hydrogels can induce local
toxicity if used at high concentrations or with sterically-hindered polymers which gel
more slowly (inducing effective rapid release of aldehyde polymers into the body) due to
their ability to cross-link proteins via their lysine groups.?>® In addition, from a
fundamental engineering perspective, current gelation chemistries are inherently limited
in that the cross-link density, gelation rate, mechanics, and degradation time of the
hydrogel are all intimately coupled; hydrogels with higher cross-linking potential gel
faster and form gels that are more elastic and degrade more slowly.!! Gelation kinetics
and the final morphology of the hydrogel are also often linked given that rapid cross-
linking reactions can induce gelation faster than the timescale required for diffusional
mixing of precursor polymers. As a result, depending on the type of mechanical mixing
used during the gel formation process, regions of local heterogeneity may form within the
polymer matrices of these gels that scatter light (significantly affecting the utility of these
gels in ophthalmic applications,® for example), alter the diffusional properties of small
molecules through the gel, and/or degrade the mechanical properties of the gel. Finding
ways to decouple these variables, in particular gelation time with mechanics and
degradation rate, would greatly improve our ability to engineer specific hydrogels for

particular biomedical applications.
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Recent approaches to this addressing this problem have involved changing the chemical
characteristics of the electrophile to alter hydrogel properties. In particular, McKinnon et
al. demonstrated that using an aryl aldehyde instead of an aliphatic aldehyde can be used
to alter the properties of the hydrogel formed.®? In this work, we seek to address these
challenges by using ketone groups (alone or in combination with aldehyde groups) as the
electrophilic reactive group used to form the hydrazone cross-link. Ketones are less reactive
to hydrazone bond formation than aldehydes,®® attributable to the presence of an extra
electron-donating carbon at the alpha position of the carbonyl group as well as steric
hindrance to nucleophilic attack of the carbonyl group. By adjusting the total number of
ketone groups as well as the aldehyde:ketone ratio in the electrophilic precursor polymer,
we aim to engineer the gelation time to produce a range of hydrogels with tunable
properties. To demonstrate this phenomenon, we have chosen poly(N-
isopropylacrylamide) (PNIPAM) as the backbone polymer for gel formation. PNIPAM has
attracted significant interest in the biomedical literature due to its ability to respond to the
temperature of its local environment; PNIPAM hydrogels undergo a reversible volume
phase transition at ~32 °C that results in significant and reversible dewelling within the
hydrogel matrix.3* This environmental sensitivity allows for the design of gels that can both
reduce their pore size as well as switch from highly hydrophilic to partially hydrophobic
on demand to (for example) entrap pre-loaded drug and slow its release® or adhere and
then release cells for regenerative medicine applications.®® We have previously

demonstrated the fabrication of PNIPAM hydrogels using aldehyde-hydrazide chemistry.®
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While gels with suitable mechanical and thermoresponsive properties were produced, the
gels formed very quickly (~10-30 seconds, problematic in some surgical contexts) and were
extremely opaque. Herein, by using ketone groups to tune the gelation kinetics, we
demonstrate the potential to create transparent but still mechanically strong and highly

thermoresponsive hydrogels based on PNIPAM precursors.

2. Experimental

Materials: N-isopropylacrylamide (NIPAM, 99%), acrylic acid (AA, 99%), adipic acid
dihydrazide (ADH, 98%), N'-ethyl-N-(3- dimethylaminopropyl)-carbodiimide (EDC,
commercial grade), ethylene glycol (99.8%), thiolglycolic acid (MAA, >98.0%), toluene
(99.8%), acetone (anhydrous, >99.9%), chloroacetone (95%), phthalimide potassium salt
(>98%), methacryloyl chloride (>97.0%), aminoacetaldehyde dimethyl acetal (99%), 4-
hydroxy-TEMPO (97%), and para toluenesulfonic acid (>98.5%) were all purchased from
Sigma Aldrich (Oakville, ON). Dimethyl sulfoxide (DMSO, reagent grade) was
purchased from Caledon Laboratory Chemicals (Georgetown, ON). 3T3 Mus musculus
mouse cells were obtained from ATCC: Cederlane Laboratories (Burlington, ON). Cell
proliferation media (which includes Dulbecco’s modified Eagle’s medium-high glucose
(DMEM), fetal bovine serum (FBS), and penicillin streptomycin (PS)), trypsin-EDTA,

and recovery media were all acquired from Invitrogen (Burlington, ON).

Synthesis of an acetal-protected aldehyde monomer (N-(2,2-

dimethoxyethyl)methacrylamide): Aminoacetaldehyde dimethyl acetal (50 mL, 46 mmol)
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was added to a 120 mL stirred solution of 20 % NaOH (w/v). This solution was then
cooled to 0 °C in an ice bath. 4-hydroxy TEMPO (10 mg, 0.06 mmol) was then added to
this solution as a stabilizer and stirred until it was fully dissolved in solution.
Methacryloyl chloride (47 mL, 48 mmol) was next added drop-wise over the course of 2
hours under nitrogen flow, after which the ice bath was allowed to warm to room
temperature and the reaction was left to stir overnight in darkness. The reaction mixture
was then extracted with 150 mL petroleum ether. Subsequently, the agueous phase was
saturated with sodium chloride and was extracted three times with tert-butyl methyl ether.
Additional 4-hydroxy TEMPO was added to this phase to prevent premature
polymerization of the monomer. The organic phase was then dried over magnesium
sulfate, filtered, and concentrated in a rotary evaporator, yielding the acetal-protected
aldehyde monomer. The monomer was stored in the darkness at -20 °C until use. *H
NMR (600 MHz) in DMSO-ds: CH2.CCH3COONHR’, 1.75 ppm, singlet, 3H;
RNHCH2CH(OCHj3)2, 3.25 ppm, triplet, 1H; RNHCH2CH(OCHBg)2, 3.35 ppm, singlet,
6H; RNHCH2CH(OCHs3)2, 4.41 ppm, doublet, 2H; CH2CCH3COONHR’, 5.35-5.65 ppm,

doublet, 2H; RNHR’, 8 ppm, singlet, 1H (see Supporting Information, Scheme 3.S1).

Synthesis of a ketal-protected ketone monomer (N-((2-methyl-1,3-dioxolan-2-

yDmethyl)methacrylamide): Synthesis of the protected ketone monomer was conducted
based on a modification of a previously reported protocol.®” Chloroacetone (10 mL, 12.5
mmol) and the potassium salt of phthalimide (25.5 g, 13.8 mmol) were added to 150 mL

of stirred dry acetone. The solution was then heated to 80 °C for 20 hours, after which it
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was cooled to room temperature and the acetone was removed in a rotary evaporator. The
resulting solid was then redissolved in methylene chloride and washed repeatedly with
water. The methylene chloride layer was dried over magnesium sulfate, filtered, and
removed using a rotary evaporator. The resulting yellow crude solid was washed with
diethyl ether several times until the solid became white; this solid was subsequently dried
in a vacuum oven to yield purified intermediate A (Scheme 3.1A). Intermediate A (10 g,
50 mmol) was then added to 180 mL of toluene along with ethylene glycol (5.85 mL, 100
mmol) and dry para-tolenesulfonic acid (934 mg, 5 mmol) and refluxed for 15 hours. The
reaction mixture was cooled to room temperature and the ethylene glycol layer was
extracted three times with diethyl ether. The toluene and ether fractions were combined
and washed three times with 5 % (w/v) NaOH followed by deionized water. The organic
layer was dried over magnesium sulfate and solvent was removed in a rotary evaporator.
The crude was recrystallized from ethanol to yield pure intermediate B (Scheme 3.1B).
Intermediate B was subsequently added to 100 mL of deionized water along with 15 g of
NaOH and refluxed for 2 days, with an additional 60 g of NaOH added slowly over the
course of the reflux. Afterwards, the reaction mixture was cooled to room temperature
and extracted three times with 50 mL dichloromethane. The organic layers were then
combined and dried over magnesium sulfate, filtered, and concentrated in a rotary
evaporator to yield pure product C (Scheme 3.1C), a slightly yellow oil. Finally, the
monomer was prepared by adding product C (21.1 mL, 180 mmol) to a 20 % (w/v) NaOH
solution (in water) containing 4-hydroxy TEMPO (10 mg, 0.06 mmol). This reaction

mixture was brought to 0 °C in an ice bath and methacryloyl chloride (16.5 mL, 174

96



Ph.D. Thesis — M. Patenaude; McMaster University — Chemical Engineering

mmol) was added drop-wise over 2 hours under nitrogen flow. The ice bath was then
allowed to warm to room temperature and the reaction left to stir overnight in darkness.
After this time, stirring was halted and the product was allowed to collect at the top of the
reaction flask. The pure monomer product (along with inhibitor) (shown in Scheme 3.1D)
was then isolated using a separatory funnel. The monomer was stored in the darkness at -
20 °C until use. *H NMR (600 MHz) in DMSO-dg: RNHCH2C(OCH,CH20)CHs, 1.3
ppm, singlet, 3H; CH.CCH3CONHR’, 2 ppm, singlet, 3H; RNHCH2C(OCH>CH>0)CHzs,
3.5 ppm, doublet, 2H; RNHCH2C(OCH2CH20)CHpg, 4 ppm, singlet, 4H;
CH2CCH3CONHR’, 5.35-5.65 ppm, doublet, 2H; CH,CCH3CONHR’, 6 ppm, singlet,

1H. See Supporting Information, Figure 3.S1 for 'H NMR spectrum.
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Scheme 3.1. Synthesis of a ketal-protected ketone monomer

Synthesis of hydrazide-functionalized PNIPAM copolymer: The synthesis of this
nucleophilic copolymer was performed as previously described® (see also Supporting

Information, Scheme 3.S2). Briefly, N-isopropylacrylamide (4 g, 35 mmol), acrylic acid
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(1 mL, 14 mmol), and thioglycolic acid (87 pL, 1.25 mmol) were dissolved in 20 mL of
absolute ethanol and heated to 56 °C. Following degassing with nitrogen, dimethyl 2,2'-
azobis(2-methylpropionate) (AIBME) (56 mg, 2.4 umol) was added, and the solution was
allowed to stir overnight under nitrogen. The solvent was then removed in a rotary
evaporator and the crude product was redissolved in deionized water and subjected to
exhaustive dialysis followed by lyophilisation. Conductometric titration (ManTech, Inc.)
indicated that the copolymer contained 15.2 + 0.4 mol% acrylic acid residues per chain.
The acrylic acid residues were then converted to hydrazide groups by dissolving the
polymer in deionized water along with a 10-fold molar excess of ADH and adjusting the
solution pH to 4.75 using 0.1 M HCI. A 2-fold molar excess of EDC (pre-dissolved in 10
mL deionized water) was then added to the solution and the reaction was allowed to
continue (maintaining a constant pH of 4.75 throughout the reaction via addition of 0.1 M
HCI) until no change in pH was observed, typically on the order of ~4 hours. At this
point, the solution was neutralized using 0.1 M NaOH and subjected to exhaustive
dialysis and subsequent lyophilisation. Conductometric titration indicated that 97 £ 3 %
of acrylic acid groups had been converted to hydrazide groups, resulting in ~14.7 mol%
hydrazide groups per PNIPAM copolymer chain. DMF gel permeation chromatography
was conducted using a Waters 590 HPLC pump along with three Waters Ultrastyragel
Linear columns operating in series and a Waters 410 refractive index detector. GPC
indicated a number average molecular weight of 26.5 kDa (polydispersity 1.55) for this
hydrazide-functionalized copolymer based on narrow molecular weight polyethylene

glycol standards (Waters).
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Synthesis of aldehyde and/or ketone functionalized PNIPAM copolymers: N-
isopropylacrylamide (4 g, 35 mmol) was copolymerized with various ratios of protected
aldehyde to protected ketone monomer (Scheme 3.2), keeping the total mole percent of
these protected functional groups (and thus electrophilic reactive groups for covalent
gelation) constant. The recipes used to prepare these ketone and/or aldehyde-
functionalized copolymers are given in Table 3.1. The polymerizations were carried out
as described for the hydrazide-containing copolymer. Following removal of ethanol with
a rotary evaporator, the protecting acetal and ketal groups were removed by re-dissolving
the obtained crude polymer in 3 M HCI and allowing the resulting solution to stir at room
temperature for 24 hours. This solution was then exhaustively dialyzed and lyophilized to
isolate the purified copolymers. Aldehyde and ketone group content was quantified via
NMR by measuring the relative peak intensity at 9.5 ppm (RCOH, aldehyde) and 2.1 ppm
(RCOCHSs, ketone) relative to a tetramethylsilane internal standard. GPC was performed

as previously described for the hydrazide-functionalized copolymer.
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Scheme 3.2. Synthesis of protected ketone and/or aldehyde monomers with NIPAM and subsequent
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Table 3.1. Compositions and properties of electrophilic PNIPAM copolymer chains. The gel identification
codes represent the anticipated mole fractions of the aldehyde:ketone monomers based on the recipe while
the actual mole fractions of aldehyde and ketone functional groups within the polymer chains (as
determined by *H NMR) are given as Xnaand Xk, respectively. The mole fractions of monomer types,
either electrophilic monomer or NIPAM, are given as X, and Xuip, respectively. GPC results are reported
relative to a poly(ethylene glycol) standard curve.

Gel Aldehyde Ketone Total Total Mw (kDa)
Identification Content Content Electrophile NIPAM
(Xna) (Xnk) Content (Xy) Content
(Xnip)
100 Ald/0 Ket 1 0 0.12 £0.03 0.88 +0.03 21.2+3.2
75 Ald/25 Ket | 0.72 £ 0.05 0.28 = 0.11+£0.02 0.89 £ 0.02 20423
0.05
50 Ald/50 Ket | 0.45£0.07 055+ 0.11+0.04 0.89+£0.04 21.8+3.3
0.07
25 Ald/75 Ket | 0.23 £0.03 0.77 = 0.13+0.03 0.87£0.03 225x21
0.03
0 Ald/100 Ket 0 1 0.12 £ 0.05 0.88 +0.05 20619
0 Ald/100 Ket* 0 1 0.42 £0.05 0.58 £ 0.05 195126

Hydrogel Formation, Gelation Time, and Transparency Assays: Hydrazide
(nucleophilic) and aldehyde/ketone (electrophilic) functionalized polymer precursors
were dissolved separately in PBS at 25 °C at a concentration of 6 % (m/v) for each
precursor polymer and added to separate barrels of a double barrel syringe (Scheme 3.3).
Depressing the plunger of the syringe caused the polymer precursors to mix along a

baffled channel and co-extrude out of the tip of a needle. The time required to form a
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stable gel was assessed using a standard vial inversion technique following co-extrusion
of the reactive polymer precursors into a 20 mL glass scintillation vial.?1%#3° The time
required to form a gel (i.e. the time required such that the polymer did not flow within 5
seconds following vial inversion) was noted for each gel type. In order to assess the
potential formation of microdomains and/or phase separation, gels were formed in
polystyrene cuvettes (1 cm path length) and the transparency of the resulting gels was
measured at 550 nm using a DU 800 UV/visible spectrophotometer (Beckman Coulter)
following 24 hours of incubation at room temperature. The phosphate buffer maintained
the pH at 7.4 in all gelation experiments. A total of n=4 replicates were performed per
sample in each assay, with the reported error bars representing the standard deviation of

the measurements.
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“1-n

Scheme 3.3. Co-injection of hydrazide and aldehyde/ketone complimentary PNIPAM precursors into a
silicone mold using a double barrel syringe to form a hydrazone cross-linked hydrogel

Hydrogel Cross-linking Efficiency: Polymer precursors 100Ald/0Ket, 50Ald/50Ket,
0AIld/100Ket, and 0AId/100Ket* were dissolved in D20 at 6 % (m/v) and were added to
one barrel of different double barrel syringes. A 6 % (w/v) solution of hydrazide-
functionalized PNIPAM in D20 was then added to the second barrel of each of these
syringes, and hydrogels were made by co-extruding each polymer pair into different
NMR tubes. Spectral measurements were taken immediately following co-extrusion into
the tubes for each gel type as well as 48 hours after co-extrusion (allowing cross-linking
to occur). Changes in peak intensity corresponding to aldehyde protons (COH, ~9.5 ppm)

and terminal methyl groups of ketone moieties (CHs, ~2.15 ppm), both of which decrease
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following hydrazone bond formation, were tracked relative to spectra of polymer
precursors alone at a total concentration of 3 % (matching the concentration of each
precursor in each final gel) in D20 . 16 scans were taken for each sample type at a
relaxation delay of 4 seconds per scan. The ratio of peak integrations relative to the
isopropy! group intensity of NIPAM moieties was measured for both precursor alone and
co-extruded polymer solutions and compared at different time points in the experiment
(initially and at 48 hours). For 50Ald/50Ket gels, measurements were taken for both
aldehyde and ketone functional groups independently of each other, allowing for the
calculation of the total residual electrophilic group content in the gel. Quantification of
the number of electrophilic groups (of a given type) consumed through cross-linking was

made according to Eq. 1

Ie,g/
Ii,g

% electrophilic groups consumed = (1 — ,es/ ) X 100%
' Iis

(Eq. 1)

where leg, lig, les, lis are the integrations corresponding to the electrophilic (ketone or
aldehyde) peaks of the gel after 48 hours, the isopropyl groups of the gel after 48 hours,
the electrophilic peaks of the polymer precursor solution initially (t = 0), and the

isopropyl groups of the polymer precursor solution initially (t = 0), respectively.

Hydrogel Degradation: Hydrogel precursor solutions were co-extruded into 0.44 mL
silicone molds as shown in Scheme 3.3. The solution-containing molds were then covered
with silicone slabs and left for 48 hours at room temperature in order to ensure
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equilibrium cross-linking of the polymer networks. Hydrogels were then placed in cell
culture inserts (12 well format, Falcon) and were subsequently submerged in PBS at pH
7.4. The rates of degradation for each gel type were determined gravimetrically at pre-
determined time intervals after drawing off excess (unbound) water from the surface of
the gels using a Kimwipe. A total of n=4 replicates are performed on each sample, with

the reported error bars representing the standard deviation of the measurements.

Hydrogel Mechanical Properties: The mechanical properties of hydrogels formed by co-
extruding hydrazide-functionalized PNIPAM and PNIPAM functionalized with different
ratios of ketones to aldehydes were determined using oscillatory rheology with an ARES
rheometer (Texas Instruments). The storage modulus (G’) of each gel type was
determined using parallel plate geometry with a plate diameter of 7 mm and a plate
spacing of 1 mm. An initial strain sweep was first conducted between 1-100 % at 1 Hz in
order to identify the linear viscoelastic range of these gels. A strain within this linear
viscoelastic range was then selected and maintained constant during a frequency sweep
from 1-100 rad/s to measure G’. Measurements were performed on gels initially
incubated at room temperature and at 37 °C. A total of n=4 replicates are performed on
each sample, with the reported error bars representing the standard deviation of the

measurements.

Cytocompatibility Assays: The cytocompatibility of the hydrogel precursors (which are

also the degradation products)® were assessed using an in vitro MTT assay with 3T3 Mus
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musculus mouse cells similar to that described by Campbell et al.!* Briefly, 24-well
polystyrene plates were cultured with 10,000 3T3 cells within 1 mL of proliferation
media. After 24 hours, the cells were exposed to various concentrations of hydrogel
precursor polymers (0.1, 0.4, 0.8, 1.2, 1.6, and 2 mg/mL for the lower concentration sets
and 2, 4, 8, 12, 16, and 20 mg/mL for the higher concentration set, n = 4 per
concentration) and incubated for an additional 24 hours. The media and polymer solutions
were replaced with 1 mL of a 0.4 mg/mL MTT solution in proliferation media for the last
3 hours of incubation. After this, the MTT solution was aspirated off and the formazan
produced by the cells was dissolved in 400 uL. of DMSO. The absorbance of the
formazan solution was read using a Biorad microplate reader (model 550) at 570 nm
against a 630 nm baseline (accounting for media absorbance) and compared to the
absorbances measured in cell-only wells in which no material (i.e. only media) was added

to calculate the relative cell viabilities according to Eq. 2.

(absorbancepolymer—exposed,570 nm—absorbancepoiymer—exposed,630 nm)
(absorbancepignk 570 nm—absorbancepiank 630 nm)

cell viability (%) =

(Eq. 2)

Error bars for each polymer tested represent the standard deviation of the cell viability
percentages measured for the 4 replicates performed. A Student’s t-test (at 95%
confidence) is performed to assess statistical significance of differences between cell

viability results.
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3. Results

Reactive Precursor Polymer Synthesis: As per Table 3.1, an approximately
stoichiometric incorporation of monomers at their desired mole fractions within each
polymer chain was obtained for both the ketal and acetal-protected monomers, resulting
in electrophilic polymer chains with statistically equal functional group contents (and
therefore cross-linking potential) in all hydrogels studied. For an equal mass mixture of
the polymers (each at 6 %), the hydrazide polymers contain functional groups in
approximately a 1.5-fold excess over electrophilic groups on complimentary precursor
polymer chains, advantageous biologically given that hydrazides are functionally bio-
orthogonal with biomolecule functional groups whereas aldehydes and, to a much lesser
extent, ketones are not. The ~42 mol% 0AIld/100Ket™* electrophilic polymer is the
exception to this relationship and is designed to offer enhanced gel formation kinetics and
cross-link density relative to the other precursor polymers prepared. The molecular
weight each electrophilic precursor polymers was maintained at ~20 kDa (independent of
functional group incorporation, Table 3.1) while the nucleophilic chain had a molecular
weight of 26.5 kDa. Considering that hydrazone bond hydrolysis regenerates the
precursor polymers (i.e. the precursor polymers are the degradation products), each tested
polymer has a molecular weight below the lower molecular weight cut-off of the
glomerulus basement membrane of the renal excretory system (~40 kDa) and thus has the

potential to be cleared following degradation.
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Hydrogel Formation Kinetics: Hydrogels prepared with any combination of
aldehyde/ketone functionalization could be easily co-extruded from a double-barrel
syringe, and all combinations tested successfully gelled within the silicone moulds to
form elastic hydrogels within the 24 hour gelation period used for screening. Results of
the vial inversion assay, shown in Table 3.2, indicate that an increase in ketone content of
the electrophilic polymer leads to an increase in the time required to form a gel, with the
gelation time increasing dramatically when the ketone concentration is increased to >50

mol%.

Table 3.2. Time required to form a hydrogel for the various gel types assayed according to the vial
inversion test

Gel ID C_ael forr_nation
time (minutes)

100Ald/0Ket 0.09 +0.02
75Ald/25Ket 04+0.1
50Ald/50Ket 24 +£2
25Ald/75Ket 45+ 6
0AId/100Ket 65+ 13
0AIld/100Ket* 20+0.5

This increased gelation time associated with ketone-rich polymers can be attributed to the
lower electrophilicity of the ketone group relative to the aldehyde group, making ketones
less susceptible to nucleophilic attack by the hydrazide-functionalized PNIPAM chains.
When the number of ketone groups in the precursor polymers is quadrupled to ~42 mol%
(OAIld/100Ket*), gelation occurs 30-fold faster than when a ~12 mol% ketone
functionalized precursor polymer is used (0Ald/100Ket). Interestingly, the gelation time

observed using the ~42 mol% ketone-functionalized precursor is still ~20-fold slower
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than that observed when using an aldehyde-functionalized polymer with ~12 mol%
functional groups to form gels.

Hydrogel Cross-linking Efficiency: By comparing the aldehyde and ketone group NMR
spectral intensities immediately following co-extrusion and 48 hours post-extrusion, an
estimate of the cross-link density of the respective hydrogels can be made. Changes in
peak intensities were measured relative to 3 % (w/v) solutions of precursor only in D2O
(see representative raw data spectra in Supporting Information, Figures 3.52 and 3.S3).
Table 3.3 shows the percentage of ketone and/or aldehyde functional groups consumed in
each gel as a function of precursor chemistry and the total cross-link density of each

hydrogel following 48 hours of gel formation.

Table 3.3. Electrophilic functional group consumption and cross-link density for hydrogels prepared with
different aldehyde:ketone ratios and total ketone contents as determined by *HNMR.

S —
A)Eﬁzggﬁgmc # Electrophilic Cross-link

Hydrogel ID FOUDS functional groups | density (x 10'8

group consumed (x 10%8) cm3)
consumed

100AIld/OKet 74+ 6 22.4+1.8 11.2+0.9

50Ald/50Ket 42 +£5 123+1.4 6.1+0.7

0AIld/100Ket 14+ 3 39+0.5 19+0.2

OAIld/100Ket* 17+5 193+1.4 9.6+0.7

Hydrogels prepared with aldehyde-rich precursor polymers contain significantly more
cross-links relative to those prepared with ketone-rich precursor polymers at the same
total electrophile content (~12 mol%), consistent with the higher reactivity of aldehyde
groups relative to ketone groups that would shift the equilibrium of hydrazone bond

formation/breaking toward the product (cross-linked) side. However, the cross-link

110



Ph.D. Thesis — M. Patenaude; McMaster University — Chemical Engineering

density of a gel prepared with an aldehyde-functionalized precursor polymer can be
matched using a ketone-functionalized polymer precursor functionalized with a higher
total mole fraction of ketone functionality (Table 3.1). The percentage of available ketone
groups cross-linked is approximately equal between the 0Ald/100Ket (~12 mol% ketone)
and OAId/100Ket* (~42 mol% ketone) precursors, consistent with an equilibrium driving
hydrazone bond formation; however, the 4-fold increase in the total electrophilic
functional group content of 0Ald/100Ket* relative to 0Ald/100Ket gels results in
formation of ~4-5-fold more cross-links in the hydrogel. While it is possible that the
absolute extent of cross-linking in (unbuffered) D.O will differ from that in (buffered)
H20, it is clear from this data that the cross-link density of the hydrogel can be scaled

directly by the number of reactive functional groups in the precursor polymers.

Hydrogel Mechanics: The results of oscillatory rheometry conducted on a range of
hydrogels prepared with precursor polymers containing varying ratios of aldehyde and
ketone groups are shown in Figure 3.1. A clear relationship exists between the elastic
modulus (G°) and the ratio of aldehyde to ketone groups of the electrophilic precursor
polymers used to synthesize the hydrogels, with an increasing aldehyde to ketone ratio
yielding gels with an increased G . This suggests that aldehydes are significantly more
effective at forming cross-links than ketone groups following co-extrusion, consistent
with the NMR result (Table 3.3) and the lower reactivity of ketone functional groups.
Interestingly, the 0AId/100Ket* hydrogels (prepared with ~42 mol% ketone precursor

polymers as opposed to ~12 mol% total electrophilic comonomer precursor polymers
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used to prepare the other hydrogels) exhibited analogous mechanical properties to the
100Ald/0OKet hydrogel, with the additional available ketone functional groups facilitating
in increase in cross-link formation; again, this result matches that of the NMR experiment
(Table 3.3). Thus, while the use of ketone-functionalized polymers results in a significant
decrease in the elastic modulus of the resulting hydrogels at equal functional group
contents, modulus matching can still be performed independent of the aldehyde:ketone
ratio of the reactive copolymers by changing the total ketone content in the electrophilic

hydrogel precursor polymer.
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Figure 3.1. Elastic moduli versus frequency for PNIPAM hydrogels prepared with precursor polymers
containing different aldehyde:ketone functional group ratios and different ketone functional group mole
fractions (OAId/100Ket* = ~42 mol% ketones; all other hydrogels ~ 12 mol% electrophile)
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Hydrogel Transparency: UV/VIS absorbance measurements performed at 550 nm were
used to assess the transparency of the hydrogels prepared with the different precursor
polymers. A lack of transparency at this wavelength indicates the presence of micro-
domains of a size similar to the wavelength of the incident light. Figure 3.2 indicates that
increasing the aldehyde content of the precursor polymers results in significantly less
transparent hydrogels, indicating the presence of micro-domains and regions of
heterogeneity within the bulk gel. Conversely, gels prepared with precursors containing a
high fraction of ketone groups remain transparent, with the higher transparency largely
preserved as the number of ketone functional groups is increased (comparing
0AIld/100Ket with ~12 mol% ketones and 0Ald/100Ket* with ~42 mol% ketones); this
result suggests that the ketone group itself plays a role in maintaining the gel transparency
even independent of the gelation time, since the 0Ald/100Ket* gel forms 10-fold faster

than the 50Ald/50Ket gel but maintains significantly higher transparency.
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Figure 3.2. Transmittance of 550 nm light through hydrogels prepared with precursor polymers containing
aldehyde:ketone functional group ratios and different ketone functional group mole fractions
(OAId/100Ket* ~ 42 mol% ketones; all other hydrogels = 12 mol% electrophile). Pictures of each hydrogel
are provided above each transparency result for reference.

Hydrogel Phase Transition: Incubation of the hydrogels in PBS at 37 °C induced
deswelling in all gels, consistent with the phase transition behavior of PNIPAM (Figure

3.3). Of note, while the precursor polymers themselves are significantly more
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hydrophilic than PNIPAM (with LCST values of 78°C for PNIPAM-hydrazide, 45°C for
PNIPAM-aldehyde, and 37°C for PNIPAM-ketone, with both electrophilic chains
possessing ~12 mol% functionalization), the phase transition of the hydrogel occurs at a
temperature analogous to that of PNIPAM prepared via standard free radical processes.
Similar degrees and kinetics of deswelling are observed across each gel type; however, an
increase in ketone content leads to a somewhat higher degree of thermal collapse of the
polymer network. This discrepancy between different gel types can be attributed
primarily to differences in cross-link density, by which the higher degree of cross-linking
in aldehyde-rich gels elastically restricts gel deswelling. Interestingly, the highly
functionalized 0AId/100Ket* gels retain their ability to thermally deswell at 37°C to
roughly the same degree as hydrogels prepared with ~12 mol% electrophilic group
precursors despite the ~42 mol% ketone monomer functionalization of this precursor
polymer (i.e. only ~58 mol% of the total monomer units are NIPAM). The slightly lower
phase transition temperature of ketone-functionalized polymers relative to aldehyde
polymers likely offsets the lower NIPAM content in this case. As such, based on Figure
3.3, the thermal phase transition can be maintained independent of the cross-link density
and opacity of the hydrogel by varying both the ratio of aldehyde:ketone groups as well

as the mole percentage of ketone groups in the electrophilic precursor polymer.
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Figure 3.3. Temperature-dependent thermal collapse following gel incubation at 37 °C for PNIPAM
hydrogels prepared with precursor polymers containing different aldehyde:ketone functional group ratios
and different ketone functional group mole fractions (OAld/100Ket* ~42 mol% ketones; all other hydrogels
~12 mol% electrophile). The dashed line represents the initial mass of each hydrogel tested.

Hydrogel Degradation: Hydrogels prepared by hydrazide-ketone/aldehyde chemistry can
degrade via the hydrolysis of the hydrazone cross-linking moieties, as previously
demonstrated.** % Figure 3.5 indicates that the rate of hydrogel degradation (as measured
in PBS at 37°C) can be tuned based on the aldehyde to ketone ratio used to prepare the
electrophilic precursor polymers. 0Ald/100Ket gels (containing ~12 mol% ketone groups
and no aldehydes) degrade rapidly (~18 days) after gel formation; in contrast,
100Ald/0Ket gels (containing ~12 mol% aldehyde groups and no ketones) degrade over a

much longer time period (~93 days). This difference between these two hydrogel types is
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likely attributable to the large observed variation in cross-linking between the two gels
(Table 3.3), with the aldehyde-functionalized precursor polymers producing hydrogels
with significantly higher cross-link densities. Of note, the 0AId/100Ket* hydrogel
degrades more slowly than the 100Ald/OKet hydrogel with the same cross-link density (as
per G’ measurements, Figure 3.2, and NMR, Table 3.3), as the extra alpha carbon makes
the hydrazone group less reactive to water hydrolysis. As such, by varying both the
aldehyde:ketone ratio and the total number of ketone functional groups, the gel
degradation rate can be tuned independently of the cross-link density, typically not
possible with other reported injectable hydrogel formulations. Interestingly, while the
0AId/100Ket gels undergo a nearly linear degradation profile following the onset of
degradation, 100Ald/OKet gels exhibit an additional secondary degradation profile, with a
very slow degradation rate initiated at ~78 days (following >90% degradation) until
complete gel degradation is achieved. These hydrogels remained as small spherical
opaque samples during this secondary degradation step. This phenomenon may be
attributable to the presence of inhomogeneities in these highly opaque hydrogels (see
Figure 3.2), in which regions of higher and lower cross-link densities may be present;
secondary hydrolysis may be attributable to the slower degradation of the more highly
cross-linked pockets in the hydrogel. A similar secondary degradation rate was observed
for gels possessing intermediate aldehyde to ketone ratios, with the effect decreasing as
the ketone content is increased (and the transparency of the gel improves, see Figure 3.2).
Furthermore, the 0Ald/100Ket* gel that has a matched cross-link density to 100Ald/0Ket

but significantly higher transparency exhibits no secondary linear region in its
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degradation profile, again supporting the hypothesis that an increase in ketone content in

the precursor polymers leads to a greater degree of gel homogeneity and therefore a more

uniform gel degradation profile.
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Figure 3.4. Hydrogel degradation profiles (expressed in terms of the gel mass at different time points
normalized to the initial mass of the gel following co-extrusion) following gel incubation at 37 °C for
PNIPAM hydrogels prepared with precursor polymers containing different aldehyde:ketone functional
group ratios and different ketone functional group mole fractions (0AlId/100Ket* ~42 mol% ketones; all
other hydrogels ~12 mol% electrophile). The dashed line represents the initial mass of each hydrogel

tested.

Polymer Cytocompatibility: The in vitro cytotoxicity of the hydrogel precursor polymers,

which are also the degradation products of the hydrogels,'® was screened using an MTT

assay with 3T3 mouse fibroblasts. Numerous previous studies from our group have
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shown that the PNIPAM-hydrazide component exhibits no significant cytotoxicity at the
typical concentrations used in cell culture assays as well as in vivo in subcutaneous mouse
models.*1® Therefore the in vitro study herein was focused on a comparison of the
cytotoxic effects of the PNIPAM-aldehyde and PNIPAM-ketone polymers, along with
polymers containing a combination of aldehyde and ketone components. MTT assay
results for polymers prepared with different aldehyde:ketone ratios indicated cell
viabilities of at least 80% for all polymer ratios tested at concentrations up to 2 mg/mL
(see Supporting Information, Figure 3.54), viabilities that have been associated with little
to no practical cytotoxicity!. Notably, the maximum concentration tested (2 mg/mL) is
expected to be greater than the concentration of free polymer that the body would be
exposed to given the relatively rapid gelation process of the hydrogels along with their

slow degradation.

Figure 3.5 shows the results of an MTT assay performed on the 100Ald/0Ket (~12 mol%
aldehydes) and 0AId/100Ket* (~42 mol% ketones) precursor polymers at concentrations
as high as 20 mg/mL (2 %), a concentration typically far in excess of those screened in an
in vitro cell culture assay. At these higher concentrations, and particularly in the range of
4-12 mg/mL, the PNIPAM-ketone polymer exhibited significantly less cytotoxicity than
the PNIPAM-aldehyde polymer (p < 0.05). The PNIPAM-aldehyde polymer started to
exhibit significant cytotoxicity (< 80% relative viability) at concentrations above 4
mg/mL, whereas the PNIPAM-ketone polymer only exhibited equivalent cytotoxicity at a
concentration of 20 mg/mL despite containing quadruple the mole fraction of

electrophilic reactive functional groups. This result suggests that the use of ketones in
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partial or complete place of aldehydes significantly reduces the potential cytotoxicity of

the precursor polymer as well as the degradation products.
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Figure 3.5. Comparison of cell viability (relative to a cell-only control) of 3T3 mouse fibroblast cells in the
presence of high concentrations (> 2 mg/mL) of 0AId/100Ket* (~42 mol% ketones) and 100Ald/0Ket (~12
mol% aldehydes). The asterisk indicates that the difference in the viabilities of the two polymers at a given
concentration is statistically significant (p < 0.05).

4. Discussion

By changing the ratio of ketone to aldehyde groups in the electrophilic polymer involved

in the formation of hydrazone cross-linked injectable hydrogels, significant control can be
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exerted over several key engineering properties of these hydrogels. The slower reactivity
of ketones relative to aldehydes significantly slows the rate of gelation, increasing the
time required for gel formation from several seconds in the case of aldehyde-
functionalized polymers to over one hour in the case of only ketone-functionalized
polymers (Table 3.2). We anticipate that copolymers containing between 25-50 mol%
ketones (yielding gelation times on the order of several minutes) may be ideal for many
biomedical applications in this respect, allowing surgeons sufficient time to administer
the gel at the site(s) desired while avoiding premature gelation inside the syringe.
Ketone-functionalized precursor polymers also resulted in significantly more transparent
hydrogels (Figure 3.2), a phenomenon also attributable to the slower gelation rate with
these copolymers. Slower gelation allows more time for diffusional mixing of the
(miscible) precursor polymers before the matrix is fixed by cross-link formation,
decreasing the number of micro-domain inhomogeneities within the matrix and thus
leading to more transparent gels. The uniformity of hydrogels has two significant
advantages in biomedical applications. First, transparency is required in some
applications of hydrogels, particularly ophthalmic applications (e.g. eyedrop
formulations, intraocular lenses, or vitreal substitutes) that are particularly attractive for
injectable hydrogel formulations. Second, gel uniformity reduces confounding
intramatrix morphologies that may serve to complicate drug diffusion throughout the gel
and simplifies the development of mathematical expressions governing drug release,
improving the predictability of hydrogel performance in a drug delivery application.

Similarly, if the inhomogeneities are on the same length scale as cells, local differences in
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cell responses to the hydrogel may result, leading to typically undesirable non-uniform

cell distributions or cell behaviors within a tissue engineering matrix.

Hydrogel properties can be tuned by varying both the ratio of aldehyde:ketone groups as
well as the total number of either functional group, with varying the amount of ketone
groups of particular interest. Hydrogels prepared with ~42 mol% ketone functionalized
precursor polymers (0Ald/100Ket*) maintain relatively high transparency (Figure 3.2)
even though they gel much more quickly than even some of the more opaque hydrogels
prepared using aldehyde-ketone mix precursor polymers (Table 3.2) and exhibit both
analogous mechanical (Figure 3.1) and thermoresponsive properties (Figure 3.3) as well
as slower degradation rates (Figure 3.4) relative to hydrogels prepared with ~12 mol%
aldehyde-functionalized precursor polymers. In this way, manipulating the total number
of fast (aldehyde) and slow (ketone) gelling functional groups can result in largely
independent control over gelation time, gel degradation kinetics, gel transparency,
hydrogel mechanics, and phase transition behavior to a degree not currently possible with
existing injectable hydrogel approaches. Specifically, for all currently reported injectable
hydrogel chemistries, gelation times and hydrogel degradation rates are both directly
linked to the ultimate cross-link density of the hydrogel; the use of mixtures of ketones
and aldehydes for hydrogel preparation decouples these parameters to provide largely
independent control over multiple key hydrogel properties. This degree of control
significantly improves the potential translatability of these materials in a surgical context,

since hydrogels with desired mechanical properties (i.e. for matching elastic moduli of
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native tissues) can be delivered with a gelation time chosen by the surgeon administering

the hydrogel that is most suitable to the procedure to be conducted.

Maximizing the ketone content of the precursor polymers also has demonstrated
advantages in terms of maintaining high cell tolerance to the precursor polymers.
Aldehyde groups can react with amine-containing cellular components via Schiff base
formation, potentially disrupting regular cellular processes necessary for cell survival and
proliferation (particularly at higher polymer concentrations); in comparison, ketones are
inherently less reactive due to the presence of two adjacent alpha carbons instead of one,
which reduces the electrophilicity of the carbonyl group and renders ketones significantly
more bio-orthogonal to typical functional groups found in vivo.*® Thus, while care must
be taken not to slow the gelation time to the point where the precursor polymers diffuse
away prior to gelling once injected in vivo, the ability to precisely tune the gelation time
using ketone-aldehyde copolymers of defined compositions offers control over multiple
hydrogel properties of interest. Note that all hydrogels studied in this paper are prepared
with the same total mass concentration of precursor polymers (6 %), a parameter that if
varied would provide an additional mechanism to control the properties of the final

hydrogels.
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5. Conclusions

Injectable hydrogels prepared by mixing hydrazide-functionalized PNIPAM with
electrophilic PNIPAM precursor polymers containing mixtures of aldehyde and ketone
groups can be tuned to exhibit desired gelation rates, degradation rates, opacities, and
mechanical properties.  Specifically, by changing the aldehyde:ketone ratio in the
electrophilic polymer used for gelation and/or the mole percentage of ketones incorporated
in the polymer, largely independent control over the gelation rate, opacity, degradation rate,
and cross-link density can be achieved, unlike in currently reported in situ gelling
chemistries. The hydrogels maintain their volume phase transition properties irrespective
of the composition of the electrophile precursor polymer; furthermore, the presence of
higher ketone fractions significantly improves the cytocompatibility of the precursor
polymers (and, by extension, the degradation products) at even extremely high polymer
concentrations, facilitating the use of such hydrogels in switchable biomedical applications.
This chemistry approach could be applied to any synthetic or natural polymer backbone to
produce highly tunable hydrogel compositions by simple mixing of well-defined precursor

polymers applicable to a variety of different biomedical challenges.
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Schemes for Monomer and Polymer Preparation
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Scheme 3.S2. Preparation of hydrazide-functionalized polymers
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Figure 3.S1. *H NMR (600 MHz, Bruker) of isolated intermediates in the synthesis of the
protected ketone monomer. The peak at ~7.25 ppm is the solvent (chloroform).
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Figure 3.52. 'H NMR spectrum (200 MHz, Bruker) of 100Ald/0Ket polymer in D,0O at 3 % (w/v) (top) and
100Ald/OKet 6 % (w/v) in DO cross-linked with a solution of PNIPAM-hydrazide at 6 % (w/v) in DO
(bottom). The disappearance of the aldehyde peak at ~9.5 ppm is observed as the gel forms.
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ABSTRACT

A series of synthetic oligomers (based on the thermosensitive polymer poly(N-
isopropylacrylamide) and carbohydrate polymers (including hyaluronic acid,
carboxymethyl cellulose, dextran, and methylcellulose) were functionalized with
hydrazide or aldehyde functional groups and mixed using a double-barreled syringe to
create in situ-gelling, hydrazone-crosslinked hydrogels. By mixing different numbers and
ratio of different reactive oligomer or polymer precursors, covalently-crosslinked
hydrogel networks comprised of different polymeric components are produced by simple
mixing of reactive components, without the need for any intermediate chemistries (e.g.
grafting). In this way, hydrogels with defined swelling, degradation, phase transition,
drug binding, and mechanical properties can be produced with properties intermediate to
those of the mixture of reactive precursor polymers selected. Using this modular, mixing
approach, one property can (in many cases) be selectively modified while keeping other
properties constant, providing a highly adaptable method of engineering injectable,

rapidly-gelling hydrogels for potential in vivo applications.
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1. Introduction

Hydrogels have attracted considerable attention in biomedical engineering applications
due to their many favorable and, in some cases, biomimetic properties. Mechanically,
hydrogels can be designed to have elastic and loss moduli similar to those of soft tissues,
enabling their effective use in tissue engineering applications or as biological lubricants.
Physically, hydrogels have high internal void fractions facilitating effective control of the
molecular weight-dependent diffusion both out of the hydrogel phase (for drug delivery)
or into the hydrogel phase (for sensor or tissue engineering applications). Chemically,
hydrogels can be engineered to contain different charges or affinity domains that enable
binding of particular classes of drugs or biological compounds to the hydrogel phase.
Biologically, hydrogels typically exhibit low protein adsorption due to their high water
content and thus low interfacial energy. Hydrogels based on proteins or carbohydrates
native to the body can also function as effective extracellular matrices to direct cellular
behavior. Given this diversity of tunable properties, hydrogels have found use in a
number of applications, such as in the formation of scaffolds in tissue engineering®?2, in
wound care?*, as adhesion prevention barriers following surgery?®, in biosensors®”’, as well

as in a number of drug delivery systems®°.

Hydrogels based on naturally-occurring carbohydrates, synthetically-modified
carbohydrates, and a range of different types of synthetic polymers have been widely
reported in the literature. Naturally-occurring carbohydrates such as dextran and
hyaluronic acid (or other glycosaminoglycans) offer the inherent advantages of being

biodegradable under physiological conditions (via enzymatic'® or oxidative!! cleavage)
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and having defined interactions with cells to induce spreading, differentiation, or other
biological responses!?. However, a relatively limited number of natural polymers are
available, restricting the range of physical and mechanical properties that can be achieved
in such hydrogels. Synthetically-modified carbohydrates such as carboxymethyl cellulose
or methylcellulose broaden the range of achievable properties but also are offer limited
compositional diversity. Furthermore, depending on the source of the polymer, molecular
weights, compositions, or architectures can differ significantly, both batch-to-batch and

even within batches.

In contrast, while synthetic polymers based on carbon-carbon backbones are not
inherently degradable in vivo, synthetic polymers offer exceptional control over polymer
composition, architecture, and physical properties not fully accessible with natural
polymers. Of particular interest in biomedical applications are synthetic polymers that
possess “smart” properties; that is, the polymers undergo a discontinuous change in one
or more physical properties upon the application of a stimulus. Such materials have
potential to reversibly control cell adhesion®?, swelling'4, and drug diffusion coefficients®,
among other properties, as triggered by changing local biological environments and/or
externallyapplied stimuli. Hydrogels based on poly(N-isopropylacrylamide) (PNIPAM)
have in particular been the subject of intense investigation due to their ability to undergo
a thermally-induced phase transition at 32 °C that induces deswelling in the polymer
network®®, The phase transition temperature can be tuned via copolymerization of more
hydrophilic or hydrophobic comonomers to achieve desired transitions in relevant in vivo

environments'®.However, the lack of a clear degradation pathway for such hydrogel
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materials has significantly limited their ultimate use in the body. Materials that combine
the facile degradation and biological properties ofnatural polymers with the compositional
diversity and “smart” properties of synthetic polymers would offer significant benefits in
a range of potential biomedical applications. Facile biomedical application of hydrogels is
also significantly enhanced when hydrogels are designed to gel in situ upon injection

from low-viscosity solution precursors.

Conventional bulk hydrogels of biomedical use are highly elastic and are thus difficult to
introduce directly into the body without surgical intervention'’, which is inefficient and
undesirable for routine clinical use. In response,a range of in situ-gellable hydrogel
formulations have been developed, applying Michaelchemistry8, imine formation®®,
hydrazide-aldehyde chemistry? or other fast, aqueous reactions that occur at ambient
conditions to form the crosslinks in situ following mixing of reactive precursors. Some of
these chemistries offer the additional advantage ofgenerating a hydrolyzable crosslink
which can lead to programmed degradation of the hydrogels under specific physiological
environments?L. To this point, however, reports of such injectable hydrogels in the

literature have been limited to natural polymers.

In this paper, injectable, mixed natural-synthetic polymeric hydrogel systems with
“smart” responsive properties and cross-linked with hydrolyzable chemical bonds are
reported. The rapid gelation of the hydrogels and their subsequent degradation via
hydrolysis is made possible through the use of hydrazone chemistry in the formation of
chemical crosslinks??. By crosslinking thermoresponsive PNIPAM oligomers of a

molecular weight below the kidney clearance limit (~40 kDa) with different combinations
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of oxidized polysaccharide precursors (based on hyaluronic acid?>4, dextran®2°, and
carboxymethyl cellulose?”?®), we show that it is possible to alter hydrogel properties in an
additive or combinatorial way based on the properties of each component polymer, in
some cases facilitating simultaneous independent tuning of different hydrogel properties.
Using this modular, mix-and-match approach to hydrogel development, a range of
hydrogels with designed physical, chemical, mechanical and/or biological properties can
be produced simply by mixing different numbers and/or ratios ofnatural or synthetic
polymers functionalized with the same reactive functional groups, enabling the facile

optimization of hydrogels for various potential biomedical applications.
2. Experimental

Materials: N-isopropylacrylamide (NIPAM, 99%), acrylic acid (AA, 99%), sodium
carboxymethyl cellulose (CMC) [MW 700,000, DS = 0.9], adipic acid dihydrazide (ADH,
98%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, commercial grade),
dextran from Leuconstroc spp(Dex) [Mr—500,000], ethylene glycol (99.8%), sodium
periodate (>99.8%), bupivacaine hydrochloride (99%), tert-butyl carbazate (>98.0%),
2,4,6-Trinitrobenzenesulfonic acid (TNBS, picrylsulfonic acid solution, 5% (w/v) in H20,
Thioglycolic acid (MAA) (>98.0%), and methyl cellulose (viscosity 400 cP, 2% in water)
were all purchased from Sigma-Aldrich (Oakville, Ontario). 2,2-azobisisobutyric acid
dimethyl ester (AIBME) was purchased from Wako. Hyaluronic acid (MW 176kDa-

350kDa) was purchased from Lifecore Biomedical. All water used was of MilliQ grade.
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Synthesis and Characterization of Poly(NIPAM-co-ADH): Co-polymers of NIPAM and
acrylic acid were prepared via chain transfer polymerization (Figure 4.1)%°. N-
isopropylacrylamide (4 g, 35 mmol), acrylic acid (0.952 g, 13 mmol), AIBME initiator
(0.056 g, 0.243 mmol), and thioglycolic acid chain transfer agent (80 pL, 1.15 mmol)
were added to 20 mL of absolute ethanol at 56°C. The reaction was allowed to proceed
overnight at 56 °C. Solvent was then removed under reduced pressure using a Rotavap at
50 °C. The resulting viscous product was then dissolved in 200 mL of diH20 and
dialyzed over six cycles using a 12-14 kDa MWCO membrane, each cycle lasting six
hours. The purified polymer solution was lyophilized to dryness. The acid content of the
polymer was determined using base-into-acid conductometric titration (ManTech
Associates), using 50 mg of polymer dissolved in 50 mL of 1 mM NacCl as the analysis
sample and 0.1 M NaOH as the titrant. Polymer molecular weight was determined with
aqueous gel permeation chromatography (Agilent), using a pH 7.4 sodium acetate buffer
as the eluent and polyethylene oxide standards for calibration.

Carboxylic acid groups from AA residues were then converted to hydrazide groups by
adding adipic acid dihydrazide (10.15 g, 58.26 mmol) to a 0.5% wt/vol solution of 20
wt% poly(NIPAM-co-AA). The pH of this solution was thenadjusted to 4.75 with 0.1 M
HCI. EDC (5.58 g, 35.94 mmol) was then added to this solution and the pH was
maintained at 4.75 by drop-wise addition 0.1 M HCI for about 5 hours until no further
change in pH was observed. The reaction was left to stir overnight, at which point the pH
of the solution was raised to 7.00 by the addition of 0.1 M NaOH. The resulting solution

was exhaustively dialyzed for three days using a 12 — 14 kDa MWCO membrane, after
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which the polymer solution was lyophilized to dryness. The degree of functionalization
was determined by a conductometric titration by assaying the number of unreacted acid
groups. Note that the pKa of a hydrazide group (2.5-3.5) is significantly lower than the
pKaof the residual carboxylic acid groups (4.5 — 6.5), permitting isolation of the
carboxylic acid signal in the titration. tH NMR in DMSO: 0.24H - 5= 10-10.5 ppm,
0.12H - 8= 8.5-9.0 ppm, 1.12H - 5= 6.65-7.88 ppm, 1.6H - 5= 3.0-3.7, 9.72H - 5= 0.0-2.5

ppm.
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Figure 4.1. Schematic diagram of the synthesis of aldehyde-functionalized carbohydrates (shown for CMC;
same chemistry used for other carbohydrates tested) and hydrazide-functionalized poly(NIPAM-co-ADH)
and the formation of an in situhydrazone-crosslinked hydrogel using a double-barrel syringe.

Synthesis and characterization of aldehyde-functionalized polysaccharides: The selective
oxidation of polysaccharides, including CMC, dextran, hyaluronic acid, and methyl
cellulose, to form aldehyde groups was conducted using sodium periodate as the
oxidizing agent (Figure 4.1). Sodium periodate (0.8 g, 3.74 mmol) was added to 150 mL
of deionized H»O containing 1.5 g of polysaccharide and oxidation was allowed to
proceed with stirring for two hours at room temperature. 0.4 mL of ethylene glycol was
then added to stop the reaction, at which point the mixture was stirred for an additional
hour. The reaction solution was purified by exhaustive dialysis for three days using a
3500 MWCO membrane and the purified oxidized polysaccharide was freeze dried for

storage. The degree of aldehyde functionalization of oxidized hyaluronic acid (oxHA),
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carboxymethyl cellulose (0xCMC), dextran (oxDex), and methyl cellulose (0oxMeCe) was
determined using a carbazate-based aldehyde detection assay®. 0.005 g of oxidized
polysaccharide was dissolved in 1 mL sodium acetatebuffer (10 mM, pH 5.2, 0.2 M
NaCl) containing tert-butyl carbazate (0.04 g, 0.3 mmol) and allowed to react for 24
hours at room temperature. 0.005 mL of this solution was then added to 1.98 mL borate
buffer (50 mM, pH 8.00) and 50 pL of 5 % (w/v) 2, 4, 6-trinitrobenesulfonic acid
solution, at which point the reaction was allowed to proceed for 2 hours at room
temperature. The resulting deep red solution was diluted 1:1 with 0.5 M hydrochloric
acid. 50 pL of the resulting yellow solution was then added to 1.95 mLof 0.5 M
hydrochloric acid. The absorbance of this resulting carbazate-TNBS complexwas
measured at 334 nm using UV/VIS spectrophotometry. Concentrations of the t-butyl
carbazate-TNBS complex were measured based on a calibration curve prepared using t-
butyl carbazate standard solutions produced in the same manner, but without
polysaccharide. Blank measurements were made using the same experimental procedure,

but without tBC or TNBS.

Hydrogel preparation: Hydrogels were made by cross-linking the precursor oxidized
polysaccharides with poly(NIPAM-co-ADH), the mass concentrations of each component
being held constant in each gel. Gels were synthesized by dissolving 0.06 g of each
reactive polymer in 1 mL 0.15 mM NacCl solutions andthen co-extruding each component
through a double barrel syringe (in which the hydrazide-functionalized polymer and
aldehyde functionalized polymer(s) are loaded into separate barrels, Figure 4.1) into a

0.23 cm?® cylindrical silicone rubber mold. In cases where mixtures of aldehyde-
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functionalized polymers are used, the overall mass concentration is maintained constant
(6 wt% total polymer) (Table 4.1); the percentages indicated in the hydrogel codes in
Table 4.1 (xCMC/yDex) in the results represent the mass percentages of each

carbohydrate loaded into the syringe to make a 6 wt% total carbohydrate solution.

Table 4.1.Concentrations of poly(NIPAM-co-ADH) and oxidized polysaccharide in solutions used to
fabricate hydrogels.

Hydrogel Poly(NIPAM-co- OxCMC OxDex OxHA OxMeCe
ADH) (g/mL) (g/mL) (g/mL) (g/mL) (g/mL)
100HA 0.06 0 0 0.06 0
100MeCe 0.06 0 0 0 0.06
100CMC 0.06 0.06 0 0 0
75CMC/25Dex 0.06 0.045 0.015 0 0
50CMC/50Dex 0.06 0.03 0.03 0 0
25CMC/75Dex 0.06 0.015 0.045 0 0
100Dex 0.06 0 0.06 0 0

Hydrogel swelling: In situ-gelled hydrogel disks were loaded into cell culture inserts,
placed in 12 well plates, and allowed to incubate in 2 mL of 10 mM PBS at 37°C.
Hydrogel mass was measured at various times to determine the swelling kinetics.
Reported swelling ratios represent the average of four samples, with experimental
uncertainties representing the standard deviation of the measurements. A relationship
expressing the degree of swelling as a function of cross-link density can be obtained
through the thermodynamics of hydrogel swelling, using the Flory-Huggins model to

evaluate the net osmotic pressure at equilibrium (Equation 1),
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Ttotal = nmixing * Telastic T Tponnan

= B2 +in01 - )+ 20 + A B[E(8) - (£ + I8 (2)

Here, T is the temperature, o is the gel dimension, y is the Flory-Huggins solubility
parameter, ky is the Boltzmann constant, f is the average number of charges between
cross-links, Ny is the average number of monomers between cross-links, and ¢ and ¢o are
the volume fractions of polymer in the gel and polymer volume fraction at zero-strain,
respectively. At swelling equilibrium, i.e., when mwota = 0, equation (1) can be solved for
the number of monomers between cross-links, Nx, providing an estimate of the crosslink

density of the hydrogel (Equation 2).

%I(i—i)%—(% |

0279
Ly pE|-0.15¢

Ny = —

(2)

[E+in(1-gp)-

Equation (2) was evaluated by estimating y according to group contribution methods®?

while f was solved in terms of Nx based on the known number of ionizable functional
groups present per repeat unit in each constituent polymer of the hydrogel (measured via
conductometric titration). The volume fractions ¢e and ¢o were determined according to

the volume of polymer with respect to total gel volume at equilibrium and under zero
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strain (i.e. the initial volume fraction of the hydrogel in the silicone mould-templated

preparation conditions) respectively.

Hydrogel thermosensitivity: Hydrogels were incubated in 10 mM PBS (pH 7.4) and were
alternately placed on shaking platforms maintained at 25 °C and 37 °C respectively for
defined time intervals ranging from 30 minutes to 4days in order to determine the effect
of polysaccharide content on hydrogel thermosensitivity. The impact of charge content on
hydrogel thermosensitivity properties was determined by repeating the experiment in 2
mL of 10 mM citrate buffer at pH 3 (conditions under which all -COOH groups are

protonated).

Hydrogel drug retention: Hydrogels containing 10 mg/mL bupivacaine-HCI were
synthesized by dissolving bupivacaine into each of the poly(NIPAM-co-ADH) gel
precursor solutions. The bulk gelation of the entire gel volume enabled facile drug
entrapment inside the in situ-formed hydrogel. Drug-loaded hydrogels were subsequently
incubated in 2 mL of 10 mM PBS for various time periods, after which they were placed
in fresh buffer. Buffer was collected after each time period and drug concentration was
analyzed with high performance liquid chromatography in an isocratic flow of 35:65 (v/v)
10 mM PBS and acetonitrile until the drug concentration in the collected buffer was
effectively zero (below the sensitivity of HPLC detection) over a 24-hour period; the
remaining concentration of drug inside the hydrogel represented the drug retention. A
total of four hydrogels were analyzed for each composition tested, with reported drug
retentions representing the mean plus or minus the standard deviation of the repeat

measurements.
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Hydrogel drug partitioning: Hydrogels were incubated in 2 mL of 10 mM PBS at 37°C
for 24 hours in order to ensure that equilibrium swelling of the gels was achieved. The
hydrogels were then incubated at 37 °C in 0.15 mM NaCl containing 10, 5, 2.5, and 0
mg/mL bupivacaine hydrochloride for three days under gentle agitation in order to ensure
equilibrium drug uptake had been achieved (n= 4 as described for hydrogel drug loading).
The concentration of remaining (unbound) drug in the saline solution was determined
using high performance liquid chromatography (Waters, 35:65 phosphate buffer (pH
7.4):acetonitrile) to determine the partitioning coefficient of bupivacaine for the polymer

phase relative to the aqueous environment.

Hydrogel degradation: Hydrogel degradation via acid-catalyzed hydrolysis was assessed
in accelerated, acidic conditions to assess the relative rates of hydrazone bond hydrolysis
in different hydrogel formulations. Hydrogels wereincubated in 2 mL of 1 M, 0.5 M, and
0.1 M HCI using the same procedures outlined above,with hydrogel mass measured at
predetermined time intervals (n =4). Scaling principles were applied to estimate
hydrolysis rate constants under physiological and endosomal pH conditions, using the
assumption that the hydrolysis rate is directly proportional to the acid (catalyst)
concentration. Hydrazone bond degradation was written as a first-order kinetic process
according to Equation 3:

d[Hydrazone ]

— =k'[H ydrazone] (3)
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where [Hydrazone] is the concentration of cross-links in the hydrogels and k’ is the
pseudo first order rate constant (k’ = k[H2O][H"], assuming that water and proton catalyst
remain constant throughout hydrolysis). Solving the equation with respect to time yields
an expression for the remaining hydrazone cross-link concentration in the hydrogel
[Hydrazone] at any given time t (Equation 4):
[Hydrazone 1 _ 7.,

In [Hydrazone ]y =—k (t tO) (4)
The enzymatic degradation of 2700CMC and 100HA hydrogels was assayed by incubating
these hydrogels at 37 °C in 2 mL of 10 mM PBS (pH 7.4) containing 0.1 mg/mL

hyaluronidase. The mass of the incubated gels was measured over a number of days to

monitor the degree of gel degradation (n = 4).

Hydrogel rheology: Mechanical properties of the in situ-gelled hydrogel systems were
measured using oscillatory rheology. Storage (G') and loss (G") moduli, as well as
complex viscosity (n*), were measured using an ARES rheomoter (Texas Instruments)
operating under parallel-plate geometry with a plate diameter of 7 mm and a plate spacing
of 1 mm. A strain sweep was first conducted at strains between 0.1 - 100 % at 1 Hz in
order to identify the linear viscoelastic range of the hydrogels. A strain was then selected
from within this linear range and set as a constant to perform a frequency sweep from 0.1
- 100 rad/s to measure the complex viscosity, elastic modulus, and loss modulus. All
measurements were conducted at 21 °C. The cross-link density of the hydrogel networks

tested was estimated based on rubber elasticity theory (Equation 5)333%,
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where G is the plateau modulus, R is the gas constant, T is temperature in Kelvin, and

Na is Avogadro’s number.

3. Results

Characterization of Reactive Polymers: The copolymer of NIPAM and acrylic acid was
demonstrated to be of high purity by proton NMR. Conductometric titration indicated that
the acrylic acid content of the copolymer was 19.5 wt%, or roughly 40 mol% of the
monomers along each polymer chain. Gel permeation chromatography yielded an M,
value of 21.6 kDa for these copolymers with a polydispersity of 1.65. Following
conjugation with adipic acid dihydrazide, the residual acrylic acid content was determined
to be 2 % of total monomer groups, meaning that 38 % of the total monomer residues (95
mol% of acrylic acid residues) were successfully grafted with hydrazide functional
groups. While this characterization does not definitively rule out the possibility of
hydrazide cross-link formation as opposed to hydrazide grafting, the large excess of both
ADH and EDC used (10x excess) and the lack of an observed viscosity increase upon

grafting both suggest minimal if any cross-linking during the grafting reaction. The

TNBS assay determined that the degree of oxidative cleavage for polysaccharides was 13
+ 3 % for CMC, 37 + 6 % for dextran, and 27 + 5 % for hyaluronic acid, where the degree
of oxidation refers to the percentage of repeat units that underwent oxidative cleavage
(resulting in the formation of two aldehyde groups for each cleaved ring). Based on these
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analyses, the ratio of hydrazide to aldehyde functionality within the tested hydrogels was
determined to be 3.4 for 100CMC, 2.5 for 75CMC/25Dex, 2.1 for 50CMC/50Dex, 1.7 for
25CMC/75Dex, and 1.4 for 100Dex. As such, the hydrazide groups from the constant
poly(NIPAM-co-ADH) wt% used to synthesize each hydrogel are in excess in each tested
hydrogel, such that complete aldehyde consumption (i.e. a fixed constant crosslinking

density) is stoichiometrically possible in each hydrogels evaluated.

Modular Hydrogel Swelling: Incubating hydrogels composed of different oxidized

polysaccharide precursors in 10 mM PBS solution at 37 °C shows how the choice of

precursor carbohydrate can influence the equilibrium swelling of the in situ-gelled
hydrogel (Figure 4.2). Both hyaluronic acid and CMC introduce anionic functional
groups into the gel network, resulting in significant gel swelling over time due to Donnan
equilbirum contributions to swelling (see Equation 1). Methyl cellulose, while possessing
an overall similar structure to CMC, lacks carboxylate functionality, eliminating the
Donnan equilibrium osmotic pressure contribution and resulting in only minimal swelling
over time; furthermore, as a polymer with a phase transition temperature itself (40-50°C),
hydrophobic interactions between methyl cellulose and PNIPAM cannot be discounted in
accounting for hydrogel swelling. In contrast, hydrogels cross-linked with dextran
undergo a significant phase transition under the same conditions, likely owing to the
lower hygroscopicity of dextran relative to the other carbohydrates tested and/or the
potential for competitive hydrogen bonding between dextran and PNIPAM residues that
restricts water uptake. Thus, by selecting aldehyde-functionalized carbohydrates with

different physical properties, injectable hydrogels with significantly different swelling
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profiles can be produced.
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Figure 4.2. Swelling kinetics of hydrogels formed by cross-linking hydrazide-functionalized poly(NIPAM)
with aldehyde-functionalized hyaluronicacid (100HA), CMC (100CMC), methyl cellulose (100MeCe), and
dextran (100Dex).

Owing to these significantly swelling properties observed when injectable hydrogels were
prepared using our different library carbohydrates,we proceeded to investigate whether
swelling (and, by extension, the phase transition behavior of the injectable poly(NIPAM)-
containing hydrogels) could be modulated by mixing different carbohydrates together in
the aldehyde fraction while maintaining the same total mass concentration of

carbohydrate. In this respect, within limits, hydrogels could be engineered that have
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swelling responses independent of other properties (e.g. degradation, biological
interactions, etc.). By increasing the CMC content in poly(NIPAM)-based hydrogels
relative to dextran content, it is possible to switch the gel from one that deswells to one
that swells under physiological conditions, effectively silencing the thermally-responsive
collapse that is characteristic of hydrogels composed solely of poly(NIPAM) (Figure 4.3).
Indeed, the degree of swelling in these systems is nearly predictable according to the rule
of simple mixtures (dashed lines on Fig. 4.3), in that the overall degree of swelling
achieved can be well-approximated by a weighted average of the degrees of swelling
achieved in the two single-carbohydrate hydrogels. As such, hydrogels with high swelling
(100CMC), high deswelling (100Dex), effectively zero swelling (50CMC/50Dex), or any
intermediate swelling characteristic can easily be synthesized by simple mixing of
different library carbohydrates. However, it should be emphasized that swelling in the
75CMC/25Dex hydrogel, while following the general trend, was not well-predicted by
the rule of mixtures, suggesting that charge density-related swelling effects may

complicate the predictive value of the rule of mixtures in this regard.
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Figure 4.3. Modulating hydrogel swelling by varying CMC/dextran content in poly(NIPAM)- based
hydrogels. Dashed lines depict predicted swelling from rule of simple mixtures for the different hydrogel
systems.

By applying Flory-Huggins theory to the measured swelling results, the effective
crosslink density of each of the hydrogels tested can be assessed. The result of applying
Equation 2 to swelling data in the determination of network parameter Nx, along with

corresponding pore size, is shown in Table 4.2.
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Table 4.2. Flory-Huggins interaction constant (from group contribution theory), polymer mass fractions at
equilibrium swelling (measured), average number of monomer units between crosslinks (from Flory-
Huggins theory), and estimated pore size for modular injectable hydrogels prepared with poly(NIPAM)-
hydrazide and mixtures ofoxCMC and oxDex.

Hydrogel ' ¢0 ¢E N, (avg.) Po(;;s‘;ze
100CMC 0452 0.0494 0.0267 10.043 11.851
75CMC/25Dex 0.469 0.05 0.0303 8.057 10.337
S0CMC/50Dex 0.531 0.0503 0.0479 4.877 6.759
25CMC/75Dex 0.776 0.05065 0.0673 3.519 5.239
100Dex 0.998 0.051 0.1275 1.319 1.556

Group contribution methods were used to predict the Flory-Huggins interaction parameter
x of each modular hydrogel; relative to the random-coil, theta condition (y = 0.5)
hydrogels that swelled when placed in PBS exhibited y parameters below 0.5 (i.e. the
solvent is of higher quality and the hydrogel expands) while hydrogels that deswelled in
PBS exhibited y parameters above 0.5 (i.e. the solvent is of lower quality and the
hydrogel shrinks). This is consistent with the swelling data observed in Figure 4.2 for
each of the modular hydrogels tested. The calculated Nx values also follow anticipated
trends given the significantly lower degree of aldehyde functionalization in oxCMC (13 £
3 %) relative to oxDex (37 = 6 %). Note that the Ny value calculated represents an average
between poly(NIPAM-co-ADH) (in which ~38% of the monomer units have a reactive
crosslinking group) and the oxidized carbohydrates (in which each repeat unit may have
two adjacent aldehyde groups), accounting for the low Ny values reported for 100Dex
hydrogels that had a high aldehyde content. Based on these considerations, the lower

limits of average Nx for 100CMC and 100Dex are 3.84 and 1.13, respectively if all
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aldehyde groups (the limiting reagent for cross-link formation) are consumed. These
results suggest that the overall crosslink content of the hydrogel may be controlled using
the same modular approach by mixing reactive precursors with different degrees of
aldehyde (or hydrazide) functionalization. Measurements of Ny performed at 25 °C
(Supporting Information, Table 4.S1) show the lack of dependence of Nx on incubation
temperature, demonstrating that gel parameters are determined by the properties of the

precursors used in their fabrication.

Modular Hydrogel Thermoresponsiveness: Both the magnitude of swelling-deswelling
transition as well as the reversibility of the thermal phase transition can be tuned based on
the mixture of the reactive polymers used to prepare the hydrogel. Figure 4.4 shows
swelling and deswelling responses of poly(NIPAM)/oxCMC/oxDex hydrogels with
different oxCMC/oxDex ratios upon repeated thermal cycling above (37°C) and below
(25°C) the lower critical solution temperature of poly(NIPAM) (32°C). Hydrogels
prepared with 100% oxCMC exhibited essentially zero phase transition upon thermal
cycling, with continuous swelling observed over time independent of temperature. As
such, it is possible to “turn oft” the ability of these hydrogel systems to undergo a
reversible volume change by using a highly hygroscopic polymer to prepare the hydrogel.
Alternately, hydrogels prepared with 100% oxDex exhibited a small but reversible phase
transition. Interestingly, hydrogels with intermediate oxCMC:oxDex ratios
(25CMC/75Dex) exhibit significantly higher reversible swelling/deswelling responses
than hydrogels prepared only with oxDex despite the significantly higher hygroscopicity

of the 25CMC/75Dex hydrogel. 25CMC/75Dex de-swells to a maximum of -29%
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following incubation at 37 °C and re-swell by ~40 % after incubation at 25 °C for a
minimum of one day; 100Dex under the same conditions showed a maximum de-swelling
of -75 % when heated at 37 °C but re-swelled by only ~10 % on subsequent cooling (Fig.
4.4). These results are qualitatively similar to those acquired when 30 minute thermal
cycles were conducted (see Supporting Information, Figure 4.S1), although the total
magnitude of both deswelling and swelling (recovery) is significantly smaller given the
shorter cycle times used. This observation can be rationalized based on the ability of the
CMC component of the hydrogel to retain sufficient water inside the hydrogel phase such
that fewer hydrogen bonds form between adjacent polymer chains in the collapsed state;
as a result, water can more easily diffuse into the collapsed hydrogel and reversible
swelling/deswelling transitions can be achieved (at least on the timescale of the
experiment). As such, by combining different reactive precursors in a modular fashion,
the hydrophilic/hydrophobic balance of the hydrogel can be optimized to yield
thermoresponsive hydrogels that reversibly (or non-reversibly) swell and deswell to

different degrees relative to their initial state.
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Figure 4.4. Variability in hydrogel thermosensitivity in poly(NIPAM)/oxCMC/oxDex hydrogels as a
function of oxCMC and oxDex content. Vertical dashed lines indicate the incubation temperature (in
Celsius) following the previous data point.

Incubation of the same hydrogels in 10mM pH 3 citrate buffer reduces the overall
magnitude of hydrogel swelling observed in gels made with primarily oxCMC, which
contains —COOH groups that are protonated at pH 3 but ionized at pH 7.4 in PBS;
however, oxCMC-rich hydrogels still do not undergo a significant volume phase
transition, even in the absence of charge-related swelling contributions (see Supporting
Information, Figure 4.S2). In contrast, neither the overall swelling nor the
thermoresponsive behavior of the 100Dex gel is significantly affected by pH (Figure

4.S2). The high overall degree of swelling and zero thermoresponsivity maintained in
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oxXCMC-rich hydrogels even in the protonated state is indicative of the significantly more
hygroscopic character of CMC relative to dextran, consistent with x parameter estimates
in the protonated state®2. Note that the excess aldehyde functionality of dextran used in
these gels does not significantly affect the recovery of gel from its fully collapsed state.
Dextran functionalized with approximately half of the total number of aldehyde groups
(20 = 3 mol%, within error of the degree of functionalization of the oxCMC used in this
study) exhibits both swelling and thermosensitivity properties within <10% of the degrees
of swelling observed with the 37 £ 6 mol% dextran reported herein, while oxCMC and
oxDex-rich hydrogels exhibit a >300% difference in swelling as a function of overall
composition (Figure 4.S3). Thus, the modular control over hydrogel properties is a driven
primarily by composition of the precursor polymers rather than any differences in the

number of functional reactive sites in the precursor polymers.

Modular Hydrogel Elasticity: By mixing precursor or reactive polymers with different
degrees of functionalization and/or different hygroscopicities, the mechanical properties
of the injectable hydrogels can be tuned in a modular fashion based on the reactive
polymers selected. Figure 4.5 shows the change in G’ (Fig. 4.5a) and the G /G ” ratio
(Fig. 4.5b) as a function of oscillation frequency for hydrogels prepared by mixing

poly(NIPAM)-hydrazide with different ratios of oxCMC and oxDex.
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Figure 4.5. Modular rheology of poly(NIPAM)-hydrazide/oxDex/oxCMC injectable hydrogels (a) elastic
modulus G’ as a function of frequency; (b) G’/G” ratio as a function of frequency.

As the percentage of oxDex in the hydrogel increases, the G, value of the hydrogel
increases (Fig. 4.5a) while the G /G ratio decreases (Fig. 4.5b). This behavior can be
understood by the competing effects of water binding versus chemical crosslinking as the
ratio between oxDex and oxCMC is changed. Hydrogels prepared with higher oxDex
fractions have higher crosslink densities (as predicted both by Flory-Huggins theory
(Table 4.2) and rubber elasticity theory (Table 4.3)) and thus exhibit both higher G’
values and higher G’/ G ” ratios indicative of the higher elasticities of such hydrogels.
Table 4.3 also indicates that the extent of shear thinning that occurs as more stress is
applied to the hydrogels increases with increasing oxCMC content (see Supporting
Information, Figure 4.S4). This trend is consistent with both the lower cross-link density

and higher degree of water structuring in oxCMC-rich hydrogels, facilitating improved
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chain alignment and greater water structure disruption as higher shear rates are applied. In
this way, by mixing different ratios of polymers with different cross-linking and water
binding properties, hydrogels with higher or lower elasticities and shear thinning

properties can be designed by simple mixing of different reactive components.

Table 4.3. Network parameters of poly(NIPAM)-hydrazide/oxDex/oxCMC hydrogels. Plateau moduli
values represent the average and standard deviation of all G’data on the plateau for each hydrogel tested.
The cross-link density is estimated based on rubber elasticity theory (Equation). The shear thinning ratio
data represents ratio of the complex viscosity of the hydrogels changes between the highest frequency
tested (100 rad/s) and the lowest frequency tested (0.1 rad/s).

Sample Plateau modulus  Cross-link density  Shear thinning ratio
G, (x 10" em3) (#* (100 rad/s) /
(Pa) n* (0.1 rad/s))
100CMC 335+ 15 0.82 +0.04 74
75CMC/25Dex 665 + 10 1.62 £ 0.02 3.7
50CMC/50Dex 2000 + 20 4.86 +0.05 2.9
25CMC/75Dex 2435+ 20 5.92+0.05 2.5
100Dex 3210+ 15 7.80 +0.04 2.2

Modular Hydrogel Degradation Kinetics: Hydrazone bonds can be cleaved via an acid
catalyzed hydrolysis process dependent on the concentration of the acid catalyst and the
accessibility of the catalyst to the hydrolysis site22. Figure 4.6 shows that the degradation
kinetics of injectable hydrogels can be modulated by changing the composition of the
reactive polymers used, while Table 4.4 reports the pseudo first-order rate constants for
the degradation of modular hydrogels in varying concentrations of hydrochloric acid
along with the time required to degrade half of the hydrazone bonds in the hydrogel (see

Supporting Information, Figure 4.S5 for Kinetic data at other acid concentrations).
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Figure 4.6. Percentage mass loss (via hydrolysis) for 100CMC, 50CMC/50Dex, and 100Dex hydrogels
when exposed to 0.1 M HCI as a function of time.

Table 4.4. Degradation rate constants and half-lives of 100CMC, 50CMC/50Dex, and 100Dex hydrogels in
various concentrations of hydrochloric acid.

0.1 M HC1 0.5M HCI 1M HCI
Sample K'(s)  fhs(hrs) K (s fes(rs)  K'(S)  fos(hrs)
100CMC 0.83 1.02 1.37 0.74 1.62 047
S50CMC/50Dex 0.36 2.16 1.04 1.03 1.39 0.55
100Dex 0.24 3.67 0.70 1.61 0.87 0.78

The degradation rate of the hydrogel increased (and thus the hydrolytic half-life of the
hydrogel decreased) as the concentration of H* used for the hydrolysis was increased and
ratio of oxCMC used to prepare the hydrogel was increased. The identified H*

concentration dependence confirms that the acid-catalyzed hydrazone bond hydrolysis is
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driving hydrogel degradation with all hydrogel compositions used. The increased
hydrolysis rate in oxCMC-rich hydrogels can be correlated with the higher overall
swelling observed in oxCMC-rich hydrogels, indicative of both a lower overall cross-link
density (i.e. fewer bonds need to be cleaved to remove a single polymer chain from the
hydrogel) and a higher mass transport rate of the proton catalyst into the hydrogel. The
rate of enzymatic degradation can similarly be controlled by using a modular design
approach by preparing hydrogels consisting of mixtures of enzymatically-degradable and
non-degradable building blocks. As an example, enzymatic degradation studies of
hydrogels prepared using oxXCMC (100CMC) and oxHA (100HA) show that only the
latter undergoes hydrolytic degradation, due to the substrate specificity of hyaluronidase

for HA (Figure 4.7).
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Figure 4.7. Mass change in 100CMC and 100HA hydrogels as a function of time in the presence of 0.1
mg/mL hyaluronidase in phosphate buffered saline (pH 7.4).

Of note, in the absence of hyaluronidase, both 100CMC and 100HA hydrogels exhibited
similar swelling profiles as a function of time (Fig. 4.2); together, these results suggest
that hydrogel swelling and hydrogel degradation can be independently tuned by varying

the ratio of oxCMC and oxHA used to prepare the hydrogels.

Modular Drug Affinity: Given the cationic charge of bupivacaine at physiological pH,
hydrogels rich in anionic oxCMC should exhibit higher affinity for bupivacaine given the
potential for electrostatic interactions between the polymer and the drug. Indeed, Figure

4.8 indicates that the partition coefficient of bupivacaine into hydrogels with varying
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0xCMC:oxDex ratios increases with increasing oxCMC content, consistent with an ionic
uptake mechanism. When all drug-loaded hydrogels were subsequently immersed in fresh
PBS, drug release followed a burst profile, with a rapid release of drug observed followed
a plateau in the total drug content inside the hydrogel (raw drug release data available in
Supporting Information, Figure 4.S6). Figure 4.8 shows that the magnitude of this burst
can be modularly controlled depending on the constituent reactive polymers used to

prepare the hydrogel.
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Figure 4.8. Bupivacaine retention in hydrogel after burst release and bupivacaine partition coefficient
(hydrogel phase/PBS) for poly(NIPAM)-hydrazide/oxCMC/oxDex hydrogels with varying oxCMC/oxDex
contents.

Drug entrapment inside the hydrogel may be promoted sterically via hydrogel deswelling

(reducing the pore size and thus the diffusion coefficient inside the hydrogel) or
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chemically based on the presence of affinity functional groups in the hydrogel matrix that
will form ion pairs with the drug. The balance of physical versus chemical entrapment of
bupivacaine in these modular hydrogel systems is reflected in the 100Dex hydrogel data.
Despite the lower chemical affinity for bupivacaine in hydrogels prepared with higher
oxDex contents, hydrogels containing higher ratios of oxDex:0xCMC retained more drug
than hydrogels with higher oxCMC contents. Correspondingly, the calculated average
pore size in this hydrogel is on the same order of magnitude as the molecular diameter of
bupivacaine (~1-2nm, Table 4.2), suggesting physical entrapment may be an important
contributor to drug retention behavior in this hydrogel. The competing steric and
chemical effects are also evident in the drug retention data at intermediate oxXCMC:oxDex
ratios; both 50CMC/50Dex and 25CMC/75Dex hydrogels show the same level of drug
entrapment, suggesting that the net drug retention effect represents a balance between
both mechanisms of drug retention. Overall, these observations suggest that steric effects
stemming from the large decrease in the free volume within the hydrogel matrix
following hydrophobic collapse of the dextran-rich networks (Figure 4.3) primarily
regulate drug retention in poly(NIPAM)/oxDex/oxCMC hydrogel systems that undergo
large deswelling volume phase transitions while chemical affinity effects (i.e. drug-
hydrogel interactions) primarily regulate drug retention in hydrogel systems that swell

over time.
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4. Discussion

In this study, we have demonstrated that injectable hydrogels with modular, mix-and
match properties can be generated by mixing different numbers and/or ratios of a library
of reactive synthetic oligomers (poly(NIPAM)) and carbohydrates (CMC, Dex, MeCe,
and HA) functionalized with hydrazide and aldehyde groups respectively. Relative to
conventional techniques for generating hydrogels based on mixtures of synthetic and
natural polymers, this approach results in hydrogels that gel rapidly (in all cases <1
minute) by simple co-extrusion or mixing at room temperature, without requiring the
application of an additional energy source (heating, UV irradiation), small molecule
cross-linkers, or conjugation between the synthetic and natural polymer components prior
to gelation. As such, this method is highly amenable to use in vivo, as covalently cross-
linked, mechanically-robust hydrogels can be generated rapidly via a relatively non-
invasive injection technique. Protein drug delivery may be a particular application of
interest, as the protein would not be exposed to UV irradiation or heat and thus would be

less likely to be denatured during the gelation process.

Swelling, rheology, thermoresponsivity, and degradation kinetics of hydrogels produced
by mixing various reactive polymers together exhibit average properties in terms of
hygroscopicity, cross-link density, and phase transition temperature. Indeed, mixing
various ratios of oxXCMC and oxDex together with poly(NIPAM) resulted in hydrogel
swelling responses that could be predicted using the rule of mixtures. Other properties

demonstrated consistent trends as a function of carbohydrate content, although the
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changes observed were not always linear due to competing mechanisms (for example, the
competing effects of water binding capacity versus cross-link density in determining
rheological properties). Using this approach, by treating the precursor components as
independent modules whose influence over the physical properties of the hydrogel may
be considered additive, it is possible to fine-tune hydrogel properties to optimize hydrogel
behavior for a range of potential applications. Of particular interest, this modular
approach permits one hydrogel property to be tuned independently of another property in
many cases; for example, 100CMC and 100HA hydrogels both swell to the same degree
under physiological conditions but exhibit different degradation profiles in the presence

of native enzymes (e.g. hyaluronidase).

The ability to precisely modulate hydrogel properties is attractive in a number of potential
biomedical applications. In particular, precise control over hydrogel swelling in
physiological fluids is frequently required for optimum hydrogel performance in vivo. In
tissue engineering applications, it is frequently desirable to control the degree of cell
spreading through customization of the gel's void space or to modulate the rate or
molecular weight cut-off of nutrient diffusion into the hydrogel matrix and/or cellular
waste out of the hydrogel matrix®®. In other applications, the generation of zero-swelling
hydrogels is essential; for example, in ophthalmic applications like vitreous humor
substitutes or retinal drug delivery vehicles, hydrogel swelling may increase intraocular
pressure analogously to glaucoma, potentially introducing a new clinical problem in the
course of treating another problem. Control over hydrogel mechanics can also be essential

for effective use of hydrogels in vivo. In the context of cell spreading, the rigidity of a
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polymeric scaffold has been shown to influence the rate of cell migration through the
scaffold®. In the particular context of spinal repair, the mechanical stiffness of hydrogels
has been shown to play an important role in the extension of dorsal root ganglia within
three dimension cell cultures®”. In other applications such as synovial fluid replacement,
the shear-thinning properties of the hydrogel are critical for effectively lubricating the

joint while still promoting facile movement and sufficient mechanical support at rest.*

Similarly, hydrogels with the same physical properties but unique biological properties
are frequently of interest. For example, hyaluronic acid is known to be a key extracellular
matrix material in early wound healing, promoting cell spreading®. Since 100HA
hydrogels swell to a similar degree to that of 100CMC hydrogels (Fig. 4.1), the synthesis
of hydrogels using combinations of CMC and HA would result in hydrogels with the
same swelling kinetics and thermodynamics but different cell responses. Similar tuning of
cell adhesion or stem cell differentiation could be envisioned using the same approach;
we will investigate the cellular responses to modular hydrogels in a future manuscript. In
any of these cases, multiple target hydrogel properties may be predicted and controlled by
mixing the right ratio and right types of library polymer “modules” together. In particular,
given that hydrogels can be formed at ambient conditions by simple mixing of reactive
polymers, this chemistry is highly amenable to high-throughput screening assays to

combinatorially assess the cell responses to a variety of different hydrogel materials.

The demonstrated potential to independently tune hydrogel degradation (via control over
hydrolysis and/or enzymatic cleavage), hydrogel pore size (via control over the cross-link

density), and polymer-drug interactions (via control and the chemistry of the hydrogel)
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also offers key potential advantages in drug delivery applications. In this respect, the
same kinetic drug release profile could in theory be achieved in multiple ways by taking
advantage of the multiple methods of drug release available (i.e. bulk hydrogel erosion,
diffusion, and partitioning) available in these injectable modular hydrogel systems. As
such, other selected properties of the hydrogel maybe simultaneously optimized with drug

release kinetics by mixing different kinds or different ratios of reactive gel precursors.

5. Conclusions

We have demonstrated a facile approach for synthesizing “modular” hydrogels based on a
desired mixture of synthetic or natural polymers via simple mixing of reactive polymer
precursors, using hydrazide-aldehyde chemistry to generate rapidly in situ-gelling
hydrogel systems. Provided that the precursors are miscible with each other, different
numbers and/or ratios of reactive polymers may be mixed together to manipulate
hydrogel swelling, thermosensitivity, degradation, or mechanics (in many cases
independently of each other) as desired. Indeed, in many cases, changing the ratio of
different precursor polymers used to generate the hydrogel affects gel properties in a
manner that is approximately additive (relative to the precursor properties themselves)
with respect to the relative concentrations of the precursor polymers used to form the
polymer network. In this way, the physical, mechanical, and biological properties of the
hydrogel can be tuned by simple mixing of different functional components. We
anticipate that this method has particular promise to design highly customized hydrogels

for targeted biomedical applications that could be screened in a high-throughput manner
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without requiring the use of often toxic small molecule cross-linkers or thermal or UV

initiation of gelation.
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Table 4.S1. Flory-Huggins interaction constant (from group contribution theory), polymer mass fractions at
equilibrium swelling (measured), and average number of monomer units between crosslinks (from Flory-
Huggins theory) for modular injectable hydrogels prepared with poly(NIPAM)-hydrazide and mixtures of
0oxCMC and oxDex. Parameters were determined based on swelling data at 25°C.

Hydrogel X qfvﬂ q;ﬁiE N, (avg,)
100CMC 0.452 0.0494 0.0163 10.057
75CMC/25Dex 0.469 0.05 0.0253 8.074
S0CMC/50Dex 0.531 0.0503 0.0431 4.884
25CMC/75Dex 0.776 0.05065 0.0482 3.537
100Dex 0.998 0.051 0.1011 1.339
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Figure 4.S1.Thermosensitivity of modular hydrogels under 30 minute heating (37°C)-cooling (25°C) cycles
in PBS (pH 7.4). Vertical dashed lines indicate the incubation temperature following the previous data
point.
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Figure 4.S2. Thermosensitivity of poly(NIPAM)/oxCMC/oxDex hydrogels as a function of oxCMC and
oxDex content under multiple heating (37°C)-cooling(25°C) cycles in 10 mM pH 3 citrate buffer. Vertical
dashed lines indicate the incubation temperature following the previous data point.
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Figure 4.S3. Thermosensitivity of poly(NIPAM)/oxCMC/oxDex hydrogels as a function of oxCMC and
oxDex content under multiple heating (37°C)-cooling(25°C) cycles in 10 mM pH 3 citrate buffer. Dextran
used in the fabrication of these hydrogels possesses a 20 + 3% degree of oxidation, resulting in oxDex
possessing the same number of aldehyde groups (within experimental error) as oxCMC. Vertical dashed
lines indicate the incubation temperature following the previous data point.
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Figure 4.54. Complex viscosity versus shear frequency for modular hydrogels.
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Figure 4.S5. Hydrolytic degradation of modular hydrogels (measured by mass loss in the hydrogel phase)

in the presence of varying concentrations of hydrochloric acid: (a) L00CMC; (b) 50CMC/50Dex; (c)
100Dex.
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ABSTRACT

Injectable, in situ-gelling nanostructured hydrogels have been prepared from hydrazide
and aldehyde-functionalized polymer precursors based on a copolymer of oligo(ethylene
glycol) methacrylate (OEGMA) and an oligo(lactic acid) macromonomer (OLA) with
varying lactic acid chain lengths. The resulting hydrogels contain a mix of chemical
(hydrazone bond formation between hydrazide and aldehyde groups) and physical
(hydrophobic interactions between OLA chains) cross-links which form competitively as
a function of the OLA chain length and density. An increase in the OLA chain length and
density results in the formation of more physical cross-links and fewer chemical cross-

links. Tuning the relative prevalence of physical and chemical cross-link formation
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facilitated largely independent tuning of gel mechanics relative to gel swelling and
degradation. Small-angle neutron scattering of these OLA-containing hydrogels reveals a
microstructure consisting of associative hydrophobic domains, based on an increased
scattering intensity and decreased blob size relative to that observed for POEGMA
hydrogels prepared without the OLA comonomer. The presence of hydrophobic OLA
domains increases the uptake and slows the release of bovine serum albumin, a protein
well-known to associate with hydrophobic domains. Coupled with the observed
cytocompatibility of the reactive precursor polymers used to prepare the hydrogels, we
anticipate significant potential applications of these hydrogels for the prolonged release

of hydrophobic cargoes.
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1. Introduction

Poly(ethylene glycol) (PEG) is a hydrophilic, non-immunogenic and non-cytotoxic
polymer that has found wide-spread application in the design of biomaterials for e.g.
controlled release of therapeutics and tissue regeneration.’ The use of PEG is particularly
attractive as this polymer significantly reduces protein adsorption and consequently cell
adhesion, imparting “stealth” capability to mask any underlying biomaterial (e.g.
nanoparticles,>’ core-shell micelles,®° polymeric surfaces'® or even hydrogels®!) from the
host’s immune system.>'21® From a controlled release perspective, PEG hydrogels have
emerged as potential matrices for release of both small molecule and macromolecular
therapeutics given these inherent advantages of PEG-based materials in vivo.}'* However,
the use of PEG hydrogels in such applications has been limited by their high degree of
swelling (and associated limited mechanical strength) and weak drug-hydrogel interactions
that result in either fast drug release (in the case of hydrophilic drugs) or poor drug loading
(in the case of hydrophobic drugs). Given that conventional PEG hydrogels are prepared
from step-growth polymerization of o, functionalized PEG macromonomers that cross-
link via chain ends,**3 chemical modification of the hydrogels to, for example, limit
swelling or introduce drug affinity groups to enhance drug-hydrogel interactions is
synthetically challenging, at least without sacrificing potential cross-linking sites within the
hydrogel that can further exacerbate the challenge of controlling hydrogel swelling.?”2°

Most of the cross-linking reactions used also result in the formation of non-degradable
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bonds, making clearance of the hydrogel following use problematic.®! As such, while some
successful examples of the use of PEG-based hydrogels for delivering proteins have been
reported,>-3* the full potential of using PEG-based materials for drug delivery has yet to
be unlocked.

The weaknesses of PEG in terms of controlled release applications (i.e. degradability and
poor bioavailability of hydrophobic therapeutics) can be addressed by combining PEG with
hydrophobic, biocompatible, and bioresorbable polymers such as poly(lactic acid) (PLA),
poly(glycolic acid), (PGA) or their copolymer poly(lactic acid-co-glycolic acid)
(PLGA).***¢ The design of nanoparticle drug delivery vehicles in particular has benefitted
from this approach, wherein PEG-PLA or poly(oligoethylene glycol methacrylate)-PLA
(POEGMA-PLA) block copolymers can be assembled into micelles or vesicles that can
carry a hydrophobic payload in the hydrophobic PLA core while evading the host’s immune
system via the hydrophilic PEG corona.®” This approach has also been extended to PEG
hydrogels through the use of diacrylated PLA-b-PEG-b-PLA cross-linkers®*“* and
stereocomplexation between PEG-poly(L-lactic acid) (PEG-PLLA) and PEG-poly(D-
lactic acid) (PEG-PDLA) block-copolymers.*>~® Recently, Fan and co-workers combined
both approaches, using stereocomplexed PLLA and PDLA macromonomers as Cross-
linkers for hydrogel synthesis.*® As a result of their controllable physicochemical properties
such as the hydrogel permeability, drug loading, and degradation rate,***! PEG-PLA
hydrogels have been investigated as matrices for controlled release*>*° as well as temporary
scaffolds for tissue engineering.>! However, given that the hydrophobic PLA/PGA phase

often serves as both the hydrophobic drug depot and the cross-linking site in such
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hydrogels, independent tuning of cross-link density, drug affinity, and hydrogel
degradation in such systems is inherently challenging.

Recently, we have reported the preparation of injectable, in situ covalently cross-linked
POEGMA hydrogels that display all the desired biointerfacial properties of PEG (i.e.
protein and cell repellency, non-toxicity, and minimal inflammatory responses in vivo).>?>3
Hydrogel formation occurs through the formation of dynamic covalent hydrazone
bonds,>*>® which allows for in vivo gelation as well as hydrolytic degradation and ultimate
clearance of the POEGMA precursors.®> Copolymerization of oligo(ethylene glycol
methacrylate) monomers (OEGMA\) of varying ethylene oxide side chain lengths (n) and/or
(meth)acrylate monomers with various side chain functionalities allows for facile control
over the lower-critical solution temperature (LCST)*-® as well as the functionality of the
POEGMA precursors, giving access to POEGMA hydrogels with a broad range of
physiochemical properties and drug affinities via simple free radical copolymerization.2>3
While these injectable POEGMA hydrogels address many of the challenges associated with
PEG hydrogels (degradability, independent control over swelling and mechanical
properties, and facile polymer functionalization), hydrogels based on POEGMA have
analogous swelling and interfacial properties to PEG hydrogels, making them unlikely
candidates to address the issues of fast release of proteins or low uptake of hydrophobic
drugs associated with PEG hydrogels.

Herein, we aim to improve the capacity of POEGMA hydrogels for drug delivery by
functionalizing hydrogel precursor polymers with PLA via copolymerization of pre-

synthesized oligo (D,L-lactide) macromonomers (OLA)*® with OEGMA during the
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polymer precursor synthesis (Scheme 5.1). Our approach differs from most found in the
literature given that we do not explicitly use the OLA grafts for the purpose of cross-
linking; instead, cross-linking is driven primarily by hydrazone bond formation between
the hydrazide and aldehyde-functionalized polymer precursors. As such, the PLA residues
will be (at least partially, within the context of the cross-linked network formed) free to
self-assemble during gelation via hydrophobic association to form a nanostructured
hydrogel with nanodomains governed by the mole fraction and side-chain length of the
OLA co-monomers. The results show that the incorporated OLA co-monomers
significantly alter the physiochemical properties (i.e. hydrogel swelling, mechanical
strength and degradation) of the POEGMA hydrogels. Furthermore, loading and release of
bovine serum albumin (BSA), a model protein which associates with hydrophobic
domains,®® showed a strong dependence on the mole fraction of PLA in the hydrogel,
suggesting that functionalized poly(OEGMA-co-OLA) precursors may offer a versatile

route towards the synthesis of injectable hydrogels with the potential for sustained release.
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Scheme 5.1. Schematic representation of the synthesis of OLA macromonomers, POH-OLA and POA
hydrogel precursors and hydrophobically-modified PO-OLA hydrogels

2. Experimental

Di(ethylene glycol) methyl ether methacrylate (M(EO):MA, Sigma Aldrich, 95%) and
oligo(ethylene glycol) methyl ether methacrylate (OEGMAu47s, Sigma Aldrich, 95%) were
purified by passing each monomer through a column of basic aluminum oxide (Sigma
Aldrich, type CG-20) to remove the methyl ether hydroquinone (MEHQ) and butylated
hydroxytoluene (BHT) inhibitors. 2,2-azobisisobutryic acid dimethyl ester (AIBMe, Wako
Chemicals, 98.5%), 2-hydroxyethyl methacrylate (HEMA, Sigma Aldrich, 99%) acrylic
acid (AA, Sigma Aldrich, 99%), adipic acid dihydrazyde (ADH, Alfa Aesar, 98%), D,L-
lactide (Sigma Aldrich), tin(ll) 2-ethylhexanoate (Sigma Aldrich, 95%), 2-
hydroxymethacrylate (Sigma Aldrich, >97%) (N’-ethyl-N-(3-dimethylaminopropyl)-
carbodiimide (EDC, Sigma Aldrich, commercial grade) and thioglycolic acid (TGA, Sigma

Aldrich, >99.8%) were used as received. N-(2,2-dimethoxyethyl)methacrylamide
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(DMEMAmM) was synthesized as reported previously.> For all experiments, Milli-Q grade
distilled deionized water (DIW) was used. Dimethyl sulfoxide (DMSO, reagent grade) was
purchased from Caledon Laboratory Chemicals (Georgetown, ON). Hydrochloric acid
(1M) was received from LabChem Inc. (Pittsburgh, PA). 3T3 mouse cells were obtained
from Cedarlane Laboratories (Burlington, ON). Cell proliferation and recovery media
contents including Dulbecco's Modified Eagle Medium-high glucose (DMEM), fetal
bovine serum (FBS), horse serum (HS), and penicillin streptomycin (PS) as well as trypsin-

EDTA were purchased from Invitrogen Canada (Burlington, ON).

Table 5.1. Chemical synthesis of the POH-OLA hydrazide-functionalized polymers

m OEGMA4s  OLA AA AIBMe

[] [d] [a] [uL] [mg]
POH - 4.0 0.0 286 35
POH-OLA.10 4 2.5 0.37 181 35
POH-OLAg.10 8 25 0.62 181 35
POH-OLAs 20 8 2.0 1.20 171 35
POH-OLAgs.30 8 1.2 1.32 129 18
POH-OLA6.10 16 25 1.12 181 35

Synthesis of oligo(DL-lactide) macromonomers (OLA): Synthesis of the OLA
macromonomers with m = 4, 8 and 16 lactide repeat units was carried out according to the
method of Ishikawa et al.>® DL-lactide (m = 4: 5 g, 34.7 mmol; m = 8: 10 g, 69 mmol; m
= 16: 20 g, 138 mmol) was placed in a 100 mL one-neck round bottom flask and dried
overnight under vacuum. HEMA (2.1 mL, 17.3 mmol) and tin(Il) 2-ethylhexanoate (32 uL,
0.1 umol) were then added to the flask, and the mixture was deoxygenated by a repeated
vacuum-nitrogen cycle. Subsequently, the reaction mixture was heated to 110 °C under

vacuum for 3 hours with stirring. The crude product was dissolved in anhydrous chloroform
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and washed with 1 M HCI. The organic phase was then washed with deionized water,
isolated, and residual chloroform removed using a rotary evaporator operating under
vacuum. Yield varied from 85-90% based on the added amount of DL-lactide. H-NMR
(600 MHz, CDCl3, m = 8 monomer): 6 = 1.38-1.63 ppm (24H, CH-CH3), 6 = 1.94 ppm
(3H, CH2=CCHs), 5 = 2.79 ppm (1H, OH), & = 4.26-4.39 ppm (4H, OCH-CHy), & = 4.39-
4.51 ppm (1H, CH-(OH)CHs), 5 = 5.08-5.29 ppm (7H, C(=0)-CH), & = 5.58 ppm (1H,
CH>=C), 6 = 6.10 ppm (1H, CH>=C); longer macromonomers had similar peak positions

but different integrations corresponding to their specific length.

Synthesis of hydrazide functionalized poly(oligoethylene glycol methacrylate-co-oligo DL-
lactide) (POH-OLA): An extensive synthesis protocol for hydrazide-functionalized
POEGMA polymers was reported previously.>? Recipes for the hydrazide-functionalized
polymers used in this work are given in Table 5.1 and identified via the code POH-OLAmM-
z where m is the theoretical number of lactide repeat units and z is the theoretical mole
percentage of the OLA macromonomer incorporated into the polymer. As an example
(Table 5.1, entry POH-OLAS8-20), AIBMe (37 mg, 0.14 mmol), OEGMAA475 (2.0 g, 4.2
mmol), OLA (m =8, 1.2 g, 1.7 mmol) and AA (171 pL, 2.49 mmol, corresponding to
~30mol% in each hydrazide-functionalized copolymer) were all dissolved in dioxane (20
mL). Polymerization was continued for 4 hours at 75°C, after which the polymer was
purified and isolated. Subsequently, the carboxylic acid groups of polymer were converted

to hydrazide groups at high yield (~90-95%) via the carbodiimide-mediated conjugation of
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a large excess of adipic acid dihydrazide. The functionalized polymers were purified by

dialysis and lyophilized for storage.

Synthesis of poly(oligo ethylene glycol methacrylate-co-DMEMAmM) (POA): An extensive
synthesis protocol for aldehyde-functionalized POEGMA polymers was reported
previously.52 Briefly, AIBMe (32 mg, 0.14 mmol), OEGMAA475 (4.00 g, 8.4 mmol),
DMEMAm (0.60 g, 3.5 mmol) and TGA (1.0 uL, 0.02 mmol) were dissolved in dioxane
(20 mL) and polymerized at 75°C for 4 hours. Subsequently, the polymer was isolated by
rotary evaporation and dissolved in 100 mL 0.5 M HCI for 24 hours to convert the acetals
to the reactive aldehydes. The functionalized polymers were purified by dialysis and

Iyophilized for storage.

Chemical Characterization: Adqueous size exclusion chromatography (SEC) was
performed using a Waters 515 HPLC pump, Waters 717 Plus autosampler, three
Ultrahydrogel columns (30 cm x 7.8 mm i.d.; exclusion limits: 0—3 kDa, 0-50 kDa, 2-300
kDa) and a Waters 2414 refractive index detector. A mobile phase consisting of 0.3 M
sodium nitrate and 0.05 M phosphate buffer (pH 7) at a flow rate of 0.8 mL/min was used
for all polymers analyzed, and the system was calibrated with narrowly-dispersed
poly(ethylene glycol) standards ranging from 106 to 584x103 g/mol (Waters). 1H-NMR
was performed on a Bruker AVANCE 600 MHz spectrometer using deuterated chloroform
as the solvent. The acrylic acid content of the polymers was determined using base-into-
acid conductometric titration (ManTech Associates) using 50 mg of polymer dissolved in

50 mL of 1 mM NacCl as the analysis sample and 0.1 M NaOH as the titrant. Particle size
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analysis and the determination of the critical association concentration were performed
using a Brookhaven NanoBrook 90Plus particle size analyzer. Polymer solutions were
measured as 150 mg/mL and 20 mg/mL solutions in PBS at 22°C using a disposable
cuvette. Particle size data reported is based on the intensity average size distribution (n =
3). A Variant Cary Bio 100 UV-vis spectrophotometer was used to measure the LCST. The
polymers were dissolved at a concentration of 1 mg/mL in PBS (pH = 7.4) and the
absorbance of the polymer solution was recorded at a wavelength of 500 nm at every 0.5°C
over a temperature range of 10°C to 80°C, with the temperature ramped at a rate of

1°C/min.

Critical association concentration (CAC): The critical association concentration (CAC)
was determined by measuring the light scattering intensity as a function of the precursor
concentration. Hydrazide functionalized precursor polymer (POH-OLA) solutions ranging
from 5x10-5 mg/mL (~10-9 mM) to 20 mg/mL (~10-3 mM) in 10 mM PBS were prepared
and measured at 22°C using a disposable cuvette. The scattering intensity, expressed as the
count rate per second (kcps), was averaged over 3 individual measurements each consisting
of 12 runs. The scattering intensity as a function of the precursor concentration is plotted
as a log-log plot, where CAC is defined as the intersection of two best linear fits (R2 >
0.98) describing the count rate below and above the CAC. Error bars represent the

cumulative error associated with slope and intercept fitting.

Hydrogel preparation: The different POEGMA hydrogels were prepared via co-extrusion

of hydrazide-functionalized (POH-OLA) and aldehyde-functionalized (POA) precursors
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dissolved in 10 mM PBS. Both polymer precursor solutions were intimately mixed upon
injection using a double barrel syringe fitted with a static mixer at the outlet (Medmix
Systems). Hydrogel disks for all in vitro testing were prepared by extrusion of the reactive
polymer precursors through the double barrel syringe into cylindrical silicone rubber molds
(diameter = 7 mm, volume = 300 puL) and incubated at room temperature for at least 12
hours to ensure complete gelation prior to further testing.

Table 5.2. Chemical analysis of the hydrogel precursors

Functionality m® OLA OLA(Exp)® Hydrazideor My® D Nt Noa® CAC.P

[-] [[1 (Theo)® [mol%] Aldehyde  [10° [] f [] [10°mM]
[mol%] [mol%]  g/mol] [-]

POH Hydrazide - 0 - 27.2 181 285 15 - N/A
POH-OLA4 10 Hydrazide 4.4 10 6.0 27.4 190 338 16 3 19+0.3
POH-OLAg10 Hydrazide 85 10 6.4 27.8 166 342 12 3 72x04
POH-OLAg2 Hydrazide 85 20 14.0 28.5 16.7 293 11 6 6405
POH-OLAg3 Hydrazide 85 30 30.0 28.1 16.3 241 11 12 55%05
POH-OLA6.10 Hydrazide 16.8 10 45 28.8 279 338 18 3 2602

POA Aldehyde - - - 28.1 19.6 274 12 - N/A

a Average number of LA repeat units in OLA macromonomer as determined from *H-NMR, ° Theoretical
OLA mol fraction. ¢ Experimental OLA mol fraction as determined from *H-NMR, ¢ Number-average
molecular weight as determined from aqueous SEC, ¢ Dispersity, T Average number of hydrazide or aldehyde
groups per chain 9 average number of OLA grafts per chain. " Critical association concentration (CAC) as
estimated from dynamic light scattering.

Hydrogel swelling: The swelling kinetics were determined at 22°C and 37°C in 10 mM
PBS at pH 7.4. The hydrogels were placed into cell culture inserts that are then placed in a
12-well cell culture plate and completely submerged with PBS (4 mL/well). Hydrogel
swelling was monitored until equilibrium swelling was reached (generally ~30 hours) by
weighing the hydrogels after gently wicking off any non-absorbed PBS. Subsequently, the
hydrogels were resubmerged in a fresh 4 mL of PBS solution until the next data point was

collected. Error bars represent the standard deviation of the replicate measurements (n = 4).
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Degradation kinetics: The relative degradation Kkinetics of the different hydrogels were
determined at 37°C in 50 mM HCI. The hydrogels were placed into cell culture inserts that
were subsequently placed in a 12-well cell culture plate and completely submerged with
the HCI solution (4 mL per well). Hydrogel degradation was monitored until the hydrogels
had completely degraded by weighing the hydrogels after gently wicking off any non-
absorbed PBS. Subsequently, the hydrogels were resubmerged in fresh 50 mM HCI
solution (4 mL/well) until the next data point was collected. Error bars represent the

standard deviation of the replicate measurements (n = 4).

Hydrogel rheology: The rheological properties of the hydrogels were measured using an
ARES rheometer (TA Instruments) operating under parallel-plate geometry with a plate
diameter of 7 mm and a plate spacing of 1 mm. Rheological properties were measured by
first conducting a strain sweep from 0.1-100% strain at 1 Hz to identify the linear
viscoelastic range of the hydrogels. A strain was then selected from the middle of this linear
range and set as a constant to perform a frequency sweep from 1 to 100 rad/s to measure
shear elastic (G') and loss (G") moduli. All measurements were conducted at 22 °C and in
triplicate, with error bars representing the standard deviation of the replicate measurements
(n=23).

Small angle neutron scattering (SANS): SANS experiments were conducted using the 30
m SANS NG3 at the NIST Center for Neutron Research (NCNR), Gaithersburg, MD, USA.
Sample-to-detector distances of 1 m, 4 m, and 13 m were used at neutron wavelengths of 6
A. In addition, lenses were used at a wavelength of 8.4 A for the 13 m distance. Prior to
SANS experiments, precursor solutions were prepared at 150 mg/mL in 10 mM phosphate
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buffered D20 to facilitate scattering contrast. Hydrogels (~300 pL of hydrogel) were
subsequently prepared using a double barrel syringe, directly into a demountable 4.32 x
3.49 x 2.16 cm3 sample cell with an internal gap thickness of 1 mm, requiring Polymers
extruded into sample cells were left to completely gel for 12 hours prior to analysis. The
low g range data was acquired by counting for 15 minutes using the 13 m detection distance
followed by 20 minutes using the 13 m distance with lens. The medium g range was
collected using a 4 m detection distance, counting for 5 minutes. The high g range was
collected using a 1 m detection distance, counting for 2 minutes. The four ranges of data
collected were merged using the NCNR’s data reduction tool (DAVE).61 The individual
scattering intensity (I(q)) plots (Eqg. 1) were fitted using a sum of the Ornstein-Zernike
function (Eg. 2) and the squared-Lorentzian (or Debye Bueche) function (Eg. 3), as
reported previously for hydrogels,®2® to obtain estimates of the correlation length of the

network (&) and the characteristic size of inhomogeneities (Z).

_ Ap®RT¢? [ 1oz(0) I5.,(0)
I(q) = NaMos [1+52q2 (1+52q2)2] (@)
I5,(0)
IOZ(q) = 1i$2q2 (2)
151.(0)
ISL(CI) = (1+Z-‘2q2)2 (3)

In Eq. 1-3, g is the scattering vector, 1oz(q) the scattering term from the Ornstein-Zernicke

function, Is.(q) the scattering term from the squared-Lorentzian function, Ap? the
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scattering length density difference squared, ¢ the volume fraction of the solute, Na
Avogadro’s number, R the universal gas constant, T the temperature and Mos the osmotic

modulus.

Protein Loading: Protein loading was determined by incubating hydrogels in a 500
pg/mL solution of FITC-BSA at 37 °C in 10 mM PBS (pH 7.4). The hydrogels were
placed into cell culture inserts that were subsequently placed in a 12-well cell culture
plate and completely submerged with the FITC-BSA solution (4 mL per well). These
plates were then covered, placed in an incubator at 37 °C, and shaken for 48 hours in
darkness. FITC-BSA drug loading was determined from the difference in fluorescence
intensity between the loading solution (500 pug/mL) and the loading solution after 48
hours of incubation, using 495 nm and 519 nm as the excitation and emission
wavelengths, respectively. Absorbances were subsequently converted to concentrations
using a calibration curve prepared for FITC-BSA at known concentrations (R? = 0.99).

Error bars represent the standard deviation of the replicate measurements (n = 4).

Protein release kinetics: Release kinetics were determined by incubating FITC-BSA-
loaded hydrogels (described above) in 10 mM PBS at pH = 7.4 at 37°C (4 mL/well). These
plates were incubated at 37 °C in darkness and sampled at pre-determined intervals, with
PBS replaced with fresh buffer following every sampling point to maintain infinite sink
conditions during the full release time period. Release concentrations were monitored by
fluorescence as described above for protein loading. Error bars represent the standard

deviation of the replicate measurements (n = 4).
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In vitro cytotoxicity: The cytocompatibility of polymer precursors and hydrogels was
assessed using a MTT assay. NIH 3T3 fibroblasts were plated at density of 1.0 x 10* cells
per well in a 24-well plate and maintained in DMEM media supplemented with 10% FBS
and 1% penicillin. Polymer concentrations ranging from 200 to 2000 pg/mL were
transferred into wells with cultured cells and incubated for 24 hours. Cell viability was then
characterized using a modified MTT assay. The absorbance of the MTT solution was read
using a Biorad microplate reader (model 550) at 570 nm and normalized against a 630 hm
baseline to account for non-specific scattering. Error bars represent the standard deviation

of the measured cell viability percentages (n = 4).
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Fig. 5.1. tH-NMR (600 MHz) analysis on the hydrazide, aldehyde and oligo(D,L-lactide) functionalized
poly(oligoethylene glycol methacrylate) in CDCls.

3. Results and Discussion

Synthesis of the OLA macromonomers and hydrogel precursors: Oligo(D,L-lactide)
macromonomers (OLAm) were prepared from the stanneous(ll) octanoate (Sn(Oct),)-
catalyzed ring opening polymerization (ROP) of D,L lactide (LA) initiated by 2-
hydroxyethyl methacrylate (HEMA)®® (Scheme 5.1). OLA macromonomers with LA chain
lengths (m) of m = 4, 8 and 16 repeat units were targeted by changing the ratio of LA to
HEMA. 'H-NMR analysis shown in Table 5.2 confirms that the theoretical and

experimental values for m are in good agreement, consistent with prior literature.>®
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The OLA macromonomers were copolymerized with oligo(ethylene glycol methacrylate)
(OEGMA475) and acrylic acid (AA), and the carboxyl groups of the polymer subsequently
functionalized with adipic acid dihydrazide (ADH) using carbodiimide (EDC) coupling®?
to synthesize hydrazide-functionalized precursors (Scheme 5.1). The poly(oligoethylene
glycol methacrylate-co-adipic acid dihydrazide-co-oligo(D,L-lactide) methacrylate)
(POH-OLAm-;) precursors are labelled according to their theoretical OLA chain length (m
=4, 8 and 16) and the theoretical mol fraction of OLA grafts in the precursor composition
(z = 10, 20 and 30 mol%). Characteristic *H-NMR (600 MHz in CDClIs) spectra for POH
(= PO100H30 from our previous work®2) and POH-OLAs.2o are shown in Fig. 5.1, confirming
the presence of both hydrazide (peak h, & ~ 9.2 ppm, NH-NH>) and OLA (peak o, 6 = 5.12-
5.26 ppm, C(O)CH(CH?3)O) groups in the functionalized copolymer.

The degree of OLA macromonomer incorporation varies depending on the OLA side chain
length. For precursor polymers synthesized with z = 10 mol%, OLA4 and OLAg incorporate
to a higher extent than OLA16. The increasing side chain length significantly increases the
viscosity of the OLA macromonomer, inducing both diffusional and steric limitations on
the copolymerization kinetics. All OLA functionalized precursors have number-average
molecular weights (Mn) of ~20 Xx10® g/mol and relatively broad molecular weight
distributions (MWDs) (Table 5.2). The relatively high values for the disperisity (P) can at
least in part be attributed to the fact that size exclusion chromatography (SEC) is performed
using linear poly(ethylene glycol) standards whereas the POH-OLA polymers are in reality
dense brush co-polymers as a result of the long ethylene oxide and lactic acid side chains.

The average number of OLA macromonomers incorporated per hydrogel precursor
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polymer chain (NoLa) was calculated from the OLA mole fraction measured via NMR and
increases systematically from 3 (for 10 mol% OLA) to 6 (for 20 mol% OLA) to 12 (for 30
mol% OLA), largely independent of the OLA chain length (Table 5.1). Note that, although
OLAu6 copolymerizes less efficiently when compared to the other macromonomers, the
lower degree of incorporation is off-set by the somewhat higher M of the POH-OLA16-10
polymer. Similar to the POH precursor,®? none of the POH-OLA precursors display a cloud
point or lower-critical solution temperature (LCST) in 10 mM PBS up to 80°C, despite the
contribution of the OLA residues to the hydrophilic-hydrophobic balance of the polymer.
Each hydrazide functionalized precursor polymer contains approximately 30 mol%
reactive groups, resulting in an approximately equal average number of hydrazide groups
per polymer chain (Nf) of 14 + 3 among all precursor polymers prepared (i.e. the number
of potential reactive functional groups for cross-linking is approximately equal in each
precursor polymer). An aldehyde functionalized poly(oligoethylene glycol methacrylate)
precursor POA (= POigoAso from our previous publications®?) was synthesized via
statistical copolymerization of OEGMAu475 and (N-(2,2-dimethoxyethyl)methacrylamide,
DMEMAm) followed by acid catalyzed deprotection of the acetal®® (Scheme 5.1). The
degree of aldehyde functionalization was calculated based on the integrals of the signals at
6 =9.58 ppm (CHO) and 6 = 3.36 ppm (O-CHa) (Fig. 5.1).

To investigate the solution properties of the precursor polymers, solutions of the hydrazide
(POH-OLAm;) and aldehyde (POA) functionalized precursors were prepared at
concentrations of 150 mg/mL in 10 mM PBS (analogous to the pre-gel concentrations to

be used). At this concentration, all OLA functionalized precursors yield opaque solutions,
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which we attribute to aggregate formation driven by hydrophobic interactions between the
OLA chains often used to drive macroscopic gelation via physical interactions. Self-
association of OLA residues would lead to the formation of hydrophobic domains that
could serve to (a) supplement the cross-link density of the hydrazone cross- linked
hydrogels and (b) facilitate uptake and slow release of hydrophobic drugs or proteins from
the hydrogel matrix.

The critical association concentration (CAC) was determined using dynamic light
scattering, as previously reported for hydrophobically modified or amphiphilic block
copolymers.®* POH-OLA precursors yield a marked increase in the scattered light intensity
as the precursor concentration is increased from 5x10° mg/mL (10° mM) to 20 mg/mL
(10 mM) (Fig. 5.2). Conversely, the unmodified POH precursor shows only a marginal
increase in the scattered light intensity over the same concentration range. The CACs of the
POH-OLA precursors are all estimated to be range of 1-7x10° mM, corresponding to 0.02-
0.12 mg/mL (Fig. 5.2). Despite the differences between the POH-OLA precursors, no clear
correlation between the CAC and m and NoLa was observed, aside from a decrease in CAC
as the mole fraction of PLAg in the copolymer is increased (Table 5.2). However, all
precursor polymer solutions used for hydrogel formation (150 mg/mL) lie well above the
CAC of all POH-OLA precursors, such that hydrophobic domain formation is expected to

occur in parallel to covalent gelation of the hydrogels.
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Fig. 5.2. Scattering intensity of POH-OLA polymers as a function of the polymer concentration in 10 mM as
determined from dynamic light scattering. (O, white) POH, ) POH-OLAg 10, (®, red) POH-OLAs.
20, ( ) POH-OLA10.30, ( ) POH-OLA4.10 and (., black POH-OLA5.10.

Dynamic light scattering experiments on the undiluted precursor solutions (150 mg/mL)
further confirmed the presence of large aggregates in the micron-size range; dilution of the
precursor solutions to 20 mg/mL reduced the aggregate size to 100-500 nm but retained a
high scattering intensity indicative of a high aggregate concentration. Interestingly,
functionalizing the POH-OLA precursors up to 30 mol% OLA (m = 8) did not yield
macroscopic hydrogels despite the physical aggregation of the precursor polymers

observed via light scattering.

Hydrogel formation: Hydrazide functionalized POH-OLA and aldehyde functionalized

POA precursor solutions (150 mg/mL, in 10 mM PBS) were co-extruded using a double-
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barrel syringe to prepare hydrogels. For comparison, a POEGMA hydrogel without any
OLA macromonomer was prepared by co-extruding POH and POA. PO-g-OLA hydrogels
were successfully prepared for POH-OLA precursors containing up to 20 mol% OLA. PO-
g-OLAy.10 and PO-g-OLAs.10 hydrogels required ~45 min to gel, similar to the unmodified
PO hydrogel; PO-g-OLA1610 and PO-g-OLAg-20 hydrogels gelled in 20 min and 1 h,
respectively (see Table 5.3). In contrast, when POH-OLAg-30 was used as the hydrazide-
containing precursor polymer, no gelation whatsoever occurred up to 48 hours. This
suggests that for a given m, macroscopic gelation becomes progressively slower and is
eventually inhibited as the fraction of OLA in the precursor polymers increases, despite the
increased hydrophobic associations present. We therefore hypothesize that covalent
gelation of these precursor polymers can only occur if the precursor polymers have
sufficient mobility following OLA-driven self-assembly to facilitate sufficiently high

densities of hydrazone bond formation.

Physiochemical properties of the hydrogels: Hydrogel swelling kinetics were monitored by
submerging the PO-OLA hydrogels in 10 mM PBS for 30 hours at 22°C and 37°C (Fig. 3).
Similar to PEG hydrogels, the POEGMA hydrogel prepared without OLA quickly adsorbs
water, reaching an equilibrium mass-based swelling ratio (Qm) of 18.5+0.5 (at 22°C) and
16.1+0.0 (at 37°C) after 6 hours of incubation. In comparison, the OLA containing
hydrogels swell considerably slower and reach significantly lower equilibrium Qm values
(Table 5.3). The lower degree of swelling when compared to the unmodified POEGMA

hydrogel may be attributable to the higher hydrophobicity of the hydrogels containing OLA
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grafts and/or physical cross-link formation within the hydrogel as a result of intermolecular
OLA graft interactions. However, the magnitude of the swelling achieved in PO-OLA
hydrogels is directly correlated to the overall weight fraction of OLA residues in the
hydrogels; PO-OLAs.10 and PO-OLAgs.10 hydrogels contain the lowest weight fraction of
OLA (0.95 and 1.57 wt%, respectively, based on the initial hydrogel weight) and reach the
lowest Qm values after swelling for 30 hours while the PO-OLAg20 hydrogel (containing
the highest OLA fraction of 3.24 wt%) swells to higher Qm value. Since the overall
hydrophobicity of hydrogels increases with the OLA content (z), this result can only be
explained if the effective degree of intermolecular chemical cross-linking is lower in

hydrogels prepared with higher OLA contents.
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Fig. 5.3. Swelling kinetics of PO-OLA hydrogels in 10 mM PBS at 22°C (A) and 37°C (B). (O, white) PO,
( ) PO-OLAg 10, (., red) PO-OLAg 2, ( ) PO-OLA.10, (., black) PO-OLA6-10.
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The dynamic hydrazone bond is reversible in aqueous media and in particular in the
presence of acidic protons. Hydrogel degradation was evaluated in accelerated conditions
in 50 mM HCI to provide comparative degradation profiles among the different hydrogels
prepared (Fig. 5.4A). Note that both the hydrazone bonds as well as the PLA side-chains
can degrade under these conditions, such that both chemical and physical cross-links are
expected to be cleaved. The unmodified POEGMA hydrogel initially swells as hydrazone
bonds are broken and the cross-link density of the hydrogel decreases. Subsequently, the
normalized weight of the hydrogel gradually decreases as polymer chains erode from the
bulk hydrogel, with complete degradation of the hydrogel reached within 150 min. With
exception of the PO-OLAg 20 hydrogel, all PO-OLA hydrogels show similar degradation
behavior and degrade slower than the POEGMA hydrogel, requiring ~240 min to
completely degrade (Fig. 5.4A). This result suggests that the chemical cross-link density
for these hydrogels is similar and the variance in OLA graft chain length has little effect on
the rate of degradation. For the PO-OLAg-20 hydrogel, no initial swelling is observed and
the hydrogel degrades rapidly, with complete degradation observed within 45 minutes. This
result suggests that the hydrazone cross-link density in PO-OLAg2o is significantly lower
than that in the other hydrogels despite the equivalent number of hydrazide reactive
functional groups present within the hydrogel precursor solutions between all gels
evaluated (Table 5.2).

The elastic storage modulus (G’) and the average number of cross-links per unit volume of

hydrogel (v) were determined from rheological measurements (Fig. 5.4B and Table 5.3).
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Compared to the unmodified POEGMA hydrogel, all PO-OLA hydrogels show higher G’
values and, consequently, a higher average degree of cross-linking. Increasing the OLA
weight fraction from 0 wt% to 3.24 wt% increases the plateau G’ from 0.52 kPa to 3.37
kPa (Table 5.3). As the OLA graft chain length increases fromm =4to m =8, G’ increases
from 2.04+0.17 to 5.20+0.47 kPa due to stronger associations between the OLA grafts at
higher m. Increasing m to 16 seems to have little effect on the absolute value of G’;
however, it does alter the shear-dependent rheological behaviour of the gels (Fig. 5.4B).
For example, the G’ versus shear frequency profile of a hydrogel prepared with PO-OLA .
10 (the longest OLA chain used in this work) shows a significant frequency dependence that
is absent in gels prepared with shorter OLA chain length macromonomers or without any
OLA macromonomers (Fig. 5.4B). Again, this result indicates that shear-dependent
physical cross-links can form in addition to covalent cross-links in the PO-OLA hydrogels,
with the number of repeat units in the OLA macromonomer determining the efficacy of
intermolecular cross-linking (longer OLA chain lengths, affecting the rheology versus
shear) versus intramolecular cross-linking (shorter OLA chain lengths, not impacting the

rheology versus shear).

Table 5.3. Properties of the OLA-functionalized hydorgels (PO-OLA)

m*  OLA® tg Qm(22°C)° Qm (37°C)¢ G’ e
[[1  [wt%] [min] [-] [-] [kPa]  [10'" cm?]
PO 00 46 185+0.5 16.1¥0.0 0.52+0.01 1.28+0.02
PO-OLA4.10 095 55 11.4+0.1  9.9+0.1 0.83+0.07 2.04+0.17

4
PO-OLAs-10 8 157 40 10.4+0.5 9.3+0.2 2.35+0.13 5.79+0.32
PO-OLAs-2 8 3.24 62 15.0+0.7 13.3+0.2 3.37+0.15 8.30+0.37
PO-OLA6.10 16 1.72 23 12.2+0.2 11.140.2 2.11+0.19 5.20+0.47

& All hydrogels prepared by co-extruding 150 mg/mL precursor solutions in 10 mM PBS.  Theoretical OLA
chain length, ® OLA weight fraction in the hydrogels at 22°C, ¢ volumetric swell ratio determined at 37°C, ©
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the average cross-link density.

From the results presented in Figs. 5.3 and 5.4, we can conclude that cross-linking in PO-
OLA hydrogels is combination of two factors: (i) chemical cross-linking through the
formation of hydrazone bonds and (ii) physical cross-linking between the hydrophobic
OLA grafts. Furthermore, chemical and physical cross-linking in the PO-OLA hydrogels
are competing cross-link mechanisms, as the loss of conformational mobility of the
polymer chains upon OLA self-association restricts chemical cross-link density. This
competing effect is best illustrated by PO-OLAg 20, which swells to a higher Qm (Table 5.3)
and degrades significantly faster than the other hydrogels (Fig. 5.4A) (i.e. it has a lower
covalent cross-link density) yet has the highest G’ of any tested hydrogel (Fig. 5.4B) (i.e.
it has a high physical cross-link density, owing to its highest total mole fraction of LA
repeat units among all tested hydrogels as per Table 5.3). In this way, by exploiting
competing cross-link formation mechanisms, hydrogel swelling (Qm) and mechanical
strength (G”) can be decoupled, as the physical cross-links add to the mechanical strength
but interfere with chemical cross-linking. Increasing the OLA graft density from No.a =3
to NoLa = 6 significantly enhances physical cross-linking and, correspondingly, lowers
chemical cross-linking, while increasing the OLA chain length from m = 4 to m = 16 (at
roughly equimolar concentrations) has a minimal effect on the chemical cross-link density
(and thus the swelling and degradation kinetics) but increases the plateau modulus of the
hydrogel, with longer grafts likely promoting both stronger hydrophobic associations as

well as more intermolecular versus intramolecular interactions.
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Fig. 5.4. Degradation kinetics in 50 mM HCI at 37°C (A) and elastic storage modulus (B) of PO-OLA
hydrogels. (O, white) PO, ( ) PO-OLAg 10, (@, red) PO-OLAg 0, ( ) PO-OLA4.10, (@, black)
PO-OLA6.10.

Microstructure of the hydrogels: To support the hypotheses above regarding the effects of
the dual chemical/physical cross-linking mechanisms in PO-OLA hydrogels on the
hydrogel physicochemical properties, the internal morphologies of the hydrogels were
probed. Analogous to the POH-OLA precursor solutions, the PO-OLA hydrogels are
translucent and thus show signs of domain formation on a macroscopic scale (insets, Fig.
5.5). The small angle neutron scattering (SANS) intensity functions of the injectable PO-
OLA hydrogels prepared at 150 mg/mL precursor concentration (polymer weight fraction
of 0.13 w/w%) are shown in Figure 5.5. Comparing the scattering intensity (I(q)) results

between the different PO-OLA hydrogels (Fig. 5.5A), structure formation occurs over two
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different length scales. At the nanometer scale (~10 A™ to 10° A1), the functions display
a broad shoulder; at the micrometer scale (~10° A to 102 A1), the functions exhibit a
power law scattering regime. Of note, the four PO-OLA hydrogels scatter significantly
more at q < 102 A* when compared to the PO hydrogel. A similar increase in 1(q) is
observed for chemically cross-linked poly(acrylamide) (PAAmM) hydrogels with increasing
cross-link density.55¢ Consequently, the increased scattering at q < 102 A for the PO-
OLA hydrogels suggests the presence of additional cross-linking, likely attributable to
hydrophobic associations between the OLA side-chains. The hydrophobic associations add
to concentration fluctuations which are ‘frozen’ into the hydrogel morphology upon
random chemical cross-linking.%” Concentration fluctuations are likely induced in these
hydrogels by the presence of self-assembled polymer aggregates prior to co-extrusion that
are subsequently immobilized into the hydrogel via covalent cross-linking. The progression
in 1(g) shows that there is no clear trend in 1(q) as a function of the OLA graft content in
the hydrogel, likely attributable to the competing effects of chemical and physical cross-
linking in these hydrogels described earlier. Interestingly, the PO-OLA4.10 and PO-OLAs.
20 hydrogel SANS functions show significant structural similarity at g < 102 A despite
indications from the physical gel property measurements that PO-g-OLAs4.10 iS
predominantly chemically cross-linked while physical cross-linking dominates in the PO-
OLAs-20 hydrogel. In comparison, the PO hydrogel that contains no OLA (and thus does
not contain hydrophobic domains) scatters significantly less than any of the PO-OLA

hydrogels and is thus more homogeneous, as expected.
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Table 5.4. Structure properties of PO-OLA hydrogels as determined by SANS

d a 2; b =¢

[A] [A] [A]

PO 110 20.0£0.3 905
PO-OLA4-10 84 19.1+0.4 607
PO-OLAs-10 120 25.7£0.4 531
PO-OLAsg-20 86 24.4+0.4 614

PO-OLA6-10 175 36.8+0.5 598

3 Average distance between scattering intensities (d = 2m/q), ® Correlationl length of the network, ©
Characteristic size of network inhomogeneities.

The correlation length of the network increases with increasing OLA graft density from
20+0.3 A for PO to 36.8+0.5 A for PO-OLAse.10. As the OLA graft density increases,
hydrophobic associations between polymer chains promote intramolecular cross-linking
that sterically inhibits intermolecular cross-linking and results in an increase in the
correlation length of the network.®® Correspondingly, the characteristic size of
inhomogeneities decreases significantly upon the introduction of OLA grafts, from Z = 905
A for PO to ~550-600 A for the PO-OLA hydrogels. This trend is coupled with an observed
decrease in the distance between inhomogeneities from d = 110 A for the PO hydrogel to
d ~85 A for PO-OLAs-20 and PO-OLA4.10, indicating that the hydrophobic associations
between the OLA grafts promote the formation of more and smaller domains. Interestingly,
when a longer m = 16 graft length is used, the distance between inhomogeneities increases
to d = 175 A while the size of the inhomogeneities remains similar to the other PO-OLA
hydrogels; this result suggests the presence of denser domains consistent with the formation
stronger hydrophobic interactions. However, there is no clear trend in the size of
inhomogeneities between the different PO-OLA hydrogels, likely due to the competing
effects of chemical and physical cross-linking in these systems (i.e. hydrogels with higher
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self-associations also have lower covalent cross-link densities).

The indirect evidence of macroscopic structure formation based on the optical appearance

(insets Fig. 5.5), coupled with the SANS analysis (Fig. 5.5) further suggests the importance

of hydrophobic aggregation in defining the microstructure of the PO-OLA hydrogels. Most

SANS studies reported thus far on PEG hydrogels focus on chemically cross-linked PEG

diacrylates®® or physically cross-linked PLA-PEG-PLA triblock-copolymers.®® The

hydrogel system reported here combines chemical and physical cross-linking, with the

physical cross-link density directly influencing the capacity of the polymers to form a

covalently cross-linked network.
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Fig. 5.5. (A) Small angle neutron scattering (SANS) scattering intensity as a function of the scattering
vector (q) for (O, white) PO, (
black) PO-OLA6-10. (B-F) The individual scattering functions (black points) and the fit obtained with the
combined Ornstein-Zernike and squared Lorentzian functions (red line) for PO (B), PO-OLAs.10 (C), PO-
OLAg.2 (D), PO-OLA410 (E) and PO-OLA6.10 (F). Insets show the optical appearance of the PO-OLA

hydrogels prepared at 150 mg/mL in PBS.
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Drug loading and release: To demonstrate the potential of the PO-OLA hydrogels as
injectable hydrogels containing hydrophobic domains for applications in drug delivery, the
loading efficiency (Fig. 5.6) and release kinetics (Fig. 5.7) of a model protein were
determined in vitro. Bovine serum albumin (BSA) was chosen as the model protein as it is
a moderate molecular weight protein (67 kDa) that is well-known to associate with

hydrophobic domains.”®™
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Fig. 5.6. Bovine serum albumin (BSA) loading efficiency of PO-OLA hydrogels. (O, white) PO, ( )
PO-OLAs.lo, (., I’Ed) PO-OLAg.zo, ( ) PO-OLA4.1o, (., black) PO-OLA15.10,

BSA partitioning experiments were performed to quantify the affinity of each hydrogel
matrix for BSA (Fig. 5.6). Hydrogels were incubated in a 500 pg/mL BSA solution
prepared in 10 mM PBS at 37°C for 48 hours. The unmodified PO hydrogel shows the
lowest affinity for BSA, with 35.5+1.4% of added BSA loaded into the gel phase. The
presence of OLA grafts significantly improves the loading efficiency, with the degree of
drug uptake increasing linearly with the weight fraction of lactic acid repeat units in the for
hydrogels prepared with m = 4 and m = 8 (R? = 0.979 for the fit shown in Fig. 5.6, excluding
the black data point for PO-OLA16.10). The loading efficiency of PO-OLA16.10, however, is
significantly higher than what would be expected based on the weight fraction of OLA in

the hydrogel, suggesting that the long OLA chains (m = 16) form more hydrophobic
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domains than the shorter (m = 4 and 8) hydrophobic domains (consistent with the SANS
data indicating the presence of more compact inhomogeneities with this hydrogel).

BSA release from the loaded PO-OLA hydrogels was subsequently evaluated in vitro, with
the results shown in Fig. 5.7. While release is shown only for the first 48 hours for clarity,
the plateau values achieved persisted up to 3 weeks of incubation. The unmodified PO
hydrogel shows a quick burst release and releases 99% of the loaded amount of BSA in the
first 3 hours of incubation. This result is consistent with drug loading experiments that
showed that these hydrogels have the lowest affinity for the protein (Figure 5.7) as well as
the largest degree of swelling (Fig. 5.3), resulting in a gel matrix with a large mesh size
(rapid diffusion) and minimal protein affinity; this is comparable to conventional PEG
hydrogels.}"2 In comparison, when OLA is incorporated into the hydrogel, a significantly
slower burst release is observed over the first 3 hours of incubation and sustained release
is achieved following the initial burst, plateauing only after ~120 hours (Fig. 5.7). The
magnitude of burst release decreases as the amount of OLA in the hydrogel is increased; as
the total weight fraction of OLA was increased from 0.95 wt% (PO-OLA4-10) to 3.24 wt%
(PO-OLAg-20), the burst release over the first 3 hours was decreased from 73.6 £ 2.4% to
34.6 = 4.5%. The relative release kinetics are also influenced by the length of the OLA
macromonomer, with release rates increasing in the order m =4 >m =8 >m = 16 for a
fixed mole fraction of OLA macromonomer (z = 10 mol%). This latter result is consistent
with the protein uptake experiments in that the higher affinity hydrogels release protein
more slowly. It should also be emphasized that the relative release kinetics cannot be

explained solely by swelling differences between the hydrogels; for example, the PO-
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OLAg-20 hydrogel swells the most at 37°C among the PO-OLA hydrogels (Fig. 5.3) but
shows the slowest drug release kinetics (Fig. 5.7). Therefore, the difference in release
kinetics is primarily attributable to the enhancement in protein-hydrogel interactions due to
the presence of hydrophobic OLA side-chains. It is expected that further functionalization
of the hydrazide precursor or an increase in the precursor concentration can further improve
the drug release kinetics, ultimately aiming towards a minimal burst release followed by
long-term sustained release. Furthermore, as neither the POH nor any of the POH-OLA
precursors are cytotoxic up to a concentration of 2000 pg/mL (as determined from a MTT
assay on 3T3 mouse fibroblasts, Fig. 5.8) and the hydrogels are completely degradable (Fig.
5.4A), these injectable hydrogels offer significant potential for in vivo drug release

applications.
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Fig. 5.7. Cumulative bovine serum albumin (BSA) release over the first 2 days for PO-OLA hydrogels. (O,
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Fig. 5.8. Cytotoxicity of the polymer precursors and degradation products via MTT assay on 3T3 mouse
fibroblasts. (O, white) POH, (¢, purple) POA, ) POH-OLAg.10, (@, red) POH-OLAg 20, (
) POH-OLA10-30, ( ) POH-OLA;.10and (., black) POH-OLA6-10.
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4. Conclusions

Oligo(lactic acid) macromonomers have been successfully incorporated into hydrazide-
functionalized poly(oligoethylene glycol methacrylate (POEGMA) reactive precursor
polymers to facilitate the formation of injectable PO-OLA hydrogels upon mixing with an
aldehyde-functionalized POEGMA precursor. The resulting hydrogels are cross-linked via
a combination of chemical (hydrazone bond formation) and physical (OLA side-chain self-
association) mechanisms, with the competition between the two mechanisms (i.e. increased
physical cross-linking results in reduced chemical cross-linking) leading to significant
differences in the swelling, mechanical, and degradation properties of the resulting
hydrogels. Of particular interest, gel swelling, mechanics, and degradation rate can be
independently tuned according to the balance between physical and chemical cross-link
formation. Small angle neutron scattering confirms the presence of associative hydrophobic
domains inside the hydrogels prepared with OLA macromonomers, with OLA-containing
hydrogels exhibiting significantly higher scattering intensities, smaller inhomogeneity
sizes, and smaller distances between inhomogeneities relative to hydrogels prepared
without OLA macromonomer. The presence of the resulting hydrophobic domains
facilitates significantly enhanced loading, reduced burst release, and prolonged sustained
release of bovine serum albumin, with protein binding and release directly related to both
the length and the density of OLA side-chains present in the hydrogel. Given the in situ
gelation properties of these materials, the ready tunability of hydrogel properties based on
the amount and length of OLA side-chains present, and the degradability of both the
chemical and physical cross-linking networks formed within these gels, PO-OLA
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hydrogels hold significant promise for sustained delivery of hydrophobic or

macromolecular therapeutics.
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SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK

Summary of Thesis. Chapter 1 of this thesis provides an exhaustive overview of the
different covalent in situ cross-linking chemistries employed to date as described in the
literature. In this contribution, I specifically chose to focus on chemistries that can be
used to develop co-injectable pre-functionalized polymeric precursors that can

spontaneously form intermolecular chemical cross-links for rapid in situ gel formation.

Chapter 2 describes the development of an in situ forming hydrogel system based on
PNIPAM. Once formed, these hydrogels retain the environmentally responsive (i.e.
temperature dependent) physical properties of conventional PNIPAM gels. The selection
of hydrazone cross-linking chemistry was made deliberately in order to afford gels that
would form rapidly and yet degrade slowly over a clinically relevant time frame (over a
period of months). In vitro studies have shown that the precursors (i.e. degradation
products) of these gels are well tolerated by 3T3 mouse fibroblasts as well as human
retinal epithelial cells, even at very high concentrations that are well outside of the range

that would be experienced in a real application of these materials.

Chapter 3 focuses on fine-tuning a number of the physical properties of the hydrogels
described in Chapter 2 by replacing more reactive aldehydes with less reactive ketones as
the electrophilic moieties in the cross-linking chemistry. The work in Chapter 2 describes
hydrogels that form very rapidly (< 10 seconds) following coextrusion of 6 wt% (m/v)
aqueous solutions of aldehyde and hydrazide functionalized PNIPAM precursors. The

resulting gels are opaque at room temperature, implying the presence of heterogeneities
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within the hydrogels that are capable of scattering light. Beyond their effect on the gels’
optical properties, it is possible that these regions of heterogeneity could lead to
irreproducible cell differentiation or drug delivery properties if employed in those
applications. By using slower cross-linking ketones, the rate of gel formation was
decreased, providing polymer chains with ample time to evenly diffuse through the gel
matrix prior to cross-linking and thereby enabling fabrication of hydrogels with more
uniform matrices. By varying the ratio of ketone to aldehyde functionalities in the
electrophilic PNIPAM precursor polymers, gel formation and degradation Kinetics, gel
mechanical properties, and the degree of gel opacity can all be controlled. Most
substantially, by increasing the total electrophile content of polymer precursors
functionalized exclusively with ketone groups (i.e. no aldehydes present), it is possible to
retain a number of the properties of the gels described in Chapter 2 (specifically,
mechanical properties) while increasing the optical transparency of the gels compared
with those made from aldehyde-only electrophilic precursor chains. Furthermore, the
higher electrophilic ketone pre-polymers were demonstrated to be better tolerated than

conventional aldehyde-only electrophilic PNIPAM chains.

Chapter 4 of this thesis describes some of the earliest work undertaken during the tenure
of my Ph.D. This work expands upon the basic conventional PNIPAM hydrogels
described in Chapter 2 by incorporating different ratios of charged and uncharged
polysaccharides as the electrophilic precursor polymers constituting the hydrogel
matrices. By employing this “modular”, mix-and-match approach to hydrogel design,

specifically by varying the ratio of aldehyde-functionalized dextran (an uncharged
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polysaccharide) and aldehyde-functionalized carboxymethyl cellulose (a polyanionic
polysaccharide) precursors used to prepare the hydrogels, a number of hydrogel
properties including gel swelling, degradation, drug partitioning and loading, and
mechanical properties could be precisely tuned, in many cases in predictable ways based
on the simple rule of mixtures relative to the pure component hydrogel properties. This
approach facilitates the a priori design of hydrogels with well-defined properties by

simple mixing of reactive precursors instead of requiring new chemistry.

Chapter 5 describes the rational design of hydrogel precursor polymers for a specific
target application, in this case the delivery of hydrophobic or hydrophobic-associative
therapeutic targets typically difficult to deliver effectively with hydrogels. In this case,
the reactive precursors were prepared using a methacrylate (monomeric, polymerizable)
analogues of polyethylene glycol (POEGMA) and poly(lactic acid) (POLA) with varying
PLA chain lengths for the controlled release of protein drugs. Loading of the fat-carrying
protein bovine serum albumin as well as the swelling and mechanics of the hydrogel
could be tuned depending on both the overall content of PLA inside the hydrogel and the
length of each PLA side-chain. This approach represents a unique strategy to impart well-
defined chemical domains directly into hydrogels that can self-assemble on the same time

scale as gelation, leading to potentially new and useful morphologies.
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Future work. Much of the work described in this thesis focuses on the development of
injectable hydrogels that can be tuned to fit a number of biomaterials applications.
Moving forward, I would like to expand beyond the manipulation the hydrogels’ physical
properties and focus on therapeutic applications, particularly drug delivery. PNIPAM has
gained a great deal of interest in the literature because of its ability to potentially entrap
pre-loaded drug, creating a diffusional barrier to therapeutic release; however, in
application, PNIPAM’s collapse at physiological temperatures tends to result in a mass
efflux of pre-loaded drug toward the surrounding environment, limiting the ability of
these hydrogels to be effectively pre-loaded with drug for long term therapeutic effect. In
order to address this, | am currently working in collaboration with Rachelle Kleinberger
on generating poly(N-hydroxyethylacrylamide)-b-poly(N-isopropylacrylamide) precursor
copolymers synthesized using reversible addition-fragmentation chain transfer (RAFT)
polymerization. In these systems, complimentary PNIPAM chains will be given either
electrophilic or nucleophilic functionality as described in Chapter 2. Once co-extruded in
vivo, we anticipate that these systems will rapidly form hydrazone cross-linked hydrogels
but with entrapped hydrophilic poly(N-hydroxyethylacrylamide) chains immobilized
throughout the matrix that can provide an affinity domain for pre-loaded hydrophilic
drug. Such a morphology should reduce burst effect and thus significantly improve the
release kinetics of therapeutics loaded into PNIPAM hydrogels, which are an otherwise

attractive biomaterial.

Chapter 4’s work on modular mixed natural-synthetic hydrogels was carried out without

assessing in vivo biological activity toward the material. Given the ability to tune a
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number of gel parameters, which are largely based on differences in negative charge
content within the different gels offered by CMC, we may be able to exercise control over
cell fate/migration in the presence of these gels following introduction. | believe that this
work would be a significant contribution to the rational design of hydrogels for tissue

engineering applications.

The work carried out in Chapter 5 dealt with the loading and release of BSA, a large
molecule, from gels functionalized with PLA moieties, which act as hydrophobic
reservoirs. In future work, we may explore the release of small molecule hydrophobic

drugs from such a system (such as dexamethasone).

In general, it would be interesting to establish routes of elimination of synthetic polymers
within the body. We have designed our systems to biodegrade, but it is important to

establish the ultimate fate of these materials in order for them to attain clinical relevance.
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