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Lay Abstract

Injectable hydrogels are 3D water swollen gel networks formed by simple mixing of water-
soluble polymers. Such hydrogels have the potential to mimic or stimulate native tissue
functions and thus hold enormous promise in treating organ failures resulting from injuries,
aging and disease. Injectable hydrogels can also act as vehicles for various therapeutics
including drugs or cells, and they can be administered minimally invasively. They can be formed
from a variety of materials of natural and synthetic origins and through rapid physical or
chemical crosslinking mechanisms. This thesis presents the development of degradable,
thermoresponsive and injectable hydrogels using poly(oligo ethylene glycol methacrylate)
(POEGMA). We demonstrate that by modifying the chemistry of POEGMA as well as how it is
combined with other materials (e.g. charged functional groups or natural polymers like dextran)
can significantly change the swelling, degradation, mechanical, protein interaction, cell
interaction, and in vivo tissue response properties of the hydrogels, allowing them to be
customized for various applications in drug delivery, cell delivery, or tissue engineering to

improve efficacy relative to current materials.
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Abstract

Injectable hydrogels are 3D water swollen polymeric networks formed through in situ gelling
mechanisms. The minimally invasive nature of their delivery into the body, coupled with their
highly tunable chemical properties, offer broad promise in mimicking or stimulating native
tissue functions, essential to effectively treat organ failures resulting from injuries, aging and
disease. Alternately, injectable hydrogels can act as depot-based drug delivery vehicles for
various therapeutics including drugs or cells that can be injected directly at a desired site of
action for long-term efficacy. While such hydrogels can be formed from a variety of materials
(both natural and synthetic) and through a variety of in situ crosslinking mechanisms (both
physical and covalent), combining the chemical flexibility of synthetic polymers with reversible
covalent gelation in which gel degradation can be better programmed according to its
environment offers an attractive combination of properties to rationally engineer in situ gelling
hydrogels for a variety of applications.

This thesis presents the development of degradable, thermoresponsive and injectable
hydrogels based on poly(oligo ethylene glycol methacrylate) (POEGMA), using the rapid
covalent crosslinking of hydrazide and aldehyde functionalized POEGMA precursors to form a
hydrazone bond capable of undergoing hydrolytic degredation at physiological
pH/temperature. First, a new method to make synthetic and degradable hydrogels based on
POEGMA is presented, demonstrating that POEGMA in situ-gelling systems can offer the
advantageous biological interactions of current state-of-the-art poly (ethylene glycol) (PEG)
hydrogels while also offering superior flexibility to control gel properties. The thesis then
proceeds to show the facile modulation of POEGMA hydrogel volume phase transition
temperatures (VPTT) through varying the length of the ethylene oxide side chains of the
OEGMA monomers used during copolymerization. A thermoresponsive gel (similar to the
conventional poly(N-isopropylacrylamide) networks) can be achieved while maintaining the
excellent stealth like properties in vitro and in vivo of PEG hydrogels. By mixing POEGMA
precursor polymers with different phase transition temperatures together, hydrogels with
additive properties and the potential for the rational formation of internal microdomains are

generated, domains that can be leveraged to control the kinetics of protein release. Next, the
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microscopic and macroscopic effects of incorporating the charged moieties N,N-
dimethylaminoethyl methacrylate (DMAEMA) and acrylic acid (AA) into the POEGMA backbone
are explored. We identify both the potential for secondary network formation that enhances
gel mechanics as well as the potential to modulate cell responses with the hydrogels as a
function of charge type and density, including the application of these charged hydrogels as
injectable delivery vehicles for human retinal epithelial cells. Finally, mixed natural-synthetic
hydrogels were reported by the incorporation of natural polymer dextran (DEX) into the
POEGMA hydrogel platform. We show the resulting hydrogels offer the benefits of both
POEGMA (low non-specific adsorption, thermoresponsivity) and dextran (cell interactions and
enzymatic degradability), facilitating the generation of hydrogels with desirable in vivo
properties. Based on the demonstrated capacity throughout this thesis to rationally change the
properties of in situ-gelling hydrogels (often independent of other properties), this research has
significant implications for the improvement of hydrogel materials for drug delivery and tissue

engineering.

Vi
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Chapter 1: Injectable Hydrogels Based on Poly(ethylene glycol) and Derivatives as Functional

Biomaterials

Preface:

This chapter has been adapted from the original publication of a review of injectable and non-
injectable poly(ethylene glycol) based systems, as well as an outline of the design criteria for
injectable, in situ-gelling hydrogels. Examples of recent progress in the preparation of injectable
poly(ethylene glycol) (PEG) and PEG-analogue poly(oligo ethylene glycol methacrylate) (POEGMA)
hydrogels published since this review are also included to give a current summary of the state-of-the-
art in this area. An addendum is included at the end with a statement of the objectives of the thesis

and a summary of how the following experimental chapters address the overall objectives.

Emilia Bakaic, Niels M.B. Smeets, and Todd Hoare*
Department of Chemical Engineering, McMaster University, 1280 Main St. W, Hamilton, Ontario,
Canada L8S 4L7

Bakaic, E.; Smeets, N.M.B.; Hoare, T. “Injectable Hydrogels Based on Poly(Ethylene Glycol) and
Derivatives as Functional Biomaterials”. RSC Advances, 2015, 5, 35469 — 35486.
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1. Introduction

Hydrogels are water-swollen polymeric networks capable of absorbing large quantities of
water and biological fluids while maintaining a distinct three-dimensional structure.” The high water
content of hydrogels, combined with the structural similarity of hydrogels to natural extracellular

matrix (ECM),> makes hydrogels attractive synthetic materials for biomedical devices including drug

3,45 9,10,11

release depots,™™” cell delivery scaffolds,®”® functional tissues, or wound dressings.12 The cross-
linked, three-dimensional structure, while key to the ultimate applications of hydrogels, also severely
limits the ability of hydrogels to be delivered inside the body by minimally invasive routes (i.e. non-
surgical procedures such as injections). As a result, significant focus has shifted to the design of

131415 The hydrogel

“injectable” or “in-situ gelling” hydrogels that form after injection in vivo.
precursor solution can be introduced in a minimally invasive manner directly to the area of interest,
significantly reducing patient discomfort, risk of infection, recovery time, and treatment cost. Once
injected, hydrogel formation occurs through either physical cross-linking, typically exploiting the
physiological conditions in the target tissue, or by chemical cross-linking, exploiting click and/or

16718 For many applications, the use of chemical cross-linking is

dynamic covalent bond chemistry.
preferred to improve the mechanical properties of the soft material, preserve the integrity of the
hydrogel over an externally-programmed period of time (based on the type and density of cross-links
present), and enhance the chemical flexibility of hydrogel in terms of its ability to be easily
functionalized with physical or biological cues that improve its function and/or compatibility with the
surrounding tissue.™®

Herein, the relevant design criteria for injectable hydrogels will be briefly outlined and

illustrated by reviewing a number of examples from the current state-of-the-art in injectable PEG

hydrogels.
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1.2. Design Criteria for Covalently Cross-linked Injectable Hydrogels

The clinical lifetime of an injectable hydrogel can be divided into three separate stages: (i) pre-
gelation (precursor polymers in solution), (ii) therapeutic window (after injection and gelation) and
(iii) degradation (hydrogel degradation products). Rational design of injectable hydrogels thus
requires careful consideration of the synthetic and biological aspects of the precursor polymers,
resulting hydrogel, as well as the hydrogel degradation products. The key design criteria will be

discussed accordingly, as schematically depicted in Scheme 1.%%*%?
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Scheme 1. Schematic representation of the various design criteria for injectable hydrogels

1.2.1 Precursor Polymers: Hydrogel precursor polymers can be based on naturally occurring

27,28 29,30)

polymers (e.g. coIIagen,23 fibrin, 2% hyaluronic acid,® alginate, agarose,27 or dextran or

31,32

synthetic polymers (e.g. poly(N-isopropylacrylamide) (PNIPAAm), polyacrylamide (PAAm),*

poly(hydroxyethyl methacrylate) (PHEMA),** poly(vinylpyrrolidone) (PVP),*> poly(ethylene glycol)

38-40
).

(PEG)**®*” or other water-soluble polymers Although most natural polymers can be directly

cross-linked by small bifunctional molecules such as epichlorohydrin or glyoxal,38

a large variety of
chemistries has been developed to functionalize these polymers with cross-linkable functional groups
and thus avoid the need for often toxic small molecule cross-linkers.*" Synthetic polymers can be
functionalized directly through the use of functional comonomers and/or via post-polymerization

modification. Regardless of the chemical nature of the precursor, the precursor polymer needs to be
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stable, non-cytotoxic, and not elicit a significant inflammatory response from the patient’s immune
system upon injection. This latter point is especially challenging in the context of covalently cross-
linked injectable hydrogels since chemically-driven gelation requires that the hydrogel precursors are
functionalized with reactive functional groups that are not necessarily bioorthogonal® (e.g. amine,
aldehyde, or thiol groups that are also present in, or cross-reactive with, polypeptides including
enzymes, membrane proteins, etc.) However, it must be emphasized that the toxicity of functional
polymeric precursors is typically low compared to low molecular weight chemicals with the same
functionalities. For example, low molecular weight vinylsulfones (used in Michael-type addition
cross-linking with thiols) demonstrate significant toxicity, but polymer-bound vinyl sulfones cannot
enter cells and thus do not undergo toxic reactions with glutathione and DNA.* Similarly, the use of
low molecular weight glutaraldehyde for gelation has been reported to induce toxicity,” but
Hoffmann and co-workers noted no apparent cytotoxic effects associated with chitosan-
glutaraldehyde hydrogels cultivated with ATDC5 and chrondrocytes up to 14 days.”> In our
experience, both natural (oxidized dextran or carboxymethyl cellulose) as well as synthetic aldehyde-
functionalized precursors do not show any significant toxicity either in vitro (via an MTT assay on 3T3

mouse fibroblasts at concentrations up to 2000 pg/mL) 46, 47

or in vivo (via subcutaneous injection in
BALB/c mice).*®

The precursor polymers are likely to be stored for a considerable amount of time prior to clinical
use and thus need to demonstrate high stability in agueous solution. Furthermore, as administration
occurs through a needle, the precursor solutions need to be of sufficiently low viscosity, or at least
possess sufficient shear-thinning properties, to allow for easy injection. For routine applications, the
maximum needle size for injections is 25G;*> however, many ophthalmic or cosmetic applications

require as small as a 33G needle sizes. This requirement makes both molecular weight control and

polymer architecture very important in the design of a scaffold.

1.2.2 Hydrogels: For successful in vivo application, gelation (i.e. cross-linking of the precursor
polymers) must occur at physiologically relevant conditions (i.e. 5.5 < pH < 7.5 and T = 37+29C)
relatively quickly (i.e. seconds to minutes) following injection. The emergence of click chemistries has
introduced a variety of cross-linking approaches that are advantageous to the design of injectable

hydrogels,42 most notably copper-catalyzed alkyne azide reactions (CuAAC),”° strain promoted azide-
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alkyne click cycloaddtions (SPACC),'®! thiol-Michael additions,****>* Diels-Alder cycloaddition,>**

26,56,52,57 58,59

disulfide formation, , oxime chemistry,”®® and Schiff base®” formation. While not all of these
cross-link chemistries are strictly bioorthogonal, in vitro and in vivo toxicity of such chemistries can be
minimized by controlling gelation kinetics, as fast gelation kinetics reduce the amount of time that
the non-bioorthogonal functional groups are exposed to native tissue prior to consumption via cross-
linking. Gelation kinetics can be controlled by varying precursor polymer concentration, the number

of reactive groups per chain, and/or the molecular weight of the precursor polymers.60_63

Relatively
fast gelation kinetics are typically beneficial in an injectable system to minimize the diffusion of
precursors from the site of injection, which may cause adverse effects in neighboring tissues and/or
prevent hydrogel formation entirely if the dilution is too significant. However, it is important
minimize the formation of structural and mechanical defects in the hydrogel network, which directly
influences the diffusivity of therapeutics, nutrients, oxygen and (toxic) waste products. Controlling
the cross-link density of hydrogels allows for the design of injectable hydrogels that mimic a broad
range of tissue mechanics ranging from soft brain tissue (0.2-1 kPa) to relatively stiff cartilage or pre-
calcified bone tissue (20-60 kPa).®* However, in most in situ gelling systems, cross-link density and
gelation kinetics are inextricably linked (as both are governed by the degree of precursor polymer
functionalization), representing a challenge in rational hydrogel design of highly cross-linked gels that
can still be delivered by injection or weaker gels that need to be gelled quickly.

Aside from certain applications (e.g. dermal fillers),®® injectable hydrogels must be either

2067 . . . . . . . .
66.2067.884 1 hio-erodible®® to avoid surgical removal after its therapeutic lifetime has

biodegradable
expired. In tissue engineering applications, controlled degradation is even more important as a
functional aspect of the hydrogel that provides temporal cues to regulate cell proliferation and
migration within the hydrogel matrix.”® Whereas injectable hydrogels based on natural polymers are
intrinsically degradable as a result of enzymatic activity in vivo, the degradation of synthetic
precursor hydrogels must be programmed into the hydrogel design by using reversible chemistries
that both cross-link the hydrogel and provide a hydrolyzable or oxidative link that facilitates
degradation over time. The majority of biorthogonal cross-link chemistries listed earlier are
reversible and therefore perfectly suited for the synthesis of injectable hydrogels.

Similar to the precursor polymers, the hydrogel itself must not elicit an inflammatory response once

formed in vivo.** The ability of the hydrogel to “mask” itself from the host’s immune system by
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repelling protein adsorption is crucial to its success both short and long term. Protein adsorption is
generally recognized as the first step of an inflammatory cascade that recruits inflammatory
macrophages to the site of injury, initiates the formation of granulation tissue and (eventually, at
least for slow or non-degrading materials) creates a fibrotic capsule around the material.”>’? This
“walling-off” is particularly problematic for hydrogels designed for drug release or tissue
regeneration applications as it inhibits the effective diffusion of drugs, nutrients, and/or waste
products between the hydrogel and surrounding tissue.”” Although hydrogels are less prone to
protein adsorption relative to most biomaterials due to their hydrophilic and highly hydrated nature,
the choice of polymeric components in the hydrogel is crucial to further reduce protein adsorption.
PEG is still considered the gold-standard polymer to minimize protein adsorption, with PEG

73,74,75

derivatives (e.g. poly(oligoethylene glycol (meth(acrylate)), natural  polymers,’®

78,79,80

ponoxazoIines,77 and zwitterionic polymers also demonstrating favorable and, in some cases,

superior protein repellency properties.

1.2.3 Degradation Products: Hydrogel degradation can occur via direct degradation of the polymer
backbone and/or degradation of the cross-links between the individual polymer chains. Degradation

81,46,48

of the polymer backbone may proceed via an oxidative,”® hydrolytic, and/or enzymatic

mechanism.8*%

The rate of degradation depends on the chemical structure of the polymer and the
cross-link density, which govern both the thermodynamics of the bond stability as well as the kinetics
of diffusion of the bond-breaking stimulus (e.g. water, enzymes, etc.) to the degradation site. Most
biopolymers degrade via one or more of these mechanisms, resulting in non-toxic degradation
products that can be metabolized by the body. Examples of synthetic polymers that contain either
hydrolytically or enzymatically cleavable fragments in the polymer backbone have been reported84

8085 is therefore the commonly used

but require elaborate synthesis. Degradation of the cross-links
clearance mechanism for synthetic hydrogels. Consequently, the degradation products of the
hydrogel are structurally similar or in some cases identical to the original precursor polymers. Since
the carbon-carbon backbone synthetic precursors cannot be metabolized by the body, the molecular
weight of such precursor polymers needs to be carefully controlled to prevent bioaccumulation and

ensure renal clearance following degradation. Typically, a molecular weight cut-off of 20x10° -

60x10° g/mol has been reported as the kidney clearance limit.%®
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Recent progress in the design of self-immolative polymers which degrade systematically following
an external stimulus to remove a capping agent should also be noted as a potentially promising

87,88 By controlling the stability of the capping material,

strategy for driving hydrogel degradation.
programmed or even on-demand timed degradation may be achievable using this type of strategy.
While current chemistries for the design of self-immolative polymers are not directly amenable to in
situ gelation and some concerns persist regarding the ultimate toxicity of the degradation products
resulting from many of these proposed mechanisms,’ this strategy may be increasingly important

moving forward as the chemistry of self-immolative polymers continues to develop.

1.3. Current state-of-the art of injectable poly(ethylene glycol)-based hydrogels

Polyethylene glycol (PEG) is a synthetic polymer that has found wide-spread application in the
design of biomaterials due to its demonstrated non-cytotoxic, non-immunogenic and protein
repellent properties that effectively mask it from the host’s immune system.® Hydroxyl-terminated

di- and multifunctional PEG polymers can readily be functionalized with a variety of desired

91,92,51 | 43
7

functional groups (e.g. aminoxy,” azide, thiol,”® vinyl sulfone,” or maleimide,**) and cross-
linked into PEG hydrogels using a step-growth polymerization approach,""g“'95 resulting in highly
organized PEG hydrogel networks.”® These PEG hydrogels have been demonstrated to provide
excellent synthetic matrices for the controlled release of therapeutics“’a‘0 as well as tissue engineering
applications, particularly when coupled with functional biomacromolecules such as the cell adhesive
peptide RGD to enable PEG to effectively support cell growth.””?%2%% The following discussion will
highlight specific cross-linking chemistries that have been reported to generate injectable PEG-based

hydrogels.

1.3.1 Azide-Alyne Cycloadditions: The cycloaddition of an azide with a terminal alkyne has received
considerable interest for the design of hydrogels due the high selectivity and bioorthogonality of this
cross-linking chemistry. The copper(l)-catalyzed alkyne-azide (CUAAC) click reaction® is of particular
interest as it proceeds under physiological conditions. Ossipov and co-workers'’ reported the first
azide-alkyne cross-linked hydrogel for a poly(vinyl alcohol) (PVA) system. A number of PEG-based
azide-alkyne cross-linked hydrogels have since been reported. For example, Adzima and co-

workers'®* reported a PEG hydrogel based on 4-arm PEG azide and a bifunctional PEG alkyne. This
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group demonstrated temporal and spatial control over the CUAAC click reaction by using standard
photolithographic techniques to photochemically reduce Cu(ll) to Cu(l). This technique offers the
ability to selectively pattern hydrogels to e.g. promote cell adhesion and could drastically reduce the
amount of Cu(l) required for the synthesis of functional and well-defined PEG hydrogels. The
reduction of the Cu(l) concentration is particularly relevant as the associated cytotoxicity of copper
ions and reactive oxygen species generated by copper ions in vivo may pose a limitation towards
clinical application.16 Alternately, PEG-based hydrogels have been prepared based on mixtures of

101,102,103

PEG with other functional entities. For example, Tan and co-workers'®® developed a PEG

hydrogel based on PEG-alkyne and an azido-functionalized a-cyclodextrin (aCD) that can cross-link
through azide-alkyne chemistry as well as the formation of PEG-aCD inclusion complexes, providing

cooperative control over both cross-link density and degradation mechanism/time (Figure 1.1).**

inclusion

complex m\ »pj :?

: l;ross—!inkir;g

q‘; (B) % - 2 }

co-.ra!ent network covalent/ sliding-ring network pure sliding-ring network

(CV} (SR} (pSR)

Figure 1.1. Schematic representation of the formation of a-cyclodextrin (aCD)-polyethylene
glycol(PEG) hydrogels through the formation of alkyne-azide chemistry (CV), inclusion complexes
(pSR) and a combination of both (SR). Reproduced from reference 103 with permission from RSC
Publishing.

Strain-promoted alkyne-azide cycloaddition (SPAAC)*® has been reported as a promising

alternative to CuAAC, as cross-linking can occur under physiological conditions in the absence of

Cu(l). Examples of SPAAC cross-linked PEG hydrogels have been reported by Anseth’s group,”*®

which demonstrated cross-linking of a 4-arm PEG tetraazide and a bis(cyclooctyne)-peptide. Zheng
8
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and co-workers'®

reported an injectable PEG hydrogel based on 4-dibenzocyclooctynol (DIBO)
functionalized difunctional PEG and a 3-arm glycerol exytholate triazide. These hydrogels formed
within 5 minutes with a modulus of ~0.8 kPa and were capable of sustaining hMSC cell viability for 24
hours in vitro. Furthermore, the polymer precursors did not exhibit significant cytotoxicity at relevant

concentrations for hydrogel preparation.105

More recently, Hodgson et al.,, described the
development of a series of PEG hydrogels synthesized using strain-promoted alkyne-azide
cycloaddition (SPAAC) between PEG chains terminated with either aza-dibenzocyclooctynes or azide
functionalities (Figure 1.2). The mechanical, rheological properties, gelation kinetics, and degradation
kinetics could all be controlled based on the molecular weight of the precursor polymers, which were

non-cytotoxic to 3T3 mouse fibroblasts at varying precursor concentrations.”

Figure 1.2. Graphical representation of hydrogel formation between PEG,(DIBAC), (blue polymer)
and PEG10k(Ns),, (red polymer) using a double barrel syringe (left). The photograph (top right) shows
actual hydrogel disks produced, with a visual representation of an idealized hydrogel network formed
between the strained alkyne (blue) and azide (red) polymers shown below.

The high specificity, fast cross-linking kinetics, and excellent bioorthogonality will drive
continuing interest in SPAAC, although the currently cumbersome synthesis of the cyclooctynes does

at least now limit the broad applicability of this chemistry.
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1.3.2 Michael Additions: The 1,4-addition of a nucleophile to the B position of an a,B-unsaturated
carbonyl compound such as an aldehyde or ketone, commonly referred to as a Michael- type

addition, is a widely investigated approach for injectable hydrogel preparation.106

This cross-linking
chemistry occurs spontaneously under physiological conditions, especially when thiols are used as
the nucleophiles, and the formed thioether bonds are relatively weak and can be reversible. Different
o,B-unsaturated electrophiles have been used in conjunction with thiols for the preparation of

107

injectable hydrogels.”™" Although acrylates are the most commonly used electrophiles for Michael

>4 108, 10954 vinyl sulfones™ offer higher rates of cross-linking and have

additions, maleimides
attracted more recent attention for this purpose. Garcia and co-workers®® demonstrated the
advantages of these alternative electrophiles in preparing functional PEG hydrogels by cross-linking a
thiol-containing adhesive peptide (GRGDSPC) with 4-arm PEG containing acrylate (PEG-4-AC), vinyl
sulfone (PEG-4-VS), or maleimide (PEG-4-MAL) functional groups. In the presence of 4 mM
triethanolamine (TEA), gelation kinetics depended considerably on the choice of Michael acceptor,
ranging from 1-5 min for PEG-4-MAL, 30-60 min for PEG-4-VS, and 60 min for PEG-4-AC.
Furthermore, the maleimide-based hydrogels required two orders of magnitude less TEA to gel, a
significant attribute considering the known cytotoxic effects of TEA on endothelial cells, cells in the

. . .. 11
ovarian follicles, and pancreatic islet cells.**°

These hydrogels can also readily be functionalized using
a dithiol protease-cleavable RGD peptide to create an in vivo degradable network that promoted the
spreading of encapsulated C2C12 murine myoblasts.™*! Successful use of this hydrogel formulation

was demonstrated in vivo via injection onto the pericardium of an excised rat heart (Figure 1.3).

10
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Figure 1.3. Treatment of hearts using human mesenchymal stem cells (hMSC) encapsulated in a 4-
arm PEG maleimide- GRGDSPC dithiol injectable hydrogel showed reduced myocardial scarring after
28 days. A) Representative sections of infarcted hearts stained with Masson's Trichrome and treated
with encapsulated hMSCs or control gels. Blue indicates fibrotic scar. x15, scale bar=1 mm. B) Animals
treated with encapsulated hMSCs showed reduced scar area (741%; n = 6) at 28 days compared to
control treated hearts (Ml: 12+1%, n = 8; MlI+Gel: 14+2%, n = 7; MI+Gel+hMSC: 144+1%, n = 7;
MI+Gel+Empty Caps: 12+2%, n = 5). Data represent meantSEM. *P<0.05. MI indicates myocardial
infarction. Reproduced from reference 111 with permission from the American Heart Association.

Michael addition cross-linked hydrogels have also been reported in the context of drug
delivery applications, with Yu et al. cross-linking tetramaleimide and tetrathiol PEG to form
transparent PEG hydrogels that quickly gelled under physiological conditions for the ocular delivery of

. ©®
Avastin”.1*

In vitro cytotoxicity indicated that the developed PEG hydrogel had no apparent
cytotoxicity on L-929 fibroblast cells after 7 days of incubation; the cytotoxicity of the precursors was
not determined despite concerns regarding the potential cross-reactivity and oxidation of thiols in
vivo which persists as a potential limitation of thiol Michael additions. Prolonged Avastin® release

was shown in vitro from these hydrogels for a period up to 14 days.112

1.3.3 Disulfide Formation: Disulfide bonds, formed via the oxidation of two thiol groups, play an
essential structural and chemical role in protein folding and assembly. Thiols are protonated and
unreactive in their reduced states (such as in the cytoplasm), but form S-S bonds in the presence of
an oxidizing environment such as in the endoplasmic reticulum and extracellular space. Disulfide

cross-linking is of significant interest for the design of injectable hydrogels as thiol-functionalized

11
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precursors readily cross-link in the presence of oxidizing agents such as oxygen'*? but then degrade in
the presence of reducing agents such as glutathione. Alternately, disulfide rearrangements
(commonly found in nature for the formation of disulfide bonds in proteins) can be exploited for the
formation of hydrogels and/or to promote hydrogel degradation. PEG-based disulfide cross-linked
injectable hydrogels have been reported by Choh and co-workers,**? prepared by coextruding pyridyl
disulfide functionalized hyaluronic acid (HA-PD) with a PEG dithiol. Mixing of these precursors at
physiological conditions results in macroscopic gelation within 4-5 minutes. Fibroblasts, endothelial
cells (HUVECs), and adult stem cells (pMSCs) were successfully encapsulated in vitro 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. More recently, Kar et al. investigated whether the
incorporation of disulfide moieties onto the backbone of PEG-based hydrogels could create injectable
gels with degradation profiles that could be controlled by the cells encapsulated within them. The
resulting hydrogels demonstrated tunable degradation kinetics ranging from hours to months, as
facilitated by molecules secreted from human induced pluripotent stem cells (hiPSCs) and human
mesenchymal stem cells (hMSCs) such as glutathione. After in vivo administration, hMSCs were more
abundant in the host tissue compared to cells that were transplanted without the PEGDA gel after 48

and 72 hrs.1*

12
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Figure 1.4. Cell-mediated degradation of dPEGDA hydrogels. (A) Bright-field images of the release of
hMSCs from a 10-wt% cell-laden dPEGDA hydrogel, containing 2 x 10°hMSCs, as a function of time
(0-48 h). The inset shows the gross image of the corresponding cell-laden hydrogel. Scale bar:
200 um. (B) Degradation profile of 10-wt% dPEGDA hydrogels containing different numbers (0-
4x10°) of hMSCs. (C) Number of hMSCs released from dPEGDA hydrogels containing varying
numbers of encapsulated hMSCs. Reproduced from reference 114 with permission from Elsevier.

1.3.4 Diels-Alder cycloaddition: The addition of a conjugated diene to an activated double bond
(dienophile) is referred to as a Diels—Alder cycloaddition. The most commonly used Diels—Alder
reaction for cross-linking hydrogels involves the reaction between maleimide and furan

115,116,55

functionalized precursors. Diels-Alder reactions occur spontaneously under physiological

conditions and are highly selective and relatively biorthogonal, aside from free thiol groups present at

117 Although Diels-Alder adducts are considered dynamic

relatively low concentration in proteins.
covalent bonds, reversibility of the formed adduct requires elevated temperatures beyond
physiological temperature.’*’ However, hydrogel degradation can be promoted under physiological
conditions if the diffusion of hydrogel degradation products shifts the equilibrium towards the
reverse Diels-Alder reaction. An illustrative example of the use of Diels-Alder chemistry for PEG

hydrogels was recently reported by the groups of Bowman and Anseth.'®

The hydrogel network was
formed using thiol-Michael chemistry, cross-linking a 4-arm PEG maleimide with a 4-arm PEG thiol.
The maleimide functional groups are cross-reactive in Diels-Alder chemistry and thus provide a

tethering site for a furan-modified RGD peptide (See Figure 1.4). By exploiting the reversible nature

13
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of the Diels-Alder bond and le Chatelier’s principle, the peptide could be release from the hydrogel
with a release rate that is simply controlled by the excess of unreacted maleimide groups in the
formed hydrogel network. For example, doubling the amount of maleimide groups present in the
hydrogel decreased the amount of peptide released from approximately 60% to about 40%.
Consequently, this example elegantly demonstrates how two different cross-link chemistries (i.e.
thiol-Michael and Diels-Alder) can be used to independently control the rate of hydrogel degradation

as well as release.

Michael Addition Reaction
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Figure 1.4. The formation of PEG hydrogels using thiol-Michael addition and the functionalization
with a releasable fluorescent RGD peptide using Diels-Alder chemistry. A schematic representation
of the hydrogel network and the release kinetics as a function of the temperature are also shown.
Reproduced from reference 55 with permission from ACS publishing.

1.3.5 Schiff Base Formation: The nucleophilic addition of a nitrogen from an amine or hydrazide (or
similar derivatives) to the carbonyl group of a ketone or aldehyde is referred to as a Schiff base or
imine bond.™® Schiff-bases are considered dynamic covalent bonds with the advantages of fast and

tunable gelation kinetics™?°

in the absence of a catalyst and complete reversibility. Conventional
Schiff base formation between a carbonyl and a primary amine offers only limited hydrolytic stability
and thus results in relatively fast hydrogel degradation.119 Increased hydrolytic stability is achievable
by increasing the nucleophilicity of the amine derivative, with the majority of the Schiff base cross-
linked hydrogels reported have been based on hydrazone bond formation between a hydrazide and

1,11
an aldehyde. #8119

An example of a PEG-based Schiff base hydrogel was reported by Saito and co-
workers®’ for the delivery of doxorubicin. A doxorubicin-loaded hydrogel was prepared by
conjugating doxorubicin to a low molecular weight PEG dialdehyde (5 kDa) using Schiff base

chemistry, followed by mixing with a solution of a high molecular weight poly(vinylamine) (PVam)

14
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(Figure 1.5). The precursor gelled quickly upon mixing and the resulting hydrogel showed sufficient
hydrolytic stability at physiological pH for the targeted application. Prolonged doxorubicin was
demonstrated up to 100 hours.>” However, the functional groups used in Schiff base formation (in
particular aldehydes) are cross-reactive with functional groups on biomacromolecules (e.g. amines),
such that care must be taken in designing the precursor polymers and gelation times in order to avoid

potential toxicity.'*!
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Figure 1.5. Schematic representation of the formation of poly(vinylamine) (PVAm)-poly(ethylene
glycol) (PEG)-doxorubicin(doxo) hydrogels using Schiff base chemistry. Reproduced from reference
37 with permission from SAGE journals.

1.3.6 Oxime Chemistry: Oxime bonds form rapidly between an aldehyde or ketone and a
hydroxylamine under physiological conditions and offer enhanced hydrolytic stability relative to
Schiff base cross-linking strategies at the cost of requiring an acid catalyst in order to proceed at an
appreciable rate. Grover and co-workers® have used oxime chemistry to synthesize PEG hydrogels
through the reaction of an 8-arm aminooxy PEG with glutaraldehyde (Figure 1.6). The mechanical
properties, gelation kinetics, and water swelling ratios could be tuned according to the weight
fraction of precursor polymers and the pH, and hydrogels modified with RGD successfully supported
hMSC cell encapsulation. The in vivo potential of oxime cross-linked hydrogels formed between a 4-
arm aminooxy PEG and a 4-arm PEG ketone was subsequently evaluated in myocardial tissue by
introducing the hydrogel using a catheter.’® While in vitro gelation rates ranged from 30 minutes at

pH 4 to >50 hours at pH 7.4, in vivo gelation was observed within 20 minutes independent of the pH

15
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of the injection solution (pH 6.0-7.4). This effect can be attributed to the more complex biological

environment in vivo relative to in vitro experiments.

8 arm aminooxy PEG

o

: =/ : " ~GRGDSP = @

RGD peptide

glutaraldehyde /

Figure 1.6. Synthesis and encapsulation of MSCs within RGD-functionalized oxime-cross-linked PEG
hydrogels. Reproduced from reference 59 with permission from the American Chemical Society.

1.3.7 Hydrazone crosslinking chemistries: The use of hydrazone cross-linking chemistry for injectable

2

hydrogels was first proposed by Bulpitt and Aeschlimann'®® and has been further developed by

81,123 124-127 17,128,30,129

Langer’s group Hoare’s group and others to a broad range of biopolymer,
synthetic and composite hydrogel systems. Hydrazone chemistry offers significant benefits in terms
of both its fast gelation kinetics (sometimes within seconds) and the pH-responsive hydrolytic
reversibility of the hydrazone bond. Hydrazide and aldehyde functional groups can be introduced
onto a range of synthetic and natural polymers using facile and few step copolymerization and post-

polymerization modification strategies*®**°.

Furthermore, hydrazide and aldehyde functionalized
precursors provide sufficient bio-orthogonality (even in the presence of potential Schiff-base
formation between the pendant aldehydes and available amines on native proteins) such that it is

15,131 .
> This result has

atypical to see reports of any significant adverse reactions in vitro and in vivo.
been attributed to the high reversibility of the aldehyde-amine Schiff base pair (i.e. a hydrazone bond
will form preferentially to minimize free energy) and the fast gelation kinetics which rapidly consume
a large fraction of the free aldehyde groups before proteins can diffuse into the hydrogel.

The clear advantages of hydrazone crosslinked hydrogels in terms of rapid gelation and

hydrolytic degradation in vivo has resulted in their widespread recent use in drug delivery and tissue

16
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engineering applications. For example, Zhu et al. developed a hydrazone crosslinked hydrogel
comprised of a hydrazide-functionalized elastin-like protein (ELP) and aldehyde-functionalized

hyaluronic acid (HA) for use as an injectable 3D scaffold for cartilage regeneration.**

By increasing
the amount of hyaluronic acid precursor polymer incorporated, an increase in sGAG deposition
(integral for new chondrocyte formation) and a decrease in undesirable fibrocartilage accumulation
was observed. Additionally, the biological and physiochemical properties of the HA gels could be
decoupled (a common challenge associated with the use of HA hydrogels for applications requiring

mechanical stability) to maintain gel mechanical stiffness by using an off-balance stoichiometric ratio

. . 132
of aldehyde:hydrazide groups (Figure 1.7).
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Figure 1.7. Design and characterization of protein hydrogels for 3D cell encapsulation. (A) Elastin-like
protein (ELP) was designed with four modular repeats of cell-adhesive (blue) and structural elastin-
like (green) sequences. Lysine residues (red) were used to generate hydrazide-modified ELP (ELP-
HYD). (B) Synthesis of aldehyde-modified hyaluronic acid (HA-ALD). (C) ELP-HA hydrogel was
formed via reaction between hydrazide groups on ELP-HYD and aldehyde groupss on HA-ALD to form
dynamic covalent hydrazone linkages. (D & E) Rheological characterization of ELP-HA (1.8 wt%,
1.5 wt%) hydrogel during (D) an oscillatory time sweep at 25 °C demonstrates the onset of gelation
and (E) an angular frequency sweep at 37 °C demonstrates gel stability at physiological conditions.
Storage moduli (G’) are shown with filled symbols and loss moduli (G”) are shown with empty
symbols. (F) Chondrocytes demonstrated round morphology and high viability after encapsulation in
3D ELP-HA hydrogels, as shown by confocal imaging of live/dead staining. Reproduced with
permission from Elsevier.
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Apostolides et al. demonstrated an alternative application of hydrazone crosslinked systems,

using hydrazone chemistry to crosslink tetra-PEG hydrogels with self-healing properties.**?

Hydroxyl
end-functionalized tetra-PEGs were activated by either an aldehydic phenol or by an aldehyde-
protected acyhydrazide phenol to create tetrabenzaldehyde tetraPEG (TBPEG) and
tetrabenzaacylhydrazide tetraPEG (TBAHPEG) precursor solutions, which were catalyzed with an
acidic solution (pH~3.5) to form a gel within minutes. Interestingly, these hydrogels exhibited self-
healing properties dependent on the pH of the gel solution (Figure 1.8), with self healing observed at
low pHs where hydrazone bond exchange is sufficiently fast. It should be noted however that this

formulation is not a good candidate for in vivo injection since gelation is very slow (i.e. over a few

hours) at pH 7.0.

self-
healing
_>

pH 7.0

self-
healing
—_

Figure 1.8. Self-healing between tetraPEG DYNAgels prepared at low pH values, without the need for
added hydrazone bond exchange catalyst. The different colors are a direct result of the added
universal pH indicator.*** Reproduced with permission from the American Chemical Society.
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1. 4. Poly(oligoethylene glycol methacrylate)-Based Hydrogels
Despite the obvious advantages of using PEG as a precursor polymer for the preparation of
injectable hydrogels (specifically, its controlled molecular weight and protein repellent properties),
PEG also suffers from a number of limitations. As PEG can only be selectively modified at the a,w-
hydroxyl chain ends, relatively expensive multi-arm PEG precursors must be used as precursor
polymers to promote network formation at lower PEG concentrations. Furthermore, incorporation of
specific functionalities (e.g. RGD peptide or other biomolecules) effectively competes with cross-
linking since these functional tethers need to be incorporated at the same reactive sites; in this
sense, the number of cross-links and functional tethers is inherently limited by the number of chain
ends on the PEG starting materials, significantly limiting the mechanical strength of the resulting
hydrogel. Consequently, we have started exploring injectable PEG analogue polymers that can be
synthesized from free-radical polymerization as a potential system to improve upon PEG-based
hydrogel designs.
In order to address challenges with injectable PEG hydrogels and PEG more broadly as a
biomaterial, poly(oligoethylene glycol methacrylate) (POEGMA) is now being investigated as an

134,135

alternative to PEG. Unlike PEG, which is typically prepared via ring-opening polymerization and

thus cannot readily be co-polymerized with other functional comonomers, POEGMA is synthesized

134,135,136 offering excellent

from conventional (or controlled/living) free-radical polymerization,
control over polymer composition, functionality, architecture and molecular weight distribution with
a range of functional monomers to impart desired functionalities to the polymers. POEGMA can also
be made thermoresponsive via the statistical copolymerization of oligo(ethylene glycol) methacrylate
(OEGMA) monomers with varying lengths of ethylene oxide (EO) side chains (n)."*> For example,
statistical copolymers of diethylene glycol methacrylate (M(EO),MA, n = 2) and OEGMA with an
average molecular weight of 475 g-mol™ (OEGMA7s, n = 8-9) display a cloud point in water according
to a linear correlation between the cloud points of the respective PM(EO),MA (~23°C) and
POEGMA,75 (~90°C) homopolymers.*® The reversible temperature transition shows little hysteresis™’
when compared to other thermoresponsive synthetic polymers such as N-isopropylacrylamide
(NIPAAm) due to the lack of a hydrogen-bond donor.'® This property is of potential interest both for

the design of “smart”, environmentally-responsive biomaterials for on-demand drug delivery,

triggerable cell adhesion, etc. as well as more generally as PEG-based materials with significantly
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improved bioadhesion in the absence of functional peptide tags. At the same time, POEGMA has

139190 3nd non-cytotoxic properties**! when

been demonstrated to display similar bio-inert (“stealth”)
compared to PEG. One such example of use of POEGMA polymers to impart stealth properties, is the
use of POEGMA brush layers applied as coatings to various surfaces to minimize protein adsorption.
Specifically, surface-initiated ATRP (SI-ATRP) has been used to graft POEGMA brushes off of gold
surfaces to decrease protein absorption and cell adhesion.*** Recently, this same technique has been
used to create POEGMA brush layers to construct a model surface to examine protein-surface
interactions in a serum environment. The thickness of the hydrated brush layer could be well
controlled by the polymerization time and density of surface initiators. Wang et al. used total internal
reflection microscopy (TRIM) to investigate the degree to which newborn calf serum-coated
polystyrene particles would associate with the hydrated POEGMA brush layer. The thicker the
POEGMA coating of long chain OEGMA polymerized monomers (Figure 1.9 A-D), the stronger the

repulsion to the protein coating polystyrene particles and the less overall adsorption observed. **

Figure 1.9. Atomic force microscope images of the POEGMA brush layer surfaces after TIRM
measurements: (a) 4 nm-thick POEGMA brush layer, (b) 9 nm-thick POEGMA brush layer, (c) 17 nm-
thick POEGMA brush, (d) 30 nm-thick POEGMA brush layer. Reproduced with permission from
Elsevier.'®
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Building of the favourable biological properties of POEGMA polymers themselves, we and
others have considered POEGMA polymers a promising platform for the synthesis of PEG-analogue
hydrogels with improved control over the chemical, physical, and biological properties of the
hydrogels.

144,145,198 including long-

A number of POEGMA-based hydrogels have been reported to-date,
chain (PEG-like) gels targeting protein repellent coatings for protein seperation'*’ and predominantly
short-chain (PNIPAM-like) thermogelling hydrogels aiming to provide a biologically responsive

148141149 pOEGMA hydrogels are typically prepared through controlled polymerization

matrix.
techniques to design POEGMA polymers to possess a LCST behavior and thus undergo a physical sol-
gel transformation in the presence of heat.

Lutz et al. have done significant exploration of the use of POEGMA polymers to make

135, Using ATRP polymerization, they were able to create POEGMA

biologically relevant hydrogels
polymers with well defined molecular weights and LCST behaviours. Lutz et al. further investigated
varying the mol% of incorporation of OEGMA,75 (relative to the short-chain monomer M(EOQ),MA)
within the POEGMA hydrogels in the presence of human hepatocellular carcinoma (HepG2) cells and
shown high cell viabilities in each case. Of the linear polymers below, P(MEO,MA-co-OEGMA,7s)

copolymers, will have collapsed at 37 °C and formed self-aggregated gels. (Figure 1.10)
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Figure 1.10. Metabolic cell viability measured for human hepatocellular carcinoma (HepG2) cell lines
incubated at 37 °C in the presence of either a linear poly(ethylene glycol), a copolymer P(MEO,MA-
co-OEGMA,75) containing 10 mol % of OEGMA,7s units, a copolymer P(MEO,MA-co-OEGMA,75)
containing 30 mol % of OEGMA,75 units or a POEGMA,75 homopolymer. Reproduced with permission
from Wiley Interscience.
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Prior to the work performed in this thesis, injectable versions of POEGMA hydrogels were
based on the thermoresponsive properties of POEGMA to drive physical gelation upon heating and,

130 The work of Fechler et al. is one such

alternately, at the physiological temperature of 37°C.
example, in which a 4-arm PEG-b-POEGMA polymer synthesized using ATRP in the presence of either
linear or star-shaped PEG macroinitiators. By incorporating a 9:1 ratio of the short:long chain
OEGMA monomers, Fechler et al. demonstrated the ability to precisely control the interactions
between the polymers in water at different temperatures, ranging from the induction of strong
thickening effects to macroscopic gelation depending on the macromolecular architecture of the

150

polymers. However, with the exception of a 4-arm PEG-b-POEGMA polymer reported by Fechler,

which undergoes physical gelation at the physiological temperature of 37°C, 18

no previously reported
POEGMA hydrogel was either injectable or degradable in vivo, severely limiting their potential clinical

application.

1.5. Summary and Perspectives

PEG and PEG-analogue materials hold tremendous potential for the design of both in vivo
scaffolds for drug delivery or tissue engineering as well as in vitro for cell culturing applications.
Injectable analogues of such hydrogels offer even more promise both for effective 3D scaffolding of
cells in these hydrogels by simple mixing as well as non-invasive administration in vivo, reducing the
complexity of hydrogel use in the body as well as opening up potential uses of hydrogels in areas
generally disfavored for routine surgical procedures if they are avoidable (e.g. the eye). Newer
methods to incorporate multiple functional tethers (both physical and biological) on PEG-based
hydrogels to direct cell responses in more precise and, in some cases, externally triggered ways
suggest the potential use of PEG-based hydrogels in next-generation tissue engineering approaches.
However, in our view, the significant synthetic challenges associated with functionalizing PEG,
particularly in a manner that is independent of the cross-link density of the ultimate PEG-based
hydrogel network, make PEG analogues such as POEGMA of increasing significance along the path of
synthetically replicating (to the extent possible) natural cell microenvironments. To this end, an
improved understanding of the similarities and differences between the well-established tissue

responses and clearance mechanisms of PEG and those of POEGMA is essential to establish whether
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or not the synthetic versatility offered by POEGMA-based hydrogels can truly be exploited in a broad
range of potential biomedical applications.
1.6 Objectives

In light of the challenges with conventional PEG hydrogels and the opportunities posed by
POEGMA-based materials, the central objective of this thesis is to develop a library of POEGMA
precursor polymers based on hydrazide/aldehyde chemistry and explore how this library can be
applied to generate functional hydrogel scaffolds with desirable properties for tissue engineering, cell
delivery, or drug delivery applications. We hypothesize that this library of POEGMA polymers will
allow for the design and development ofnovel functional biomaterials that exhibit extremely low
protein adsorption, tunable cell interfacial properties, and favourable tissue responses while
remaining amenable to minimally invasive injection-based delivery. Additionally, we hypothesize
that the gel properties can be rationally tuned through the chemical manipulation of the POEGMA
precursor polymers and by co-incorporating natural polymer dextran as one of the precursor

polymers.

Chapter 2 describes the first reported development of injectable, degradable bulk POEGMA
hydrogels based on covalent crosslinking, with gelation occurring due to the crosslinking of hydrazide
and aldehyde group, formed through the incorporation of functional monomers acrylic acid (AA) and
N-(2,2-dimethoxyethyl)methacrylamide (DMEMAmM) with monomer oligothylene glycol methacrylate
using free radical polymerization and then post-functionalized to provide hydrazide and aldehyde
groups. This chapter aimed to show the cytocompatibility of the POEGMA precursor polymers and
how the resultant POEGMA hydrogels formed through hydrazone crosslinking could (1) match the
anti-fouling and positive cell interactive properties of conventional poly(ethylene glycol) hydrogels,
but (2) create systematically tunable physiochemical properties (swelling, degradation, mechanics)
through the facile incorporation of varying densities of functional monomer and/or polymer
precursor concentration. By creating a system analogous to PEG-based hydrogel scaffolds, the further

investigation of translation to biomedical applications could be pursued.

Chapter 3 represents a thorough investigation of the effect of varying the LCST behaviour of
POEGMA precursor polymers and the effect of polymer LCST on both the physiochemical and
biological properties of the POEGMA hydrogels. This chapter builds on the results from Chapter 2,
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where we looked at one POEGMA hydrogel system with an LCST above 90° C, and thus does not
exhibit a volume phase transition temperature around body temperature. This chapter describes the
formulation of 2 new hydrogels based on the manipulation of LCST of the precursor polymers to form
(1) a POEGMA hydrogel mimicking the volume phase transition temperature of PNIPAM, and (2) a
POEGMA hydrogel already collapsed at room temperature. These new POEGMA hydrogels
demonstrated that manipulation of temperature responsive properties could in fact affect both the
physiochemical (swelling, degradation, mechanics) and biological (protein adsorption, cell adhesion,
temperature-switchable cell delamination, and in vivo inflammatory responses) substantially.

Chapter 4 describes the further development of systematically tunable, modular mix-and-
match hydrogel scaffolds based on the mixing of precursor polymers (PEG-like and PNIPAM-like) at
different ratios. Specifically, we aimed to create an “off-the-shelf” concept hydrogel platform, with
end-user biomedical companies in mind in which hydrogel properties could be easily tuned by simple
mixing of precursor polymers with well-defined properties. Such an approach enables a hydrogel
scaffold to be made easily application specific without the need for further synthetic synthesis of new
precursor polymer. Macroscopically, bulk properties of a single precursor can be predicted based on
the mixture of polymers that yield the same properties. Microscopically, the introduction of
precursor polymers with different LCSTs leads to the formation of heterogeneity in microscale
morphology within the systems leading to areas of more collapsed polymer that increase and
modulate the protein adsorptive and adsorptive behaviours, cell adhesion, and in vivo inflammatory
responses.

Chapter 5 describes the development of a new set of POEGMA precursor polymers that
include both cationic (N-dimethylaminoethylmethacrylate, DMAEMA) and/or anionic (acrylic acid)
(AA) functional comonoomers. The polymers were prepared using long-chain OEGMA (n=8-9) and
functional monomer acrylic acid (leading to  hydrazide groups) or N-(2,2-
dimethoxyethyl)methacrylamide (DMEMAm, leading to aldehyde groups). Using these novel
synthesized polymers, four uniquely charged hydrogel systems (neutral, cationic, amphoteric and
anionic) were created and characterized via both bulk macroscopic measurements (swelling,
degradation profiles, mechanical properties), and microscopic morphology assays (small angle

neutron scattering (SANS) and isothermal titration calorimetry (ITC)). The structure-property
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correlations between charge effects at varying lengths scales were described and developed to
further develop the design of POEGMA hydrogels for targeted applications.

Chapter 6 describes the investigation of charge inclusion in the thermoresponsive POEGMA
hydrogel platform firstly described in Chapter 3 to create functional hydrogels targeted for use as a
cell delivery matrix. By using similar chemistry to Chapter 5 but using more short chain OEGMA
monomer to create dual charged and thermoresponsive hydrogels, four new charged and
thermoresponsive hydrogels (neutral, cationic, amphoteric and anionic were developed). The impact
of charge on the physiochemical properties of the gels was analyzed, with specific note to
characterize the effect of charge on the temperature response and the dual cross-linking (covalent
and ionic) occurring in the amphoteric gel system. Cell adhesion of 3T3 mouse fibroblasts and cell
viability/proliferative ability of ARPE-19 human retinal epithelial cells were both found to be
enhanced in the charged hydrogels, with different charges influencing cell viability, clumping, and
proliferation in subtly different ways over the 15 day time course observed. Additionally, the in vivo
chronic tissue response following subcutaneous injection into BALB/c mice was mild for gels prepared
with all charge types. The results of this chapter confirm the potential translatability of these

POEGMA hydrogels for practical in vivo applications.

Chapter 7 describes the effects of incorporating a natural polymer (dextran) into the
POEGMA gels by oxidizing dextran to expose aldehyde groups and forming gels using the same
hydrazone chemistry. Our interest in such modification is to introduce native biological activity
(e.g. enzymatic degradation) into such hydrogels while still maintaining the benefits of POEGMA.
Dextran is shown to enhance cell adhesion to the gels while maintaining the thermoresponsive
properties and low non-specific protein adsorption of POEGMA, at least when the residual
aldehyde content of the gel is kept low. This chapter thus outlines the effect of including a
natural polymer into the POEGMA gel system and the subsequent impacts of that natural
polymer on the both the physiochemical and biological properties, offering the potential to
better mimic cell extracellular matrices to control cell responses.

Chapter 8 summarizes the main conclusions of the thesis as well as proposes future

experiments to extend this work.
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Chapter 2: Injectable and Tunable Poly(ethylene glycol) Analogue Hydrogels Based on
Poly(oligoethylene glycol methacrylate)

Preface:

This chapter has been reproduced from the original publication of a communication describing the
indepth synthesis and characterization of physiochemical and biological properties of injectable
poly(oligoethylene glycol methacrylate) (POEGMA) hydrogels. This chapter outlines the design of
hydrazide and aldehyde functionalized POEGMA precursor polymers, that when mixed or injected
from a double barrel syringe, form injectable and degradable hydrogels with tunable gelation
kinetics, swelling and degradation profiles and mechanics based on the variation of concentration or
reactive monomer incorporation. This chapter also describes the further investigation of comparable
protein adsorption and cell viability responses to typical poly(ethylene glycol) hydrogels, making
them non-fouling and cytocompatible. The ease of adhesive peptide RGD conjugation to increase 3T3

fibroblast cell adhesion as well as the in vivo acute and chronic responses are also discussed.
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Abstract

Injectable PEG-analogue hydrogels based on poly(oligoethylene glycol methacrylate) have been
developed based on complementary hydrazide and aldehyde reactive polymeric precursors. These
hydrogels display the desired biological properties of PEG, form covalent networks in situ following
injection, and are easily modulated for improved control over their functionality and

physiochemical properties.
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2.1 Introduction

Poly(ethylene glycol) (PEG) hydrogels have been extensively studied as matrices for
the controlled release of therapeutics and as scaffolds for promoting tissue regeneration.1
PEG hydrogels are hydrophilic, non-cytotoxic and non-immunogenic and can effectively
mask the material from the host’'s immune system.’ A significant drawback of PEG,
however, is that the polymer lacks chemical versatility given that functionalization is limited
to the hydroxyl chain end(s).? PEG hydrogels are predominantly synthesized via step-growth
polymerization of complimentary a,w-functionalized PEG precursors using a range of
different chemistries.* Although step-growth polymerization minimizes network non-
idealities, chemical modification of linear PEG precursors is limited and there is increasing
interest in polymers with similar (biological and physicochemical) properties that can be
synthesized in a facile manner with improved control over the polymer functionality.5

Hereto, we prepared PEG-analogue hydrogels based on poly(oligoethylene glycol
methacrylate) (POEGMA) that exhibit all of the desirable protein and cell-repellent
properties of conventional PEG hydrogels while also being injectable, degradable, and easily
chemically and mechanically tunable, enabling facile preparation of hydrogels, useful from
the perspective of injectable tissue engineering matrices, drug delivery vehicles for local
small molecule or macromolecule delivery, or joint lubricants, among other potential
applications. POEGMA is synthesized via simple free radical copolymerization6 and has been
demonstrated to serve as an effective PEG analogue, exhibiting corresponding non-
immunogenic, non-cytotoxic and protein repellent properties to PEG.” A number of
POEGMA-based hydrogels have been reported to-date;® however, none are covalently
cross-linked while also being injectable and degradable in vivo, severely limiting their

potential clinical application.
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2.2 Results and Discussion
Our PEG-analogue hydrogels are based on hydrazide and aldehyde functionalized
POEGMA precursors that rapidly form a hydrogel network through reversible hydrazone

bond formation® upon co-extrusion (see Scheme 1).
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Scheme 2.1 Preparation of injectable PEG analogue hydrogels

The injectable, in situ gelling nature of this system is useful to circumvent many of
the issues concerning surgical implantation of bulk hydrogel-based materials. The
hydrazide-functionalized POEGMA precursors (PO1g0H,) were synthesized by copolymerizing
OEGMA,75 (EO repeat units, n = 8-9) with acrylic acid (AA) and subsequent post-
polymerization modification using EDC chemistry with a large excess of adipic acid
dihydrazide. The aldehyde-functionalized POEGMA precursors (PO190A,) were synthesized
by copolymerizing OEGMA,4;s with a functional acetal monomer (N-(2,2-
dimethoxyethyl)methacrylamide, DMEMAmM) and subsequently converting the acetal to the
corresponding aldehyde by acid-catalyzed hydrolysis (Scheme 2.1). The degree of
functionality of the PO19oH, and PO10A, precursors was controlled by varying the AA and
DMEMAmMmM content from y = 20 to 40 mol% (Supporting Information, Table S.2.1 and Fig.
S2.1). The number-average molecular weight of the precursor polymers was controlled to
be lower than 20x10° g/mol, well below the renal clearance limit of 40-50x10° g/mol to
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facilitate polymer elimination following gel degradation.10

POEGMA hydrogels were prepared by co-extruding PO1g0H, and PO1p0A, solutions in
10 mM PBS using a double-barrel syringe. Gelation occurs over time frames ranging from a
several hours (~ 8 hours) to a few minutes (< 10 min) (Supporting Information, Table S2),
The hydrogels swell in PBS following preparation (Fig. 2.1E-J), indicating high water affinity.
For POEGMA hydrogels prepared with precursors containing 25, 30 or 40 mol% functional
groups (either hydrazide or aldehyde), the equilibrium mass-based swelling ratio (Qy,) is
reached within 30 h (Supporting Information, Fig. S2.2) and decreases systematically with
both the degree of chain functionalization and the concentration of precursor polymers
used to prepare the hydrogel (Fig. 2.1A). This result suggests that facile tuning of the
hydrogel water content at equilibrium is possible based on the types and concentrations of

precursor polymers used (see Supporting Information for a more detailed explanation).
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Fig 2.1 Physiochemical characterization of injectable POEGMA hydrogels. A) Bottom point =
Initial swelling and top point = equilibrium swelling (A) 25 mol%, (®) 30 mol% and (V) 40
mol%. B) Degradation kinetics at 30 mol% functionality in 100 mM HCI (O) 100 mg/mL,( ) 125
mg/mL, (©) 150 mg/mL, (®) 175 mg/mL, (®) 200 mg/mL and (A) 150 mg/mL and 40 mol%. C-
D) Elastic storage modulus as a function of the precursor functionalization (C) and concentration
(D). E-J) Photographs of the unswollen and swollen hydrogels (grid = 0.5 mm x 0.5 mm)
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The injectable POEGMA hydrogels are cross-linked through the formation of dynamic
hydrazone bonds, which are reversible in an aqueous environment. Aqueous size exclusion
chromatography of the degradation products of a hydrogel prepared from PO;qoH30 and
PO100A30 confirmed that the molecular weight distribution (MWD) of the degradation
products is virtually identical to the combined MWDs of both precursor polymers (see
Supporting Information, Fig. S2.3). Consequently, the POjp0H, and POjgA, polymers
represent both the hydrogel precursors are well as the hydrogel degradation products. MTT
assay results following exposure of 3T3 mouse fibroblasts to PO1g0H, and PO100A, confirm
that these materials do not impart any significant in vitro toxicity up to a concentration of
2000 pg/mL (Supporting Information, Fig. S2.4), suggesting that both the precursors and
degradation products of the hydrogels are compatible with cells.

The degradation rate of the POEGMA hydrogels is governed by the cross-link density
and thus by the degree of functionalization and concentration of the POp0H, and PO1p0A,
precursors (Fig. 2.1B). Hydrogels prepared with precursors at low concentrations (< 125
mg/mL) or with low degrees of functionalization (< 30 mol%) degrade in <1 min. in 100 mM
HCI, while hydrogels prepared with precursors at a high concentration (200 mg/mL) or with
a high degree of functionalization (40 mol%) degrade significantly slower, requiring
approximately 5 hours to fully degrade under acid-catalyzed conditions (Fig. 2.1B). Long-
term incubation showed that the hydrazone cross-linked POEGMA hydrogels (150 mg/mL
and 30 mol% reactive hydrazide and aldehyde groups) are stable for at least 5 months
under physiological conditions in vitro but degrade within 4 weeks in vivo following
subcutaneous injection in BALB/c mice.

The PO100Hy and POqg0A, precursors yield hydrogels with elastic moduli that can be
tuned depending on the number of reactive functional groups as well as the precursor
concentration. G’ values range from 0.23 + 0.02 kPa (150 mg/mL, 25 mol%) to 8.0+1.0kPa
(150 mg/mL, 40 mol%) (Fig. 2.1C-D and Supporting Information Figs. S2.5 and S2.6). For
comparison, the G' of conventional PEG hydrogels prepared from multi-arm and di-
functional PEG precursors at comparable concentrations typically ranges from 0.25 to 6.0

kPa,*t-AcAtak analogous to the range reported here. However, the modulus of these POEGMA
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hydrogels can be tuned independently of polymer concentration (and thus hydrogel
osmotic pressure) if desired by modifying the precursor functionality, not possible using

conventional PEG chemistry.
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Fig.2.2 Biological properties of injectable POEGMA hydrogels (based on PO1ggH3p and PO1ppA3 at
150 mg/mL). A-B) Adsorption of BSA (A) and Fibrinogen (B). C-E) Fibroblast adhesion after 7
days to a polystyrene control (C), POEGMA hydrogel (D) and an RGD-functionalized hydrogel (E).
F-G) acute (F) and chronic (G) in vivo response to POEGMA hydrogels.

The biointerfacial properties of the injectable POEGMA hydrogels (prepared at 150
mg/mL and 30 mol% functional groups) were evaluated using protein adsorption (Fig. 2.2A-

B) and cell adhesion (Fig. 2.2C-E) assays. POEGMA hydrogels were incubated with bovine
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serum albumin (BSA) and fibrinogen (Fib) at varying concentrations. BSA and Fib adsorption
to the POEGMA hydrogel is maintained below 100 and 500 ng/cm?, respectively, even upon
exposure to a 2000 pg/mL protein solution (Fig. 2.2A-B), comparable to adsorption values
reported for conventional PEGylated surfaces.’* Note that protein absorption is also likely
to occur for POEGMA hydrogels, suggesting that the true protein adsorption on the
hydrogel surface is likely even lower than reported in Fig. 2.2A-B. Furthermore, negligible
adhesion of fibroblast cells (noted to adhere particularly strongly to many biomaterials due
to their inherent ability to produce extracellular matrix)'? is observed to the POEGMA
hydrogels, with 6 + 1 cells/mm? (n = 6) observed on POEGMA hydrogel interfaces (Fig. 2.2D
and Supporting Information Fig. $2.7) compared to 2400 * 130 cells/mm? (n = 6) for tissue
culture polystyrene interfaces (Fig. 2.2C) after 7 days of incubation. The presence of
reactive functional groups in the POEGMA hydrogel precursor polymers facilitates facile
tuning of the cell-hydrogel interactions achievable with POEGMA hydrogels. For example,
PO100A30-RGD precursors (average of 1 RGD sequence per chain) were synthesized to
prepare POEGMA hydrogels containing 1.2 mM RGD, comparable to other RGD
functionalized hydrogels reported previously.™® At this concentration, RGD promotes a 6-
fold increase in 3T3 mouse fibroblast adhesion to the injectable POEGMA hydrogel, as 36 +
1 cells/y/mm? (n = 6) adhere (Fig. 2.2E). Note that the average degree of RGD
functionalization can be increased independent of the cross-link density, simply by
functionalizing the precursors with a larger fraction of aldehyde groups, making cell-
hydrogel interactions easily tunable using a POEGMA-based hydrogel system. Thus, the
injectable POEGMA hydrogels reported herein can either suppress or support cell adhesion,
consistent with other PEG-based hydrogels reported in literature that are typically non-
injectable and significantly more limited in terms of compositional diversity.

The in vivo response to the POEGMA precursors and hydrogel was evaluated by
subcutaneous injection using a double-barrel syringe in BALB/c mice. Stable hydrogels were
formed in the subcutaneous space of the mice with minimal leukocytotic infiltration at the
hydrogel-tissue interface (< 100 cells/mm?), suggesting a relatively mild acute inflammatory

response 3 days post-injection (Fig. 2.2F). The POEGMA hydrogel fully degraded after one
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month (Fig. 2.2G), with no signs of chronic inflammation (i.e. macrophages, foreign body
giant cells, granulation tissue) or fibrous capsule formation observed histopathologically.
This result suggests that injectable POEGMA hydrogels are well-tolerated in vivo, again
analogous to conventional PEG hydrogels. It should be emphasized that in vitro degradation
studies suggest that the degradation lifetime of the POEGMA hydrogels can be tuned based
on the number of cross-linkable groups incorporated in the hydrogel (Fig. 2.1B); in this
sense, hydrogel clearance kinetics in vivo may also be engineered.

In conclusion, we have prepared injectable, hydrazone cross-linked hydrogels based
on POEGMA that exhibit the same favourable biological properties of conventional PEG-
based hydrogels (i.e. facilitating minimal protein adsorption, no significant cellular
adhesion, and no significant chronic inflammatory responses in vivo) while offering the
significant advantages of facile synthesis, rapid in situ gelation following injection, tunable
mechanics, tunable degradation times, and excellent control over chemical composition and
functionalizability. These results suggest the potential of these POEGMA-based hydrogels as
a platform for the design of engineered hydrogels for a variety of biomedical applications

now served by conventional PEG hydrogels.
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2.4 Supporting Information

$2.1 Experimental

$2.1.1 Materials: Oligo(ethylene glycol) methyl ether methacrylate with an average number-
average molecular weight of 475 g/mol (OEGMA,7s, Sigma Aldrich, 95%) was purified by passing
it over a column of basic aluminum oxide (Sigma Aldrich, type CG-20) to remove the methyl
ether hydroquinone (MEHQ) and butylated hydroxytoluene (BHT) inhibitors. Acrylic acid (AA,
Sigma Aldrich, 99%), thioglycolic acid (TGA, Sigma Aldrich, 98%) and 2,2-azobisisobutryic acid
dimethyl ester (AIBMe, Wako Chemicals, 98.5%), adipic acid dihydrazyde (ADH, Alfa Aesar,
98%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth, Compton CA,
commercial grade), sodium cyanoborohydride (NaBH3CN, Sigma Aldrich, reagent grade),
aminoacetaldehyde dimethyl acetal (Sigma Aldrich, 99%), 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO, Sigma Aldrich, 98%), methacryloyl chloride (Sigma Aldrich, purum), bovine serum
albumin (BSA, Sigma Aldrich, >96%), fibrinogen from human plasma (Sigma Aldrich), Arg-Gly-
Asp (RGD, Sigma Aldrich, 297%)and fluorescein isothiocyanate (FITC, Sigma Aldrich, 90%) were
all used as received. 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).
3T3mouse fibroblasts were obtained from ATCC: Cederlane Laboratories (Burlington, ON). Cell
proliferation media, recovery media, and trypsin-EDTA were obtained from Invitrogen
(Burlington, ON). Media contents included Dulbecco's Modified Eagle Medium-high glucose
(DMEM), fetal bovine serum (FBS), penicillin streptomycin (PS), and trypsin-EDTA and were
purchased from Invitrogen Canada (Burlington, ON). Thiazolyl blue tetrazolium bromide (MTT)
was purchased from Sigma Aldrich (Oakville, ON). LIVE/DEAD assay for cell viability were

purchased from Invitrogen Canada (Burlington).

$2.1.2 Chemical Characterization: Aqueous size exclusion chromatography (SEC) was
performed on a system consisting of 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
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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 narrow-dispersed poly(ethylene glycol)
standards ranging from 106 to 584x10° g/mol (Waters). *H-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.

$2.1.3 Synthesis of N-(2,2-dimethoxyethyl)methacrylamide (DMEMAmM): The N-(2,2-
dimethoxyethyl)methacrylamide (DMEMAmM) monomer was synthesized by adding
aminoacetaldehyde dimethylacetal (50 mL, 461 mmol) and 100 mg of TEMPO to a concentrated
sodium hydroxide solution (100 mL) at 10 °C. Methacryloyl chloride (47.08 mL, 486 mmol) was
then added drop-wise over a period of 2 hours under nitrogen, and the resulting mixture was
allowed to react for 24 hours under nitrogen at room temperature. Subsequently, the mixture
was extracted with 150 mL of petroleum ether to remove impurities. The aqueous phase was
then saturated with sodium chloride and extracted three times with 75 mL tert-butyl methyl
ether. The organic phase was dried with magnesium sulfate, filtered, and concentrated under
reduced pressure, yielding an orange oil as the final product. This product was stored in the
dark at 10 °C until use. Purity (determined from *H-NMR) = >99%. H-NMR (DMSO, 600 MHz): &
=1.75 (s, 3H, -CH3), 6 = 2.92 — 3.23 (m, 8H, O-CH3 and —N(H)-CH2), 6 = 4.33 (t, 1H, -CH), & =
5.24 (s, 1H, =CH2) , 6 =5.57 (s, 1H, =CH2) , 6 = 7.89 (s, 1H, -NH).
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$2.1.4 Synthesis of the hydrazide-functionalized precursor (PO;o0H,): PO1goH, precursors were
prepared by adding AIBMe (37 mg, 0.14 mmol), OEGMA,5 (4.0 g, 8.4 mmol), AA (0.25 g, 3.5
mmol, for PO1goH30), and TGA (1 pL, 0.02 mmol) to a 50 mL Schlenk flask. Dioxane (20 mL) was
added and the solution was purged with nitrogen for at least 30 minutes. Subsequently, the
flask was sealed and submerged in a pre-heated oil bath at 75°C for 4 hours under magnetic
stirring. After the solvent was removed, the resulting poly(OEGMA-co-AA) polymer was purified
by dialysis against DIW for a minimum of 6 (6+ hour) cycles and lyophilized to dryness. The
carboxylic acid groups of POH precursor were subsequently converted to hydrazide groups via a
carbodiimide-mediated conjugation of a large excess of adipic acid dihydrazide. The polymer
(3.8 g) was dissolved in 100 mL DIW and added to a 250 mL round-bottom flask. ADH (2.65 g,
15.2 mmol, 5 mol eq.) was added and the pH of the solution adjusted to pH = 4.75 using 0.1 M
HCI. Subsequently, EDC (1.18 g, 7.6 mmol, 2.5 mol eq.) was added and the pH maintained at pH
= 4.75 by the dropwise addition of 0.1 M HCl over 4 hours. The solution was left to stir
overnight, dialyzed against DIW for a minimum of 6 (6+ hour) cycles, and lyophilized. The
degree of functionalization was determined from conductometric base-into-acid titration. The

polymers were stored as 20 w/w% solutions in PBS at 4°C.
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$2.1.5 Synthesis of the aldehyde-functionalized precursor (PO190Ay): PO100A, precursors were
prepared by adding AIBMe (60 mg, 0.26 mmol), OEGMA,7s (4.0 g, 8.4 mmol), DMEMAm (0.60 g,
3.5 mmol, for PO1g0A30) and TGA (1 pL, 0.02 mmol) to a 50 mL Schlenk flask. Dioxane (20 mL)
was added and the solution was purged with nitrogen for at least 30 minutes. Subsequently,
the flask was sealed and submerged in a pre-heated oil bath at 75°C for 4 hours under magnetic
stirring. After polymerization, the solvent was removed and the poly(OEGMA-co-DMEMAmM)
polymer was purified by dialysis against DIW for a minimum of 6 (6+ hour) cycles and
lyophilized to dryness. The acetal groups of POoA were subsequently converted to aldehydes
by dissolving 3.5 g of the copolymer prepared above in 75 mL DIW and 25 mL 1.0 M HCl in a 250
mL round-bottom flask. The solution was left to stir for 24 hours, dialyzed for a minimum of 6

(6+ hour) cycles and lyophilized to dryness. The polymer was stored at 20 w/w% in PBS at 4°C.
y yop y poly

$2.1.6 Synthesis of RGD labelled POA: RGD labelled POA precursor (PO190A30-RGD) was
prepared by incubating a solution of PO1pA3 (0.6 g) and RGD (10 mg, 28.9 umol) in 50 mL
distilled deionized water for 24 hours under continuous agitation. Subsequently, sodium
cyanoborohydride (18.2 mg, 0.29 mmol, 10 mol eq. to RGD) was added and the solution was
stirred for another 48 hours. The solution was dialyzed for a minimum of 6 (6+ hour) cycles and

lyophilized to dryness. The polymer was stored as 20 w/w% solution in PBS at 4°C.

$2.1.7 Synthesis of fluorescein-isothiocyanate labelled proteins: Fluorescein-isothiocyanate
(FITC)-labelled bovine serum albumin (BSA-FITC) and fibrinogen (Fib-FITC) were prepared by
dissolving 50 mg of the protein in a 100 mL carbonate buffer at pH =9.0. FITC (1 mg) was added
and the solution was incubated at room temperature for at least 12 h under gentile mechanical
agitation. The FITC-labelled protein was subsequently dialyzed against distilled deionized water
6 (6+ hour) cycles and lyophilized to dryness. The isolated conjugated protein was stored at -4°C
in the dark. For both proteins, a calibration curve was prepared to relate their concentration in

PBS to the fluorescence signal measured at A = 495nm and 535nm, with linear calibration
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curves (R°>0.99) observed in the concentration range of 2 to 10 pg/mL and 10 to 100 ug/mL

respectively for BSA and fibrinogen.

$2.1.8 Preparation of injectable hydrogels: POEGMA hydrogels were prepared via co-extrusion
of hydrazide-functionalized (POH) and aldehyde-functionalized (POA) precursors dissolved in 10
mM PBS. Intensive mechanical mixing of both polymer precursor solutions was achieved
through the use of 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 L) and incubated at room temperature for at least 12 hours

to ensure complete gelation prior to testing.

$2.1.9 Swelling kinetics: Swelling of POEGMA hydrogels was determined at 22°C in 10 mM PBS
at pH 7.4. Hydrogels (n = 4) 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). At predetermined time
intervals, the cell culture inserts were removed from the well, the PBS drained, and the
hydrogel gently dried to wick off non absorbed PBS prior to weighing of the hydrogel.
Subsequently, the hydrogels were resubmerged in a fresh 4 mL of PBS solution and tested
repeatedly until equilibrium swelling was reached (generally ~30 hours). Error bars represent
the standard deviation of the replicate measurements. The mass-based swell ratio (Qn) was
calculated by dividing the mass of the hydrogel at any given time point (m;) by the dry mass of

polymer in the hydrogel (m, = initial hydrogel mass X (1 — water content)).

$2.1.10 Degradation kinetics: Degradation of POEGMA hydrogels was determined at 37°C in
100 mM HCI at pH 1.0; these acid-catalyzed conditions were used to compare the degradation
properties of the hydrogels on a more measurable time frame. Hydrogels (n = 4) were placed
into cell culture inserts that are subsequently placed in a 12-well cell culture plate and
completely submerged with the HCI solution (4 mL per well). At predetermined time intervals,

the cell culture inserts were removed from the well, the PBS drained and the hydrogel gently
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dried to wick off non absorbed solution prior to weighing of the hydrogel. Subsequently, the
hydrogels were resubmerged in fresh HCl solution (4 mL/well) until the hydrogel was
completely degraded (i.e. no separate phase was observed between the hydrogel and the HCI

bath solution). Error bars represent the standard deviation of the replicate measurements.

$2.1.11 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 within 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.

$2.1.12 Cytotoxicity assay: The cytocompatibility of POH and POA precursors (n = 4) was
guantified using a MTT assay. NIH 3T3 fibroblasts were maintained in tissue culture flasks in
DMEM supplemented with 10% FBS and 1% penicillin. Cytotoxicity of the linear polymers (at
concentrations ranging from 200 to 2000 pg/mL) was evaluated using an MTT assay over a 1-
day exposure time. 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. Cell
viability was then characterized by removing the polymer solution, adding the MTT solution,
and incubating over four hours. The absorbance of the MTT solution was read using a Biorad
microplate reader (model 550) at 570 nm, normalized against a 630 nm baseline, and compared
to that measured in cell-only wells in which no materials were added to estimate relative cell
viability. Each experiment (hydrogels as well as controls) were done in quadruplicate, with

reported errors representing the standard deviation of the replicates.

$2.1.13 In vitro protein adsorption assay: Protein absorption to the POEGMA hydrogels was

assayed in 96 well plates. POH and POA polymer solutions (150 mg/mL) were sterilized and 60
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uL of each precursor solution was extruded into each well and left overnight to ensure
complete gelation. Once gelation was complete, 60uL of 10 mM PBS was added to each well
and hydrogels were allowed to swell to equilibrium prior to protein addition (over 30 hours).
Unabsorbed PBS was then removed, and 60uL of either BSA-FITC or Fib-FITC solution (125, 250
or 500 pg/mL) was added. The hydrogels were incubated for 2 hours at 37°C. After 2 hours, the
hydrogels were rinsed to remove unadsorbed protein and the fluorescence signal was
measured using a VICTOR 3 multi-label microplate reader and compared to the stock solution
controls. Each experiment (hydrogels as well as controls) were done in quadruplicate, with

reported errors representing the standard deviation of the replicates.

$2.1.14 In vitro cell adhesion assay: Cell adhesion to the POEGMA hydrogels and RGD-
functionalized POEGMA hydrogels was assayed in 48-well plates using 3T3 fibroblasts as a
model cell line. Hydrogels were directly extruded into each well, with 100 uL of each sterilized
polymer precursor solution (150 mg/mL in 10 mM PBS) added and then left overnight to ensure
complete gelation. Gels were then washed with DMEM culture media prior to cell addition.
Cells were plated on top of the hydrogels at a density of 2.0 X10" cells per well together with
400 pL of DMEM and incubated for 24 hours at 372C. After incubation, a LIVE/DEAD assay was
conducted to visualize cells using microscopy and quantify adhesion. After staining, each well
was washed three times with sterile 10 mM PBS to remove any non-adherent cells from the
gels. Once washed, the resulting fluorescence of the cells on the gels was quantified using a
VICTOR 3 multi-label microplate reader and compared to the cell-only TCPS control. All
experiments were conducted in quadruplicate and multiple images (minimum 10) were taken
per well for analysis, with error ranges reported representing the standard deviation associated
with the cell counts in the replicate measurements. Cell morphology on the hydrogels was

visualized using a Zeiss Axiovert 200M fluorescence/live cell imaging microscope.

$2.1.15 In vivo tolerability assay: The in vivo toxicity of the POEGMA hydrogels was assessed
using a mouse subcutaneous injection model. A total of four BALB/c mice (22-24 g, Charles

River Laboratories) were injected with 0.35 mL samples of a 150 mg/mL hydrogel precursor (30
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mol% reactive groups) using a double-barrel syringe. Four additional mice were injected with
0.15M NacCl to serve as controls for comparing the tissue response to the hydrogels. Animals
were also visually observed to identify any systemic toxic response. Both treated and control
animals were sacrificed after 3 days (acute response) and 1 month (chronic response) after
injection. A tissue sample that includes skin, underlying tissue, and residual material 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.

Table S$2.1. Chemical characterization of the various POEGMA precursors

Functional ::ﬁ::iit::l‘l Actual ?:at:ilonal M, Average # of
Group OEGMA;75 [x103 g-mol 4 Functional
Monomer o Monomer 1. [-] .

[-] [mol%] ® [mol%] [mol%]® ] Groups/Chain

PO1ooH20 NHNH, 20.0 81.8 18.2 16.9 2.66 8

POjooH2s NHNH, 25.0 77.9 22.1 18.1 2.43 10

PO1goH3p NHNH, 30.0 72.8 27.2 19.4 2.35 16

POj100Hs0 NHNH, 40.0 64.4 35.6 19.1 3.15 20

PO100A CHO 20.0 82.7 17.3 19.5 3.15 7

PO100As CHO 25.0 75.2 24.8 17.9 2.87 9

PO100A3g CHO 30.0 71.9 28.1 19.3 2.43 12

POj100As CHO 40.0 60.2 39.8 20.3 3.21 17

Nomenclature: POsHy; x represents the mol fraction of OEGMA,;5 of the OEGMA monomers
used and y represents the theoretical mol fraction of functional monomer (hydrazide or
aldehyde). @ Theoretical degree of functionalization in mol%, b Experimental degree of
functionalization as determined from conductometric base-into-acid titration for the hydrazide
precursors or from *H-NMR for the aldehyde precursors, ¢ Determined using aqueous GPC with
a mobile phase consisting of 0.3 M sodium nitrate and 0.05 M phosphate buffer at pH 7, d
Dispersity (P) as determined from aqueous GPC
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Table S2.2. Gelation times of the various POEGMA hydrogels measured at 37°C.

Hydrazide Aldehyde Concentration Functionality Gelation time

precursor precursor [mg/mL] [mol%)] [min]
PO1ooH3o  PO1g0A30 100 30 160
PO100H30 PO190A3p 150 30 45
PO1ooH3o  POi100A30 175 30 10
PO100H30 PO100A3p 200 30 2
PO1ooH20  PO100A0 150 20 420
PO1goH25 PO1g0Ays 150 25 140
PO100H40 PO190As0 150 40 0.75

d\e mk\l" cncl,

Oy7.8 (H
X
f )\ h de

"D cdal b,i a,cg
NH.

Po100H30

95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0

Figure S2.1 '"H-NMR spectra of POgoH30 (blue, bottom) and PO100A3 (red, top).
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Figure S2.2. Swelling kinetics of the POEGMA hydrogels prepared at different precursor
concentrations and precursor degrees of functionalization. (O) 100 mg/mL, 30 mol%, () 125
mg/mL, 30 mol%, (®) 150 mg/mL, 30 mol%, (®) 175 mg/mL, 30 mol%, (®) 200 mg/mL, 30
mol% and (A) 150 mg/mL, 40 mol%.

Note that the Q,, of hydrogels prepared from POqgoHy0 and PO1g0A;0 precursors could
not be determined under the experimental conditions due to the rapid dissolution of these
hydrogels. The hydrogel prepared at 175 mg/mL precursor concentration (POigpoH3p and
PO100A30) is not consistent with the trend of decreasing swelling with increasing precursor
concentration reported in the article and undergoes a dramatic change in appearance and a
tripling in weight as it swells in PBS (see Fig. 1H of the manuscript); this result was consistent
across three independent preparations of this hydrogel. While the reason for this behavior
remains unclear, swelling in hydrogels prepared from the same precursors at different mass
distributions should primarily be governed by a combination of the osmotic pressure influences
(higher concentration = higher osmotic pressure) and the cross-link density (higher
concentration = higher number of cross-links forming, as chains are on average closer
together); the 175 mg/mL precursor concentration may shift the balance of these effects to

favour osmotic swelling relative to additional cross-linking.
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Figure S2.4. Relative cell viability of PO1ggH30 (blue) and PO1g0A3, (red) as determined from an

MTT assay on 3T3 mouse fibroblasts
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Figure S2.5. Elastic storage modulus of the POEGMA hydrogels prepared at 150 mg/mL with
precursors with varying degree of functionality. (O) 20 mol%, () 25 mol%, (©) 30 mol% and
(@) 40 mol%.
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Figure S2.6. Elastic storage modulus of the POEGMA hydrogels prepared at varying precursor
concentrations with from precursors functionalized with 30 mol% functional groups. (O) 100
mg/mL, () 125 mg/mL, (©) 150 mg/mL, (®) 175 mg/mL and (®) 200 mg/mL.
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Figure S2.7. In-vitro fibroblast cell adhesion to a poly(styrene) control, POEGMA hydrogel and
RGD-functionalized POEGMA hydrogel determined after 1, 5 and 7 days.

63



Emilia Paron — Ph.D Thesis McMaster University - Chemical Engineering

A

Figure S2.8 Enlarged images of Fig. 2F (A) and Fig. 2G (B) of the manuscript.
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Chapter 3: Injectable Poly(oligoethylene glycol methacrylate)-Based Hydrogels With Tunable

Phase Transition Behaviors: Physicochemical and Biological Responses

Preface:

This chapter describes the effect of varying the lower critical solution temperature (LCST) of the
hydrazide and aldehyde functionalized poly(oligoethylene glycol methacrylate) (POEGMA)
hydrogel precursors on the physiochemical and biological properties of injectable POEGMA
hydrogels. This chapter investigates the ability to tune the VPTT of the POEGMA hydrogels from
below to above physiological temperature to expand the potential use of POEGMA
hydrogels for biomedical applications. Here, we also demonstrate the ability of the individual
gel systems to mimic two advantageous properties of two model hydrogel systems;

poly(ethylene glycol) (PEG) and poly(N-isopropylacrylamide) (pNIPAM).

Niels M.B. Smeets¥, Emilia Bakaic¥, Mathew Patenaude and Todd Hoare

Department of Chemical Engineering, McMaster University, 1280 Main St. W, Hamilton,
Ontario, Canada L8S 4L7
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Abstract

The effect of the lower critical solution temperature of hydrazide and aldehyde functionalized
poly(oligoethylene glycol methacrylate) (POEGMA) hydrogel precursors on the physiochemical
and biological properties of injectable POEGMA hydrogels is evaluated. Three hydrogels were
prepared with a volume-phase transition temperature (VPTT) below (= POy), close to (= POyg)
and well above (= POi) physiological temperature. Significant differences are observed
between the swelling, degradation and mechanical properties of these hydrogels despite their
comparable theoretical cross-link densities. Hydrogels with VPTTs close to and above
physiological temperature exhibit biological properties similar to those typically observed for
poly(ethylene glycol) (PEG) hydrogels (i.e. low protein adsorption, low cell adhesion, and
minimal inflammatory responses in vivo) while hydrogels with VPTTs lower than physiological
temperature exhibit biological properties more analogous to poly(N-isopropylacrylamide)
above its phase transition temperature (temperature-switchable cell adhesion, higher protein
adsorption, and somewhat more acute inflammation in vivo). As such, the use of POEGMA
precursors with varying chain lengths of ethylene oxide grafts offers a versatile platform for the

design of hydrogels with tunable physiological properties via simple copolymerization.
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3.1. Introduction

Hydrogels, in part due to their high water content, controllable porosity, and mechanical and
(potentially) compositional similarity to native tissues,[1] have been extensively studied as
synthetic matrices for the controlled release of therapeutics and as scaffolds for promoting
tissue regeneration.[2—-5] However, the inherent elasticity of hydrogels limits their ability to be
delivered via a minimally invasive (i.e. non-surgical) route. Consequently, there has been wide-
spread interest in the development of injectable, in situ gelling hydrogel systems that can be
delivered in vivo via injection, thereby reducing pain and minimizing healing time, scarring and
the risk of infection as a result of the therapy.[6—-8] Injectability offers the additional advantage
that the hydrogel can be molded in situ to the match existing cavities and/or tissue defects in
the neighbouring tissue. Finally, injectable hydrogels are highly modular and desired
components can be introduced into the scaffold by simple mixing of the ingredients prior to

injection.[9]

While many synthetic polymers have been explored for the synthesis of (injectable) hydrogels,
two of the most popular for biomedical applications are poly(N-isopropylacrylamide)
(PNIPAM)[10] and poly(ethylene glycol) (PEG).[11] PNIPAM is a thermoresponsive polymer
which shows a lower critical solution temperature (LCST) in aqueous media.[12] PNIPAM-based
hydrogels are, by analogy, also thermoresponsive, providing these hydrogels with switchable
hydrophobicity (used, for example, for reversible cell adhesion/detachment)[13-15] and
switchable pore sizes (used, for example, for the triggered release of therapeutics).[16,17] In
contrast, PEG is a hydrophilic, non-immunogenic, and non-cytotoxic polymer widely studied for
the controlled release of therapeutics and as scaffolds for promoting tissue regeneration.[18—
20] The success of PEG in biomedical applications has largely been attributed to its “stealth”-
like biological properties in terms of its capacity to significantly reduce protein adsorption (and

thus subsequent inflammatory responses) relative to most other materials tested.[21]

Despite the obvious advantages that PNIPAM and PEG offer for the design of hydrogels (and
biomaterials in general), there are limitations to the use of each polymer. While PNIPAM can be

synthesized through facile free-radical (co)polymerization and offers thermoresponsivity,
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concerns regarding the acute toxicity of the monomer N-isopropylacrylamide (NIPAM) as well
as the chronic toxicity of degradation products of PNIPAM in vivo have hampered clinical
use.[22,23] On the other hand, while PEG is FDA approved for many clinical uses, since PEG is
an uncharged and unreactive polymer, chemical modification is necessary for hydrogel
formation[24] (predominantly achieved through condensation reactions of a,w functionalized
PEG precursors),[25—34] or to incorporate other functional groups (e.g. ionic groups, acid/base
responsive groups, or reactive functional groups to facilitate additional cross-linking) into the

macromolecular design.

Poly(oligoethylene glycol methacrylate) (POEGMA)[35] offers a potential alternative to the use
of PNIPAM and PEG for the design of hydrogels for biomedical applications. Similar to PNIPAM,
POEGMA polymers can be synthesized through facile free radical polymerization and display an
LCST in aqueous media that is governed by the ethylene oxide chain length (n) of the
oligo(ethylene glycol) methacrylate (OEGMA) monomer.[36,37] Through the statistical
copolymerization of diethylene glycol methacrylate (M(EO),MA, n = 2) and OEGMA,75 (n =
8,9),[38—40] hydrogels can be prepared that display a volume phase transition temperature
(VPTT) ranging anywhere from ~23°C to ~90°C.[35,41-44] Recently, we reported an injectable
PEG-analogue hydrogel based on OEGMA,75 (n = 8,9),[45] synthesized via the in situ-gelation of
hydrazide and aldehyde functionalized linear polymer precursors,[9,46,47] that displayed all the
advantageous non-immunogenic, non-cytotoxic and protein (and consequently cell) repellent
properties of PEG. Furthermore, the hydrogel and degradation products were well tolerated in
vivo,[45] demonstrating the potential versatility of these biomaterials for future clinical
application. Consequently, we postulate that by changing the VPTT of POEGMA-based
hydrogels, it should be possible to fabricate in situ gelling hydrogels that can match the
physiochemical and biological properties of both PNIPAM and PEG but avoid the challenges of
chemical modifying conventional PEG hydrogels and the toxicity concerns surrounding PNIPAM-

based materials in terms of their use as biomaterials.

Herein, we evaluate the effect of the LCST of the POH (hydrazide-functionalized) and POA

(aldehyde-functionalized) precursors on the physiochemical and biological properties of
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injectable POEGMA hydrogels. Specifically, we have prepared three hydrogels with VPTT values
(1) well below body temperature (i.e. the hydrogel will completely collapse once injected in
vivo), (2) analogous to PNIPAM (i.e. the hydrogel will partly collapse after injection) and (3)
analogous to PEG (i.e. the hydrogel remains highly swollen in vivo). While the degree of
chemical functionality of each POH and POA precursor prepared is similar, the physiochemical
and biological properties of the hydrogels are significantly different, with properties directly
correlated to the VPTT of the hydrogel and, by extension, the LCST of the polymer precursors.
The use of POEGMA thus offers a versatile platform for the design of both PEG-analogue
hydrogels (with significantly more facile synthesis and modification) and PNIPAM-analogue

hydrogels (with significantly lower concerns regarding material biocompatibility in vivo).

3.2. Materials and Methods

3.2.1 Materials: Di(ethylene glycol) methyl ether methacrylate (M(EO),MA, Sigma Aldrich, 95%)
and oligo(ethylene glycol) methyl ether methacrylate with an average number-average
molecular weight of 475 g-mol'1 (OEGMA,7s, Sigma Aldrich, 95%) were purified by passing over
a column of basic aluminum oxide (Sigma Aldrich, type CG-20) to remove the methyl ether
hydroquinone (MEHQ) and butylated hydroxytoluene (BHT) inhibitors. N-(2,2-dimethoxyethyl)
methacrylamide (DMAEAm, Sigma Aldrich, 98%) was synthesized according to a previously
reported procedure.[45] Acrylic acid (AA, Sigma Aldrich, 99%), adipic acid dihydrazyde (ADH,
Alfa Aesar, 98%), N'-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth, Compton
CA, commercial grade), thioglycolic acid (TGA, Sigma Aldrich, 98%), bovine serum albumin (BSA,
Sigma Aldrich, >96%), fibrinogen from human plasma (Sigma Aldrich) fluorescein isothiocyanate
(FITC, Sigma Aldrich, 90%) and 2,2-azobisisobutryic acid dimethyl ester (AIBMe, Wako
Chemicals, 98.5%) were used as received. 3T3 Mus musculus mouse cells were obtained from
ATCC: Cederlane Laboratories (Burlington, ON). Media contents including Dulbecco's Modified
Eagle Medium-high glucose (DMEM), fetal bovine serum (FBS) and penicillin streptomycin (PS)
as well as trypsin-EDTA were purchased from Invitrogen Canada (Burlington, ON). Thiazolyl blue
tetrazolium bromide (MTT) was purchased from Sigma Aldrich (Oakville, ON). A LIVE/DEAD
assay kit was purchased from Invitrogen Canada (Burlington). Dimethyl sulfoxide (DMSO,

reagent grade) and dioxane (reagent grade) was purchased from Caledon Laboratory Chemicals
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(Georgetown, ON). Hydrochloric acid (1M) was received from LabChem Inc. (Pittsburgh, PA).

For all experiments Milli-Q grade distilled deionized water (DIW) was used.

3.2.2 Synthesis of hydrazide functionalized poly(oligoethylene glycol methacrylate) (POH): In
a typical experiment (Table 1, entry PO;oH30) the polymer was prepared by adding AIBMe (37
mg, 0.14 mmol), M(EO),MA (3.5 g, 18.6 mmol), OEGMA,7s (0.50 g, 1.1 mmol), AA (0.60 g, 8.3
mmol), and TGA (8 uL, 0.12 mmol) to a 100 mL Schlenk flask. Dioxane (20 mL) was added and
the solution was purged with nitrogen for at least 30 minutes. Subsequently, the flask was
sealed and submerged in a pre-heated oil bath at 75°C for 4 hours under magnetic stirring.
After removing the solvent, the resulting poly(ethylene glycol methacrylate-co-acrylic acid)
polymer was purified by dialysis against DIW for a minimum of 6 cycles and lyophilized to
dryness. The carboxylic acid groups on the acrylic acid residues were subsequently converted to
hydrazide groups via a carbodiimide-mediated conjugation using a 5-fold molar excess of adipic
acid dihydrazide. The polymer (3.0 g) was dissolved in 150 mL DIW in a 500 mL round-bottom
flask. ADH (3.6 g, 20.5 mmol) was added and the pH of the solution was adjusted to pH = 4.75
using 0.1 M HCI. Subsequently, EDC (1.6 g, 10.2 mmol) was added and the pH maintained at pH
=4.75 by the dropwise addition (as required) of 0.1 M HCl over 4 hours. The solution was left to
stir overnight, dialyzed against DIW for a minimum of 6 cycles, and lyophilized. The degree of
functionalization was determined from conductometric base-into-acid titration. The polymers
were stored as 20 w/w% solutions in PBS at 4°C. The POgHszp and POjgoH3g polymers were
synthesized in a similar manner, maintaining a total mass of 4 g of OEGMA monomer(s) in each

polymerization conducted.

3.2.3 Synthesis of poly(oligoethylene glycol methacrylate-co-DMEMAmM) (POA): In a typical
experiment, (Table 3.1, entry PO10A30) the polymer was prepared by adding AIBMe (32 mg, 0.14
mmol), M(EO),MA (3.10 g, 16.5 mmol), OEGMA,5 (0.90 g, 1.9 mmol), DMEMAm (1.30 g, 7.5
mmol) and TGA (7.5 pL, 0.12 mmol) to a 100 mL Schlenk flask. Dioxane (20 mL) was added and
the solution purged with nitrogen for at least 30 minutes. Subsequently, the flask was sealed

and submerged in a pre-heated oil bath at 75°C for 4 hours under magnetic stirring. After
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polymerization, the solvent was removed and the polymer was purified by dialysis against DIW
for a minimum of 6 (6+ hour) cycles and lyophilized to dryness. The acetal groups of PO10A were
subsequently converted to aldehydes by dissolving 3.5 g of the copolymer prepared above in 50
mL DIW and 50 mL 1.0 M HCl in a 500 mL round-bottom flask. The solution was left to stir for 24
hours, dialyzed for a minimum of 6 (6+ hour) cycles, and lyophilized to dryness. The polymer
was stored as 20 w/w% solution in PBS at 4°C. The POpA3g and POjgAs30 polymer were
synthesized in a similar manner, maintaining a total of mass of 4 g of OEGMA monomer(s) in

each polymerization conducted

Table 3.1. Chemical synthesis of the POEGMA polymer precursors

Functionality M(EO),MA® OEGMA,;;; AA DMEMAm TGA AIBMe

[-] [e] [e] [e] gl [uL] [mg]
POoH3;; NHNH, 4.00 0.0 0.65 - 7.5 3.7
POHsy NHNH, 3.10 0.90 0.55 - 7.5 37
PO1ooH3zo NHNH, 0.0 4.0 0.30 - 1.0 37
POoA;y CHO 4.00 0.0 S 1.50 7.5 50
POAsy CHO 3.10 0.90 - 1.30 7.5 50
PO1g0A3 CHO 0.0 4.0 5 0.60 1.0 50

All polymerizations performed at 75°C for 4 hours in 20 mL dioxane. Sample codes POsH/A,
indicate the theoretical mole fraction of OEGMA,75 (x) and mole fractions of hydrazide (H) or
aldehyde (A) functional groups (y) in each polymer according to the recipes used.

3.2.4 Synthesis of fluorescein-isothiocyanate labelled proteins: Fluorescein-isothiocyanate
(FITC)-labelled bovine serum albumin (BSA-FITC) and fibrinogen (Fib-FITC) were prepared by
dissolving 50 mg of the protein in 100 mL of a 10 mM carbonate buffer at pH = 9.0. FITC (1 mg)
was added and the solution was incubated at room temperature for at least 12 h under gentile
mechanical agitation. The FITC-labelled protein was subsequently dialyzed against distilled
deionized water and lyophilized to dryness. The isolated labelled protein was stored at -4°C in
the dark. For both proteins, a calibration curve was prepared to relate their concentration in

PBS to the fluorescence signal measured at A = 495 nm and 535 nm, with linear calibration
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curves (R? > 0.999) observed in the concentration range of 1 to 100 pg/mL for BSA-FITC and 2 to
100 pg/mL for Fib-FITC.

3.2.5 Characterization of functionalized POEGMA polymers: Aqueous size exclusion
chromatography (SEC) was performed on a system consisting of a Waters 515 HPLC pump, a
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 narrow-
dispersed poly(ethylene glycol) standards ranging from 106 to 584x10° g/mol (Waters). THF-
SEC was performed using a Waters 2695 separations module equipped with a Waters 2996
photodiode array detector, a Waters 2414 refractive index detector, a Waters 2475 multi A
fluorescence detector and four Polymer Labs PLgel individual pore size columns maintained at
40°C, with 5 um bead size and pore sizes of 100, 500, 103 and 105A. Tetrahydrofuran (THF) was
used as the eluent at a flow rate of 1.0 mL/min, and polystyrene standards were used to
calibrate the instrument.

'H-NMR was performed on a Bruker AVANCE 600 MHz spectrometer using deuterated
chloroform as the solvent. The mole fraction of M(EOQ),MA (n) and OEGMA,75s (m) incorporated
into each polymer was calculated using the methodology reported by the Wang group.[48]
Briefly, the integral values of the -OCHj5 signal (A = 3n + 3m, 6 = 3.35-3.45 ppm), -OCH,-CH, (B =
6n +34m, 6 = 3.5-3.8 ppm) and —OCH, (C = 2n + 2m, 6 = 4.0-4.4 ppm) were used to the calculate
the number of protons originating from M(EQ),MA and OEGMA,7s. 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 NaCl as the analysis sample and
0.1 M NaOH as the titrant. 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 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.
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3.2.6 Preparation of injectable hydrogels: The different POEGMA hydrogels (POo, PO1o and
PO1q0) were prepared via co-extrusion of the corresponding hydrazide-functionalized (POH) and
aldehyde-functionalized (POA) precursors dissolved in 10 mM PBS. Intensive mechanical mixing
of both polymer precursor solutions was achieved through the use of 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 plL) and
incubated at room temperature for at least 12 hours to ensure complete gelation prior to

testing.

3.2.7 Swelling kinetics: The swelling kinetics were determined at 22°C in 10 mM PBS at pH 7.4.
The POEGMA 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). At predetermined time
intervals, the cell culture inserts were removed from the well, the PBS drained, and the
hydrogel gently dried to wick off non absorbed PBS prior to weighing of the hydrogel.
Subsequently, the hydrogels were resubmerged in a fresh 4 mL of PBS solution and tested
repeatedly until equilibrium swelling was reached (generally ~30 hours). Error bars represent
the standard deviation of the replicate measurements (n = 4). The mass-based swell ratio (Qn)
was calculated by dividing the mass of the hydrogel at any given time point (my) by the dry

mass of polymer in the hydrogel (m, = initial hydrogel mass X (1 — water content)).

3.2.8 Degradation kinetics: Degradation kinetics were determined at 37°C in 1 M HCI. The
POEGMA hydrogels were placed into cell culture inserts that are subsequently placed in a 12-
well cell culture plate and completely submerged with the HCl solution (4 mL per well). At
predetermined time intervals, the cell culture inserts were removed from the well, the PBS
drained and the hydrogel gently dried to wick off non absorbed solution prior to weighing of
the hydrogel. Subsequently, the hydrogels were resubmerged in fresh HCl solution (4 mL/well)

until the hydrogel was completely degraded (i.e. no separate phase was observed between the
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hydrogel and the HCl bath solution). Error bars represent the standard deviation of the

replicate measurements (n = 4).

3.2.9 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 within 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 = 4).

3.2.10 In vitro cytotoxicity assay: 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 nm baseline to account for any
non-specific scattering. Error bars represent the standard deviation of the measured cell

viability percentages (n = 4).

3.2.11 In vitro cell adhesion assay: Cell adhesion was assayed using NIH 3T3 mouse fibroblasts
as a model adherent-dependent cell. 100 pL of each sterilized polymer precursor was extruded
directly into a 48-well plate through a double-barrel syringe, left to gel for 8 hours, and then
swelled to equilibrium for 24 hours with 200 uL of sterile PBS. The gels were washed with
culture media, after which cells were plated on top of the hydrogel at a density of 1.0x10* cells
per well together with 400 uL of DMEM media. Following incubation for 24 hours at 379C, a

LIVE/DEAD assay was performed to stain all cells (both adhered and non-adhered) according to
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the manufacturer-suggested protocol, after which each well was washed three times with
sterile PBS to remove non-adherent cells. Residual cells were then imaged in both the live (525
nm) and dead (470 nm) channels of an Olympus inverted microscope to assess cell adhesion to
the gels. The number of cells per mm? was counted and compared to the TCPS (tissue culture
polystyrene) control for relative adherence values. The average and standard deviation of the

density of adhered cells on each interface are reported (n = 4).

3.2.12 In vitro cell delamination assay: Temperature-induced cell delamination to POg
hydrogels was assayed using NIH 3T3 mouse fibroblasts. 100 uL of each sterilized polymer
precursor was extruded directly into a 48-well plate through a double-barrel syringe, left to gel
for 8 hours, and then swelled to equilibrium for 24 hours with 200 pL of sterile PBS. The gels
were washed with culture media, after which cells were plated on top of both a PO hydrogel at
a density of 1.0x10" cells per well together with 400 uL of DMEM media and incubated for 24
hours at 37°C under a humidified atmosphere of 5% CO,. The same cell density was also plated
in unmodified tissue culture polystyrene wells for use as a control. Cells were then treated in
one of the following two ways: (i) Conventional delamination: the media was removed and 200
uL of trypsin was applied to the gels and left for 5 minutes. After complete detachment of the
cells (confirmed using microscopy), the culture medium containing the detached cells was
transferred to a new 48 well plate (without hydrogel). 800 uL of fresh DMEM media was then
added to each cell suspension to ensure complete trypsin neutralization and nutrient support
for the delaminated cells, and cells were incubated for 16 hours to allow for attachment. (ii)
Thermal delamination: cells were incubated at 4°C for 15 minutes to induce cell delamination.
After 15 minutes, the culture medium containing the detached cells was transferred to a new
48 well plate (without hydrogel) and incubated for 16 hours at 37°C to allow for cell re-
attachment. The number of cells adhered to the new 48 well plates following both
delamination procedures (indicative of the number of cells delaminated from the original test
surfaces) was determined via microscopy using calcein AM LIVE staining according to the
manufacturer-suggested protocol (Invitrogen). Reattached cells were imaged in the live (525

nm) channel of an Olympus inverted microscope to assess viability and morphology. The
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number of cells per mm? was counted and compared to the trypsinized controls for relative
delamination values (% delamination = number of cells recovered following thermal
delamination / number of cells recovered following trypsinization, with the latter number
representing all cells originally adhered to both hydrogel and tissue culture polystyrene
interfaces). The average and standard deviation of the density of adhered cells on each

interface are reported (n = 6).

3.2.13 In vivo tolerability assay: The in vivo response of the injectable PO, and POjq
hydrogels was determined histopathologically following co-extrusion of POA and POH
functionalized polymer precursors into the subcutaneous space of BALB/c mice (Charles River,
Montreal; n = 4 for every material tested). The co-injected precursor solutions consisted of 15
w/w% of POgH3p and POpAszg, 15 w/w% of POigH3s and PO1pA3g, or 15 w/w% PO;goH30 and
PO100A30. All mice used were 3 weeks of age and weighed 22-24 g at the time of initial injection.
Mice were euthanized by carbon dioxide asphyxiation after both acute (2 days) and chronic (30
day) time intervals. Tissue samples were recovered from euthanized mice and were subjected
to eosin and hematoxylin staining prior to histological analysis. Animals were cared for in
compliance with protocols approved by the Animal Research Ethics Board at McMaster
University in accordance with the regulations of the Animals for Research Act of the Province of

Ontario and the guidelines of the Canadian Council on Animal Care.

3.3 Results and Discussion

3.3.1 Synthesis of hydrogel precursors: Thermoresponsive poly(oligoethylene glycol
methacrylate) (POEGMA) hydrogel precursors were synthesized via facile free radical
copolymerization of oligoethylene glycol methacrylate (OEGMA) monomers with varying
ethylene glycol side chain lengths (n) together with other functional (meth)acrylate monomers.
To control the LCST of the polymer precursors (and ultimately the volume phase transition
temperature (VPTT) of the injectable hydrogels), different mole ratios of diethylene glycol
methacrylate (M(EO),MA, n = 2) and oligoethylene glycol methacrylate (OEGMA,75 n = 8-9)

were used to synthesize poly(M(EQ),MA) with a target LCST close to room temperature (~24°C;
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100 mol% M(EO),MA), statistical poly(M(EO),MA-co-OEGMA,;5s copolymers with a target LCST
similar to PNIPAM (~32°C; 90 mol% M(EO),MA)[12] and poly(OEGMA,;5) with a target LCST
similar to PEG (> 100°C; 0 mol% M(EO),MA).[49,50] Hydrazide-functionalized POEGMA
precursors (PO H,; where x equals the mole fraction of OEGMAy75 and y equals the mol fraction
of reactive groups) with different LCSTs were synthesized by (co)polymerizing M(EO),MA,
OEGMA,75 and acrylic acid (AA) and subsequent post-polymerization modification using EDC
chemistry with a large excess of adipic acid dihydrazide.[9] Aldehyde-functionalized POEGMA
precursors with different LCSTs (PO,A,) were synthesized by copolymerizing M(EO),MA,
OEGMA,75 and an acetal monomer (N-(2,2-dimethoxyethyl)methacrylamide, DMEMAmM),[51]
which is subsequently converted to the corresponding aldehyde by acid catalyzed hydrolysis.
Each POsH, and PO,A, precursor reported in this paper is functionalized with y = 30 mol%
functional hydrazide or aldehyde functional groups (equivalent to 18 + 4 hydrazide or aldehyde
functional groups per polymer chain, see Table 3.2), such that the theoretical cross-link density
in each resulting hydrogel is the same among the three hydrogels assessed. The number-
average molecular weight (M,) of the polymer precursors is also consistent between the
different precursors and is controlled to be less than 20x10® g/mol (Table 3.2), well below the
renal clearance limit of 40-50x10° g/mol to facilitate polymer elimination following gel
degradation.[52] As such, the precursor polymers tested are chemically equivalent aside from

the ratio between the short and long chain OEGMA monomers.
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Table 3.2. Chemical characterization of synthesized POEGMA polymer precursors

M,

Funct. M(EO),;MA° OEGMA4s" Funct. [103 D Funct. LCST

Mon [mol%] [mol%] monomer mol” -] groups

[-] ° ° [mol%] §] [#/chain] [°C]
POoHso NHNH, 77.1 0.0 22.9° 162 241 24 51.0
POyHz, NHNH, 72.5 5.9 21.6° 170 159 22 63.1
PO1goHso NHNH, 0.0 72.8 27.2° 19.4  2.35% 16 Zoe
POoAs, CHO 80.6 0.0 19.4° 16.9 249 17 40.1
POA3;; CHO 70.4 5.7 23.9° 13.0 203 19 53.6
PO1gAso CHO 0.0 71.9 28.1° 183  243% 16 ;oe

? Determined by 'H-NMR, ° Determined from conductometric titration ¢ Determined at 95%
transmittance at 1 mg/mL in PBS 4 Measured in aqueous-SEC using an acetate buffer © no LCST
was observed up to 80°C.

The lower-critical solution temperature (LCST) of the PO,H3p and PO,Asy precursors was
determined in 10 mM PBS. It can be seen from Table 3.2 that the measured LCSTs of the
aldehyde and hydrazide-functionalized precursors differ substantially from what was expected
based solely on the mole fraction of OEGMA,7s in the polymer,[36] owing to the presence of
the (hydrophilic) hydrazide or aldehyde functional groups. Although the PO1gH3g and PO1pA3
precursors (10 mol% OEGMA,;s) display an LCST in 10 mM PBS of 63.0°C and 53.5°C
respectively (see Supporting Information, Figure S1), these values are comparable to the LCST
of hydrazide and aldehyde-functionalized PNIPAM precursors with the same degree of
functionalization (58.2°C and 40.4°C respectively, see Supporting Information Figure S3.2). The
LCSTs of the POgH3p and POgAsg polymer precursors (0 mol% OEGMA,75) in 10 mM PBS were
51.0°C and 40.1°C, respectively, significantly lower than for the equivalent PNIPAM precursors.
The functionalized PO1ooH30 and PO1g0A3p precursors (100 mol% OEGMA,7s) continue to display

no LCST in water up to 80°C, as expected.

3.3.2 Physiochemical properties of the POEGMA hydrogels: Hydrogels were prepared by co-
extruding the PO,H3o and PO,A3, precursors as solutions (dissolved at 150 mg/mL in 10 mM

PBS) into silicone molds. Gelation occurred rapidly, with gelation times ranging from < 10
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seconds for POy and PO;g to ~20 minutes for PO;qo; the significantly longer gelation time
required for POyqq is likely attributable to the steric inhibition of functional group reactions by
the long PEG side chains on this polymer. Following 28 hours of incubation in 10 mM PBS at
22°C, the equilibrium water content decreased from 0.870 at gel formation to 0.823 + 0.010
and 0.861 + 0.002 for POg and POy, respectively; in contrast, the equilibrium water content of
PO;q0 increased from 0.870 to 0.939 + 0.003 (see Supporting Information Figure S3.3), the latter
corresponding to a weight increase of 215 + 20%. Thus, consistent with the LCST values of the
respective precursors used to prepare the hydrogels, the PO,qq hydrogels are considerably
more hydrophilic than the POgand POy hydrogels. Subsequent incubation at 37°C lowered the
water content for all hydrogels, with the PO, (PNIPAM-analogue) hydrogel deswelling the most
(33% of its initial weight, final water content 0.822 + 0.005) as anticipated. In comparison, the
POy hydrogel deswelled only 15% by weight (given that it was already largely collapsed at 22°C)
and POyqo hydrogel lost 25% of its initial weight, although the water content remained
extremely high (0.921 + 0.002) analogous to a PEG hydrogel. Hydrogel deswelling occurs
significantly faster than swelling (Supporting Information, Figure S3.3), consistent with previous

observations with PNIPAM-based hydrogels.[9]
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Figure 3.1. Thermoresponsive properties of the POEGMA hydrogels. Graph displays the
decrease in water content as a function of the temperature (@) POy, (©) POy and (O) PO1qo.
The photos display the physical appearance of the hydrogels at 20°C, 37°C and 60°C (grid = 5
mm x 5 mm). The relative weight of the hydrogels (W / Wy, normalized to 20°C) is given under
each photo.

The thermoresponsive behavior of the POy, PO1¢ and PO4oo hydrogels was quantified by
a step-wise temperature ramp (allowing 12 hours per interval to reach equilibrium conditions)
from 20°C to 60°C in 5°C intervals, as shown in Figure 3.1. Although the water content slowly
decreases for all hydrogels at lower temperature (< 30°C), there is a clear difference in the
thermoresponsive behavior at higher temperature. For PO, an accelerated collapse of the
hydrogel network is observed close to the physiological temperature that is absent for POq and
PO1q0, consistent with the POq hydrogel having a volume phase transition temperature (VPTT)
of approximately 32-33°C, analogous to PNIPAM. The POy and POqo hydrogels, with expected
VPTTs of approximately 26°C and 90°C, do not display a clear volume phase transition when
heated from 20°C to 60°C but rather gradually deswell as the temperature is ramped,
consistent with responsive hydrogels above (POg) or below (POig) their phase transition
temperatures.

The rheological properties of the swollen and non-swollen PO, PO;g and POjq

hydrogels are shown in Figure 2A (plateau modulus) and Supporting Information, Figure S3.5
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(G" versus frequency profiles). The plateau elastic storage modulus (G’) increases from 1.6 kPa
for PO4qo to 8.1 kPa for POy to 19.0 kPa for POgy as the LCST of the precursors decreases.
Following equilibration of the hydrogels in 10 mM PBS at 22°C for 28 hours, plateau G’ moduli
change consistent with changes in the mass-based swelling ratio (Q,,) of the hydrogels (Table
3.3). For PO, (deswelling) and PO1go (swelling), a significant (p < 0.05) difference in G’ upon
equilibration was observed; in comparison, the plateau G’ modulus of POy (minimal deswelling,
with Q., = 7.69 upon preparation compared to Q,, = 7.18 after equilibration) is not significantly
influenced by hydrogel swelling/de-swelling (p > 0.05).

The cross-link density (v) of each hydrogel can be estimated from the measured G’
values using rubber elasticity theory.[3,53] Calculations suggest that swollen POy and POqg
hydrogels have relatively high cross-link densities of (63.5 + 1.4)><1017 cm™ and (20.3 +
1.8) X 10" cm?, respectively, while the swollen PO1g9 hydrogels have a much lower cross-link
density of (4.7+ 0.8) X 10" cm™ (Table 3.3). Additional quantification of the network structure of
the POg, PO4g and P01 hydrogels can be achieved by calculating the average molecular weight
between cross-links (M.)[54] and the network porosity (€)[55] using the Flory-Rehner
equation[54] and the approach of Canal and Peppas.[55] Hydrogel properties were estimated
using the measured volumetric swelling ratios (Q,, Table 3.3), the measured molecular weights
of the PO,H3o and PO,A3q precursors (Table 3.2), and under the assumption that the interaction
parameter of POEGMA-water is similar to the interaction parameter of PEG-water (y; =
0.426).[56] Table 3 shows the resulting mesh sizes calculated from the model, which are
strongly dependent on the LCST of the precursors used. For PO, the mesh size at equilibrium
decreases significantly from 3.1 nm at 20°C to 1.5 nm at 37°C, consistent with the significant
collapse of the hydrogel network as shown in Fig. 3.1. The POy hydrogel shows a strong
decrease in mesh size after incubation at 22°C, reflective of its low (< room temperature)
transition temperature, with minimal additional deswelling observed upon incubation at 37°C.
In contrast, the PO;99 hydrogels are in a highly hydrated state at both 22°C and 37°C;
consequently, these hydrogels show a marked increase in the mesh size during swelling at 20°C

(from 2.5 nm to 4.5 nm), followed by a small decrease in mesh size when heated to 37°C.
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Table 3.3 Chemical characterization of synthesized POEGMA polymer precursors.

Temperature Q,° Q' M, N¢ v
Hydrogel . ™ [ [10°gmol] [ o] (107 e
PO, 20° 7.69 849 3.25 35 3.5 46.6
20 562 6.17 2.00 22 25 635
37 483 529 1.50 16 2.0 N/A
PO1o 20° 7.69 849 3.12 31 33 202
20 7.18 7.92 2.85 29 3.1 203
37 3.96 4.32 097 10 1.5 N/A
PO100 20¢ 7.69 849 3.41 18 2.5 4.0
20 16.47 18.33 6.88 35 45 4.7
37 13.43 14.92 6.07 31 40 N/A

? Swell ratio based on hydrogel mass, b \/olume swell ratio calculated based on the densities of
water and the density of PEG, © Number of carbons between a cross-link and d Q,, calculated
directly after preparation of the hydrogels. Note that the cross-link density at 37°C was not
measured since water evaporation from the samples made mechanical testing highly variable.

The difference in mechanical properties and cross-link densities is mimicked in the
degradation kinetics of the POy, POy and PO;g99 hydrogels, as shown in Figure 2b. In the
presence of acid catalyst (1 M HCl), POy hydrogels (low cross-link density) fully degrade within
10 minutes, while the POy, hydrogels (higher cross-link density) degrade within one hour. The
PO, hydrogels, in comparison, degrade on the time scale of days (>7 days to full degradation,
even in the presence of concentrated acid); we expect this difference is attributable to the large
amount of deswelling (i.e. lower water accessibility for hydrolysis) and the higher local cross-
link density observed for PO,. This difference in degradation kinetics is striking, given that the
number of potential (theoretical) cross-links per polymer chain is the same between the
different hydrogels (1814, see Table 3.2). When incubated in vitro in PBS, all three hydrogels
showed no signs of macroscopic degradation for at least 3 months. The in vivo stability,
determined upon injection of the POg, POy and PO1qo hydrogels in BALB/c mice, shows that the
PO;00 hydrogels fully degraded within a month while the POy and PO hydrogels were still
present, although showing indications of degradation (to be discussed further later in

conjunction with the histology analysis). The presence of the more complex biological
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environment thus clearly accelerates degradation compared to the in vitro degradation
experiments in phosphate buffered saline.

The POy hydrogel shows a marked change in appearance during the initial stages of the
degradation study (see Fig. 3.2D). While the hydrogel is completely opaque, it gradually
becomes translucent as the hydrogel is incubated in 1 M HCI. We account this change in optical
properties to the liberation of hydrazide and aldehyde functional groups as the dynamic
hydrazone bonds are broken. Although the VPTT of the POy hydrogel is well below physiological
temperature, both linear precursors (POgH3g and POpA3) have a LCST above 37°C (see Table
3.2). As hydrazone bonds degrade, the liberated hydrazone and aldehyde functional groups
increase the LCST of the primary chains in the hydrogel from a collapsed, de-swollen state to a
more hydrated state, resulting in a macroscopic increase in the VPTT of the hydrogel and
ultimately in a decrease in the hydrogel translucency. The rate at which this optical transition
happens can be governed by the cross-link density of the hydrogel, offering potential

opportunities for programmed changes in light transmission through hydrogels over time.
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Figure 3.2. A) Shear storage modulus (G’) of the POy, PO;jg and POyo9 hydrogels measured
directly after preparation and after swelling for 24 hours. The numbers in the columns
represent the equilibrium water content of each hydrogel. B) Degradation profiles for (@) PO,
(@) POy and (O) POy in 1 M HCI. C) Gelation and degradation of POy (red), POy (blue) and
PO1q0 (green); colors are induced via the addition of food coloring and serve simply as guides to
the eye. D) Optical appearance of PO, over the first 60 minutes of incubation in 1 M HCI (grid =
5 mm x5 mm).

3.3.3 Protein adsorption to POEGMA hydrogels: Protein adsorption to the POg, PO and PO1qg
hydrogels was investigated from PBS solutions of bovine serum albumin (BSA) and fibrinogen
(Fib) (Figures 3.3A and 3.3B respectively). BSA and fibrinogen are among the two most
abundant proteins in human plasma (BSA: 20-40 mg/mL and Fib: 1-2 mg/mL) and adsorb onto

surfaces within seconds to minutes, associated with subsequent inflammatory processes.
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Figure 3.3. A) Bovine serum albumin (BSA) and B) fibrinogen (Fib) adsorption onto the PO, and
PO;90 hydrogels at 37°C as function of the protein concentration in the loading solution. (C-F)
3T3 mouse fibroblast adhesion onto C) a tissue culture polystyrene control, and D) POg, E) POyg
and F) POgo hydrogels.

BSA adsorption increases with increasing protein concentration in the loading solution
for all hydrogels (Fig. 3.3A). For PO100, BSA adsorption increases from approximately 10 ng/cm?
to 100 ng/cm2 over the range of concentrations tested, corresponding to a normalized
adsorption of 3.8% + 1.2% based on the loading solution concentration. BSA adsorption for POq
and POy, is significantly higher, with 9.4%+1.1% (310 ng/cm?) and 31.0%+8.9% (530 ng/cm?) of
the BSA in the 2000 pg/mL loading solution adsorbing to each respective hydrogel. The results
for Fib follow a similar trend as observed for BSA (Fig. 3.3B), with up to 9.4+3.0% for PO1qo,
11.0%+2.1% for POy and 38.4%+16.0% for POq of Fib adsorbed onto the hydrogel at the highest
concentration protein solution tested (2000 pg/mL). Thus, increased protein adsorption is
observed as the VPTT of the temperature is decreased, consistent with the increased

hydrophobicity of the hydrogel at 37°C.
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3.3.4 Cell adhesion to POEGMA hydrogels: Adhesion of 3T3 mouse fibroblasts was studied by
plating the cells on top of swollen POy (Fig. 3.3D), POy, (Fig. 3.3E) and PO;qo (Fig. 3.3F)
hydrogels, with a control experiment (for reference) performed using a tissue culture
polystyrene plate (Fig. 3.3C). Following rinsing to remove non-adhered cells, negligible cell
adhesion occurs to both the POy (23 + 8 ceIIs/mmz, n=6)and POyp (6 £ 1 ceIIs/mmZ, n==6)
hydrogels, whereas significantly higher cell adhesion occurs on the POy hydrogels (192 + 8
cells/mm?, n = 4). Thus, the injectable POEGMA hydrogels with a VPTT < 37°C are repellent to
both protein adsorption and (by extension) cell adhesion. It should however be noted that cell
adhesion is significantly lower for all POEGMA-based hydrogels compared to the polystyrene
control (2400 + 130 cells/mm? n =6), indicating that even POg remains reasonably hydrophilic.

The PNIPAM-like behavior of POy was further evaluated by assessing the capacity of POy to
facilitate cell delamination following cooling, previously demonstrated as a mild, chemical-free
method for cell recovery from PNIPAM-based hydrogel materials via the switch from a more
hydrophobic interface above the VPTT to a more hydrophilic interface below the
VPTT.[13,57,58] Figure 4 demonstrates effective delamination of 3T3 mouse fibroblasts from a
PO, hydrogel following a very short cooling cycle (15 minutes at 4°C). Relative to a trypsinized
control (Fig. 3.4A, by which microscopy confirmed that all cells originally adhered to the
hydrogel are removed), 21.0% + 2.5% of the total number of originally adhered cells are
recovered following even this extremely short cooling cycle (Fig. 3.4B), with re-adhered cells
demonstrating high viability and ideal morphology following thermal delamination and
recovery. In comparison, again relative to a trypsinized control (Fig. 3.4C), only 1.6 + 0.5% of
adhered cells to bare tissue culture polystyrene delaminated over the same thermal treatment
(Fig. 3.4D), clearly confirming the role of the hydrogel in facilitating cell delamination.
Analogous results have been reported for POEGMA-modified surfaces by Uhlig and co-
workers,[59] who observed the delamination of L929 mouse fibroblasts and MCF-7 breast
cancer cells from poly(MEO,MA-co-OEGMA,75)-coated gold substrates (with a
MEO,;MA:OEGMA,7s mol ratio of 90:10 mol%)[60] after incubation at 22°C for 30 minutes,
although to our knowledge this is the first reported observation of delamination from a

POEGMA hydrogel. Of note, the delamination shown in Figure 3.4 is largely single cell
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delamination whereas most prior papers (including those cited above) assess the delamination
of a cell sheet, which is significantly easier to achieve. Based on this result, by varying the ratio
of short (n = 2) to long (n = 8-9) EO side chain OEGMA monomers used to prepare the reactive
polymer precursors, tunable cell adhesion responses can be achieved from this injectable

POEGMA hydrogel platform.

Control

Figure 3.4. Cells recovered following delamination (replated in a new 48 well plate for 16
hours) from a POy hydrogel interface (A,B) and tissue culture polystyrene surface (C,D)
following trypsin treatment (A,C) and following thermal treatment at 4°C for 15 minutes (B,D).

3.3.5 In vitro cytotoxicity of POEGMA gel precursors: Prior to an in vivo evaluation of these
injectable materials, the cytotoxicity of the polymer precursors was tested using an MTT assay
on NIH 3T3 mouse fibroblasts (Figure 3.5). Results of the MTT assay demonstrate that none of
the PO,H3o nor the PO,Asq precursors (which are also the degradation products following
hydrolysis),[45] show substantial cytotoxicity up to 2000 pg/mL, an extremely high
concentration of material to be screened via an in vitro cell-based assay. Coupled with the lack
of cytotoxicity observed during the cell adhesion assay, suggesting that the POy, POy and POyqg

hydrogels cause no adverse effects to cells in vitro.

87



Emilia Paron — Ph.D Thesis McMaster University - Chemical Engineering

Relative Viability [-]

Ml

.
a
.
-
7
a
.
a
.
.
.
a
.
a
.

7
-
7
0

NN

Cell concentration [ug/mL]

Figure 3.5. Cytotoxicity of the polymer precursors and degradation products via a MTT assay
on 3T3 mouse fibroblasts. For each concentration, the order of the 6 bars is as follows: POgH3g
(solid blue), PO1oH3p (dense blue hatch), PO1goH30 (light blue hatch), POgAs3p (solid red), PO1pA30
(dense red hatch), and PO1g0A30 (light red hatch).

3.3.6 Tissue response to POEGMA hydrogels: The in vivo response to the POy, PO1o and POyqg
hydrogels was evaluated by subcutaneous injection of 150 mg/mL polymer precursor solutions
using a double-barrel syringe in BALB/c mice. Co-injection of the precursor solutions resulted in
the formation of stable gels within the subcutaneous space of the mice for each hydrogel
tested, as confirmed via acute histopathological analysis (Figures 3.6A, 3.6C and 3.6E). Injection
of the POigoH3g and POig0A3p precursors resulted minimal leukocytotic infiltration at the
hydrogel-tissue interface (~100 mm™) two days post-injection (Fig. 3.6A), suggesting a relatively
mild acute inflammatory reaction to the hydrogel. The POqq hydrogel fully degraded within the
subcutaneous space after one month (Fig. 3.6B) and no signs of chronic inflammation were
observed at this time point (i.e. no macrophage, foreign body giant cells, fibrous capsule, or
granulation tissue was observed histopathologically). Hence, PO1go appears to be very well-
tolerated in vivo, analogous to conventional PEG hydrogels.

Co-injection of POjgH3y and PO10A3g precursors results in significantly higher leukocyte
infiltration two days post-injection (~ 500 mm™ at the hydrogel-tissue interface, Fig. 3.6C). The
30 day chronic time point data indicates that the gel remains present but exhibits evidence of
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at least partial degradation, with clear ridging observed in the residual hydrogel sample (Fig.
3.6D). Cellular infiltration at the hydrogel-tissue interface is still present at this stage; however,
the cellular density is significantly reduced (~75 mm™). However, no chronic foreign body
response is observed at this time point, and the presence of polymorphonuclear neutrophils
even 30 days post-injection demonstrates an ongoing infiltrative response toward the material
likely mediated by the presence of precursor chains following its biodegradation. Thus, the PO4q
gel both facilitates slower degradation and elicits a somewhat stronger inflammatory response
than the high transition temperature PO1q gel, consistent with the relative hydrophilicities of
both hydrogels suggested by in vitro swelling measurements. However, given that no fibrous
capsule formation is observed and the degree of chronic inflammation is quite mild compared
to many other biomaterials, the POo hydrogel is still relatively well-tolerated in vivo.

Co-injection of POgH3p and POgAsq reveals leukocyte infiltration toward the interface of
the hydrogel at a cell concentration of ~500 mm™, similar to the POyq gels but significantly
higher than the POjq gels. By contrast, however, histopathological analysis of the acute
incubation of the POy gels within the subcutaneous space shows that the gel remains fully
intact over the span of 30 days (Fig. 3.6F). In addition, chronic inflammation of the tissue
surrounding the injected hydrogel is apparent even at the chronic time interval, with a retained
cell density of ~500 mm™ along with the presence of granulation tissue and neovascularization.
The adhesion of the gel to all surrounding tissue was also markedly increased by comparison to
PO1o and POgo hydrogels. Again, this result is consistent with the observed deswelling (i.e.
enhanced hydrophobicity) of the POy hydrogel in vitro (Fig. 3.1) as well as the significantly
higher protein adsorption observed to POq for both proteins tested (Figs. 3.3A and 3.3B).
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Figure 3.6. Histological sections of stained subcutaneous tissue samples following injection of
POy (A,B), PO4q (C,D) and PO4q (E,F), following acute (2 days; A,C,E) and chronic (30 days; B,D,F)
time points. Arrows indicate the presence of leukocytes. Note that the PO;q9 hydrogel has
completely degraded at the chronic time point. Evidence and localization of gelation was
observed as a stable, firm, raised area of skin at the injection site.

3.4. Discussion

The results of this study suggest that both the physiochemical (i.e. swelling,
temperature responsiveness, mechanical strength, and gelation and degradation kinetics) as
well as the biological (i.e. protein adsorption and cell adhesion) properties of injectable
POEGMA hydrogels can be controlled by the composition of the reactive precursors. The POgH3g
and POgAsq precursors gel quickly (< 10 s) once co-extruded and form strong, densely cross-
linked hydrogels (Fig. 3.2A) that slowly degrade (Fig. 3.2B) and have a phase transition
temperature below room temperature (Fig. 3.1). Conversely, gelation of the PO1gH30 and
PO100A30 precursors occurs in approximately 20 minutes, with the resulting PO199 hydrogel
swelling considerably (relative to its preparation condition) at both at 22°C and 37°C, with no
discernable phase transition observed up to 60°C (Fig. 3.1). The lower G’ (Fig. 3.2A) and fast
degradation of this hydrogel in 1 M HCI suggest that the POy hydrogels are less densely cross-
linked. The POy, hydrogels display intermediate properties in terms of the G’ (Fig. 3.2A) and

degradation rate (Fig. 3.2B) to POy and POjqp; furthermore, in contrast to POy and POjq
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hydrogels, the PO hydrogel shows a clear volume phase transition close to physiological
temperature (Fig. 3.1). As such, despite the elevated LCSTs of the POoH3o (63.1°C) and the
PO;10A3 (53.6°C) precursors, the VPTT of the POy hydrogel was close to the targeted VPTT of
PNIPAM hydrogels. This result suggests that the hydrazone bond formed upon gelation
significantly reduces the phase transition temperature of the individual polymer chains to the
point that the hydrogel collapses at a VPTT roughly predictable based on the relative mole
fractions of the OEGMA monomers used to prepare the gel precursors (~35.8°C LCST based on a
correlation reported by Lutz and Hoth[36] for a simple M(EO),MA/OEGMA,7s linear copolymer
matching the composition of the POio polymer precursors as determined from ‘H-NMR
analysis, Fig. S3.3). This result suggests that the VPTT of POEGMA-based injectable hydrogels
can be controlled directly by choosing an appropriate copolymerization ratio between the two
OEGMA monomers to prepare the reactive precursor polymers. In parallel, no volume phase
transition was observed for POy and POygp on the temperature range 20°C < T < 60°C (Fig. 1),
consistent with the predicted LCSTs of 24°C and 90°C of POy and PO;qq respectively. We also
note that, upon degradation, all the hydrazide and aldehyde precursors have an LCST
significantly higher than physiological temperature, preventing deposition and accumulation of
these synthetic polymers by precipitation in vivo. Consequently, it is possible to design hydrogel
systems (POg and PQOyg) that are collapsed in vivo but degrade into products that are likely to be
cleared efficiently from the body once degraded.

Differences in the other physiochemical properties, such as the elastic storage modulus
and the degradation rate, can be related to the cross-link density of the hydrogels (Fig. 3.2).
Despite the identical theoretical cross-link density, an order of magnitude decrease in G’ (and,
analogously, in the crosslink density as calculated from rubber elasticity theory) is observed
between the POy and POigy hydrogel. The POyg9Hse and PO1g0A39 precursors are effectively
comb-like copolymers due to the long ethylene glycol side chains (n = 8,9; side chain of 22
carbon and oxygen atoms); therefore, it is probable that a significantly higher fraction of the
reactive hydrazide groups (side chain of 9 nitrogen and carbon atoms) and aldehyde groups
(side chain of only 3 carbon and oxygen atoms) on the polymer backbone are sterically

inaccessible for cross-linking. As a result the POygo hydrogels have a lower effective cross-link
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density and gelation requires longer periods of time relative to the POy and PO hydrogels,
despite the average number of reactive groups per polymer chain being similar for all
precursors (Table 3.2).

The LCST of the precursors (and thus the VPTT of the hydrogel) also plays an important
role in mediating protein adsorption. The POy hydrogel (VPTT < 37°C) displays significantly more
protein adsorption and cell adhesion than PO;p and PO;q9, which are close to and well below
their respective VPTTs at physiological temperature. This VPTT (or LCST) effect has been
observed for POEGMA-grafted surfaces, to which protein adsorption and cell adhesion can be
controlled by LCST of the polymer.[59-61] The collapsed, dehydrated and relatively
hydrophobic PO, surface promotes protein adsorption and fouling due to enhanced
hydrophobic interactions between the polymer and the protein. Interestingly, Figure 3 indicates
that there is no significant difference in protein adsorption (Figs. 3.3A and 3.3B) or cell adhesion
(Figs. 3.3C-F) between the PO1g and PO1qo hydrogel (p > 0.05) suggesting that once the VPTT of
the hydrogel is above the physiological temperature, fouling is limited regardless how close the
VPTT lies to physiological temperature. Of note, the protein adsorption values observed for
PO1p and (in particular) PO1go are comparable to those previously reported in the literature for
PEGylated surfaces generally regarded as among the best biomaterials for mitigating protein
adsorption;[62—66] BSA and Fib adsorption values in literature range for such interfaces lie in
the range of 50 to 500 ng/cm2 depending on concentration of the loading solution,[62-66]
comparable to the values reported in Fig. 3.3A. It should also be noted that the results reported
represent the sum of adsorbed and absorbed protein, with the latter potentially affecting
results for the highly hydrated POg99 hydrogel in particular. However, while a clear trend in
protein adsorption is observed as a function of OEGMA monomer ratio, all of these protein
adsorption values reported (even for POg) are low relative to most biomaterials, indicating the
potential of all of these POEGMA-based hydrogels for biomedical applications. Indeed, the
effective delamination of cells observed when cell-cultured PO, hydrogel was subsequently
cooled to 4°C suggests relatively weak binding of cells to even this more “hydrophobic”
hydrogel, making this hydrogel of significant potential interest for the culturing and subsequent

recovery of cells under very mild recovery conditions.
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The in vitro protein adsorption and cell adhesion results were confirmed in vivo via
subcutaneous injection (Fig. 3. 6). The POy hydrogel, which is significantly more prone to
protein and cell fouling, triggered a significant inflammatory response both at the acute and
chronic time points; conversely, the protein and cell repellent POy and POy hydrogels show a
mild inflammatory response at the acute time point and little to no inflammation at the chronic
time point. Furthermore, given that the POyp hydrogel completely degraded over the time
scale of the experiment, the lack of local tissue toxicity supports the MTT assay result that the
degradation products (i.e. the original precursors) are well tolerated by cells. As such, these
injectable POEGMA-based hydrogels appear to have the potential to be viable biomaterials for

in vivo use.

3.5. Conclusions

Injectable, hydrazone-crosslinked hydrogels based on poly(oligoethylene glycol methacrylate)
prepared with mixtures of long (n = 8-9) and short (n = 2) ethylene oxide side chains have
significant potential as flexible and easily tunable in situ gelling biomaterials. By tuning the
M(EO),MA (n = 2) : OEGMA475 (n = 8-9) ratio in the preparation of reactive POEGMA gel
precursors, the properties of the resulting hydrogels can be tuned to meet the needs of
multiple potential biomedical applications. The variance in mechanical strength (1 kPa < G’ < 25
kPa), swelling (4.0 < Qn < 16.5) and degradation (10 min to > 7 days) achievable by
incorporating M(EO),MA monomer into the hydrogel is not achievable using solely PO19oH, and
PO100Ay precursors over a range of potential gel preparation conditions (20 2 y 2 40 mol% and
up to 200 mg/mL),[45] making such hydrogels of potential utility even in cases in which
hydrogel thermoresponsivity of is not itself targeted. In addition, the ability to turn cell
adhesion effectively on and off to these hydrogels by judicious selection of monomer ratio and
(in the case of POg) temperature offers potential to apply these materials in (for example) tissue
engineering applications not readily served by conventional PEG hydrogels. Finally, these
POEGMA-based hydrogels offer the potential to reproduce the essential functional properties
of PEG hydrogels (PO100) and PNIPAM hydrogels (PO or PO;o) while mitigating the challenges

associated with each of those two polymers (i.e. effectively tuning cross-link density and
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functionalization of PEG and ensuring the biocompatibility of PNIPAM in vivo). Together, these
results suggest the potential that of POEGMA-based injectable hydrogels as a platform for the

design of engineered hydrogels for drug delivery or tissue scaffolding applications.
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Chapter 4: Tuning the Physicochemical, Pharmokinetic, and Biological Properties of Injectable
Poly(oligoethylene glycol methacrylate) Hydrogels by Mixing Precursor Polymers with
Different LCSTs

Preface:

This chapter builds and complements chapter 3. Here, we looked to investigate the capabilities
of our system to be systematically tuned for an “Off-the-Shelf” 3D matrix scaffold for possible
drug discovery applications. In this paper, we show that injectable and degradable POEGMA
hydrogels have tunable, and well defined properties when the polymers precursors of
temperature responsive (pNIPAM-like) and non temperature responsive (PEG-like) reactive
precursors are mixed together in different ratios. = Macroscopically, gelation rates, swelling
kinetics, degradation kinetics, and mechanical properties of hydrogels produced by mixing
different precursor polymers can be predicted by the simple rule of mixtures. Microscopically,
phase separated domains result in localized phase transitions within hydrogels, inducing
significant changes in protein affinity, drug release kinetics, transparency, and cell adhesion

potentials.
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Abstract

Injectable poly(oligoethylene glycol methacrylate) (POEGMA) hydrogels are prepared by mixing
two sets of aldehyde and hydrazide-functionalized hydrogel precursors, one set with a low
lower critical solution temperature (LCST) and one set with a high LCST. Macroscopically,
gelation rates, swelling kinetics, degradation kinetics, and mechanical properties of hydrogels
produced by mixing different precursor polymers can be predicted by the simple rule of
mixtures. Microscopically, phase separated domains result in localized phase transitions within
hydrogels, inducing significant changes in protein affinity, drug release kinetics, transparency,
and cell adhesion. Injectable hydrogels with well-defined properties can thus be designed “off
the shelf” by simple mixing of a limited number (four) of precursor polymers with different
LCSTs, avoiding laborious polymerization steps each time a hydrogel with new properties is

required.
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4.1. Introduction

The development of easily tunable, well-defined synthetic hydrogel platforms is
essential to rapidly customize hydrogels to applications such as cell delivery scaffolds,’?
functional tissues,>*> or wound dressings,’ all of which demand highly specific properties to
direct the desired local and systemic biological response. Indeed, successful cell maintenance,
differentiation, and/or proliferation both in vitro and in vivo is strongly influenced by chemical,
structural, and mechanical cues from the surrounding hydrogel scaffold.”® Tunable degradation
of the scaffold is also critical both in the context of tissue engineering (to prompt programmed
changes in the cell microenvironment)®® and drug delivery (to facilitate the desired kinetics of
therapeutic release).’®

Many commercially available natural polymers such as collagen,** fibrin,** hyaluronic

14,15

acid,™ alginate, agarose,16 and dextran'’*® have been commonly used as biomaterial

scaffolds, taking advantage in many cases of the inherent biological activity and degradability of

those materials.’!

However, the unavoidable batch-to-batch variation in natural polymers can
be problematic in terms of generating predictable biological responses. Instead, various
synthetic polymers such as poly(N-isopropylacrylamide) (PNIPAM),? polyacrylamide (PAA),*
and poly(ethylene glycol) (PEG)? have been used, typically cross-linked via biodegradable
linkers to enforce at least some level of degradation in the materials.?> PEG in particular has
found wide-spread application in the design of biomaterials**® due to its demonstrated non-
cytotoxic and non-immunogenic properties®’ that effectively mask it from the host’s immune
system.28 Hydrogels based on PEG have been demonstrated to act as excellent synthetic
matrices for the controlled release of therapeutics and scaffolds for tissue regeneration.?™!
However, given that conventional PEG-based hydrogels can only be cross-linked or

1032738 modification of PEG hydrogels to create

functionalized through hydroxyl chain ends,
more elastic hydrogels or modify cell-hydrogel interactions (for example, to promote cell
adhesion or cell spreading)a'7 can be synthetically challenging and/or directly affect the cross-
link density of the hydrogel, especially problematic if higher graft contents and stiffer hydrogels

are desired.
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Recently, we reported injectable, in situ covalently cross-linked and degradable
poly(oligoethylene glycol methacrylate) (POEGMA) hydrogels that address many of the
synthetic challenges associated with conventional PEG hydrogels yet display the same desirable
biological properties (i.e. significantly reduced protein adsorption, minimal cell adhesion, and a

38,39

mild inflammatory response in vivo). Our approach is based on the rapid cross-linking of

complementary reactive POEGMA precursors exploiting hydrazide-aldehyde chemistry.‘m'47
Depending on the number of ethylene oxide repeat units (n) in the oligo(ethylene glycol)
methacrylate (OEGMA) monomer(s), hydrogels with PEG-like properties (n = 8,9)% or
thermoresponsive, poly(N-isopropylacrylamide)-mimicking hydrogels39 with lower critical
solution temperatures (LCST) can be produced according to the statistical copolymerization of
monomers with different side chain lengths (n = 2 and n = 8,9).48'49 POEGMA offers the
additional advantage of being synthesized using free-radical polymerization, allowing for facile
functionalization with both multiple reactive hydrazide or aldehyde groups along the backbone
as well as other functional tethers (e.g. charged co-monomers or grafted biomolecules to
influence cell behavior).® These synthetic characteristics of POEGMA have directed the
development of POEGMA hydrogels that display substantial differences in e.g. hydrophilicity,
swelling, elastic storage modulus, degradation rate, and mesh size, as governed by the LCST and
39,50

the degree of functionalization of the hydrogel precursors.

One intrinsic advantage of our approach to injectable hydrogel formation is its inherent

40,41 51,52

modularity, by which different hydrogel precursors (and/or other desired components)
with the same hydrazide or aldehyde functionalization can be mixed together in one or both
precursor solutions to form a hydrogel that exhibits the combined properties of the precursor
mixture following simple co-extrusion. We have previously demonstrated this modular
functionality in terms of mixing various aldehyde-functionalized carbohydrates with hydrazide-
functionalized poly(N-isopropylacrylamide) to produce (for example) hydrogels with similar
swelling responses but different enzymatic degradation rates or hydrogels with zero net

swelling upon extended incubation in phosphate-buffered saline.** The facile synthesis of

POEGMA building blocks with different LCST values offers another ideal opportunity to use this
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mixing approach to generate injectable hydrogels with targeted and/or unique properties while
minimizing the synthetic chemistry required.

To this end, given that we can facilely synthesize POEGMA-based precursor polymers
with different phase transition temperatures, we hypothesize that mixing one high LCST and
one low LCST precursor functionalized with each functional group (i.e. both hydrazide and
aldehyde) will lead to hydrogels with unique functional morphologies. In such a system, phase
separation can occur on the same timescale of gelation without negatively impacting the
overall cross-linking potential of the system, providing a thermodynamic driving force for the
formation of nanoscale or microscale domains. We recently reported the preparation and
internal morphology of such injectable hydrogels using small-angle neutron scattering (SANS)
and light scattering (LS).>* Results indicated that hydrogels consisting of precursors with similar
LCST were transparent and relatively homogeneous, whereas hydrogels consisting of precursors
of different LCSTs were opaque and contained large inhomogeneities controlled by the
hydrogel composition. Given the potential for nanoscale and microscale features to have

significant impacts on cell-biomaterial responses and drug delivery kinetics,”*>°

we anticipate
these novel “mixed precursor” morphologies may have useful properties as biomedical
materials.

Herein, we explore the physicochemical, pharmacokinetic, and biological properties of
hydrogels prepared from pairs of precursor polymers with different LCST values (i.e. in which
gelation can occur together with phase separation), compared to hydrogels prepared with
same-LCST precursor polymers as well as one high LCST and one low LCST polymer (i.e. gelation
can only happen in the absence of phase separation). The results demonstrate that, on a
macroscopic scale, mixing precursors with different LCSTs gives access to hydrogels with
intermediate physiochemical and biological properties compared to the respective hydrogels
consisting of precursors of similar LCST, providing a facile method to tune gel properties while
circumventing the need to synthesize of a vast library of POEGMA precursor polymers.
However, the biological properties of the hydrogels are significantly influenced by the phase-

separated internal morphology of the hydrogels, leading to non-linear cell adhesion and protein

adsorption responses. Furthermore, the heterogeneity induced by microscale phase separation
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of low-LCST precursor polymers inside a matrix of high-LCST precursor polymers on the
timescale of gelation was found to be relevant for tuning the pharmacokinetic properties of the

hydrogels for the controlled, extended release of proteins.

4.2. Experimental Section

4.2.1 Materials: Di(ethylene glycol) methyl ether methacrylate (M(EO),MA, Sigma Aldrich, 95%)
and oligo(ethylene glycol) methyl ether methacrylate with an average number-average
molecular weight of 475 gBmol™ (OEGMA4zs, Sigma Aldrich, 95%) monomers were purified
through a column of basic aluminum oxide (Sigma Aldrich, type CG-20) to remove inhibitors.
Acrylic acid (AA, Sigma Aldrich, 99%), adipic acid dihydrazide (ADH, Alfa Aesar, 98%), N’-ethyl-N-
(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth, Compton CA, commercial grade),
thioglycolic acid (TGA, Sigma Aldrich, 98%), bovine serum albumin (BSA, Sigma Aldrich, >96%),
fibrinogen from human plasma (Sigma Aldrich), Immunoglobulin G from human plasma (Sigma
Aldrich), fluorescein isothiocyanate (FITC, Sigma Aldrich, 90%) and 2,2-azobisisobutryic acid
dimethyl ester (AIBMe, Wako Chemicals, 98.5%) were used as received.N-(2,2-dimethoxyethyl)
methacrylamide (DMAEAm, Sigma Aldrich, 98%) was synthesized according to a previously
reported procedure.50 For all experiments, Milli-Q grade distilled deionized water (DIW) was
used. 3T3 mouse fibroblasts were obtained from ATCC: Cedarlane Laboratories (Burlington,
ON). Media contents included Dulbecco's Modified Eagle Medium-high glucose (DMEM), fetal
bovine serum (FBS), penicillin streptomycin (PS), and trypsin-EDTA and were purchased from
Invitrogen Canada (Burlington, ON). Dimethyl sulfoxide (DMSO, reagent grade) was purchased
from Caledon Laboratory Chemicals (Georgetown, ON). Hydrochloric acid (1M) was received
from LabChem Inc. (Pittsburgh, PA). LIVE/DEAD assay kits for cell viability testing were

purchased from Invitrogen Canada (Burlington).

4.2.2 Synthesis of hydrazide-functionalized poly(oligoethylene glycol methacrylate): PO;oH30
and PO;poH3o hydrazide functionalized POEGMA precurors were synthesized as described
previously.39 POssH3g was synthesized by dissolving AIBMe (37 mg, 0.14 mmol), M(EO),MA (1.0
g, 5.2 mmol), OEGMA,75 (3.0 g, 6.4 mmol), AA (0.36 g, 5.0 mmol), and TGA (2 pL, 0.03 mmol) in
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1,4-dioxane (20 mL). After purging for at least 30 min, the flask was sealed and submerged in a
pre-heated oil bath at 75°C for 4 hours under magnetic stirring. The solvent was removed and
the polymer dissolved in 150 mL DIW. A large excess of adipic acid dihydrazide (4.4 g, 21 mmol)
was then added, and the pH of the solution was adjusted to pH = 4.75 using 0.1 M HCI.
Subsequently, EDC (1.6 g, 10.6 mmol) was added and the pH maintained at pH = 4.75 by the
dropwise addition of 0.1 M HCI over 4 hours. The solution was left to stir overnight, dialyzed
against DIW for a minimum of 6 (6+ hours) cycles, and lyophilized. The hydrazide-functionalized
precursors were stored as 20 w/w% solutions in PBS at 4°C. The hydrazide functionalized
precursors are labeled as POsH,, where x denotes the mole fraction of OEGMA,75 among the
OEGMA monomers used (the remainder being M(EO),MA) and y denotes the overall mole

fraction of AA (among all comonomers) in the synthesis recipe.

4.2.3 Synthesis of aldehyde-functionalized poly(oligoethylene glycol methacrylate): PO0A3
and POjg0A30 hydrazide functionalized POEGMA precursors were synthesized as described
earlier.®® POssAso was synthesized by dissolving AIBMe (60 mg, 0.26 mmol), M(EO),MA (1.0 g,
5.2 mmol), OEGMA,75 (3.0 g, 6.4 mmol), DMEMAm (0.90 g, 5.2 mmol), and TGA (2 uL, 0.03
mmol) in 1,4-dioxane (20 mL). After purging for at least 30 min, the flask was sealed and
submerged in a pre-heated oil bath at 75°C for 4 hours under magnetic stirring. The solvent was
removed, and the polymer was subsequently dissolved in 100 mL of 0.5 M HCI. The solution
was left to stir for 24 hours, dialyzed against DIW for a minimum of 6 cycles (6+ hours), and
lyophilized. The degree of functionalization was determined from 'H-NMR analysis. The
aldehyde-functionalized precursors were stored as 20 w/w% solutions in PBS at 4°C. The
aldehyde functionalized precursors are labeled as POA,, where x denotes the mole fraction of
OEGMA,75 among the OEGMA monomers used (the remainder being M(EO),MA) and y denotes

the overall mole fraction of DMEMAmM (among all comonomers) in the synthesis recipe.

4.2.4 Synthesis of fluorescein isothiocyanate-labelled proteins: Fluorescein isothiocyanate
(FITC)-labelled bovine serum albumin (BSA-FITC), immunoglobulin G (IgG-FITC) and fibrinogen

(Fib-FITC) were prepared by dissolving 50 mg of the protein in a 100 mL 0.1 M carbonate buffer
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at pH =9.0. FITC (1 mg) was added, and the solution was incubated at room temperature for at
least 12 h under gentile mechanical agitation. The FITC-labelled protein was subsequently
dialyzed against distilled deionized water and lyophilized to dryness. The isolated conjugated
proteins were stored at -20°C in the dark. Linear calibration curves were prepared for all
proteins relating the protein concentration to the fluorescence signal (in PBS) at 495 nm and
519 nm for excitation and emission wavelengths. The linear concentration range for each
protein and the goodness of fit parameter for each calibration are: BSA-FITC: 1 — 100 pg/mL R?
=0.999, IgG-FITC: 0.25 — 70 ug/mL R® = 0.997, Fib-FITC = 1 — 100 pg/mL R* = 0.999.

4.2.5 Chemical characterization: Aqueous 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 narrow-dispersed poly(ethylene glycol) standards ranging from 106 to 584x10°
g/mol (Waters). 'H-NMR was performed using a Bruker AVANCE 600 MHz spectrometer and
deuterated chloroform as the solvent. The acrylic acid content of the polymers was determined
with conductometric titration (ManTech Associates), using 50 mg of polymer dissolved in 50 mL
of 1 mM NaCl as the analysis sample and 0.1 M NaOH as the titrant. A TVariant Cary Bio 100
UV-vis spectrophotometer was used to measure the LCST of the polymer precursor chains. 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 500 nm at every 0.5°C over a temperature range of

10°C to 80°C (ramp speed 1°C/min.)

4.2.6 Hydrogel preparation: Hydrogels were prepared by co-extruding one or more hydrazide-
functionalized precursor(s) (PO1oHso, POssHzg and/or PO1gH30) with one or more aldehyde-
functionalized precursor(s) (PO10A3o, POssAsp and/or PO1goA3) using a double barrel syringe
(Medmix), with each barrel containing polymer at a total concentration of 150 mg/mL in 10 mM

PBS. Hydrogel disks for swelling and transparency measurements were prepared by extruding
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the reactive polymer precursors through the double barrel syringe into cylindrical silicone
rubber molds (diameter = 7 mm, volume = 300 pL). In all cases, gels were incubated at room
temperature for at least 12 hours to ensure complete gelation prior to testing. Table 1 provides
a complete summary of the hydrogel recipes evaluated, expressed in terms of the
concentrations of each polymer precursor dissolved in each barrel of the double barrel syringe
prior to gelation.

Three categories of hydrogels were prepared in the context of the current study. First,
single precursor, same LCST hydrogels were prepared by co-extruding hydrazide and aldehyde
precursors with the same OEGMA comonomer content (i.e. similar LCST values) (PO(100/0) =
PO10H30 + PO10A30; POss = POssH3p + POssAsg; PO(0/100) = PO1goH30 + PO100As30). Second, single
precursor, different LCST hydrogels were prepared by mixing precursors with different OEGMA
comonomer contents (i.e. different LCST values) (PO(L/H) = PO4gH3p + PO1goA30; PO(H/L) =
PO1goH30 + PO10A30). Finally, mixed precursor hydrogels (PO(75/25), PO(50/50) and PO(25/75))
were prepared by mixing both high LCST (PO1¢9) and low LCST (PO40) precursor polymers in both
the hydrazide (PO1gH3p and PO1ggH30) and aldehyde (PO10A39 and PO1g0A30) barrels of the double
barrel syringe at the ratios indicated by the hydrogel sample code (PO1o/PO190 content) at a
total concentration of 150 mg/mL in 10 mM PBS. The key difference between these groups is
that each mixed precursor hydrogel is prepared by mixing four (2 hydrazide-functionalized and
2 aldehyde-functionalized) precursor polymers with different LCST values, while the single
precursor hydrogels are prepared by mixing only two (1 hydrazide-functionalized and 1
aldehyde-functionalized) precursor polymers which may have the same or different LCST values

(Table 1).

113



Emilia Paron — Ph.D Thesis McMaster University - Chemical Engineering

Table 4.1. Compositions of the various POEGMA hydrogels studied

Hydrazide Barrel Aldehyde Barrel

P010H30 P055H30 P0100H30 P010A30 P055A30 P0100A30
[mg/mL] [mg/mL] [mg/mL] [mg/mL] [mg/mL] [mg/mL]

PO,o= PO(100/0) 1500 - - 150.0 - -
PO(75/25) 112.5 - 37.5 112.5 - 37.5
PO(50/50) 75.0 - 75.0 75.0 - 75.0
PO(25/75) 37.5 - 112.5 37.5 - 112.5
PO100 = PO(0/100) - - 150.0 - - 150.0
PO(L/H) 150.0 - - - - 150.0
PO(H/L) - - 150.0 150.0 - -
POss - 150.0 - - 150.0 -

4.2.7 Swelling kinetics: Hydrogel swelling was determined at 22°C and 37°C in 10 mM PBS at
pH 7.4. Hydrogels were placed into cell culture inserts that were subsequently placed in a 12-
well cell culture plate and completely submerged with PBS (4 mL/well). At predetermined time
intervals, the cell culture inserts were removed from the well, the PBS drained, and the
hydrogel gently dried to wick off non-absorbed PBS prior to weighing of the hydrogel.
Subsequently, the hydrogels were resubmerged in a fresh 4 mL aliquot of PBS solution and
tested repeatedly until equilibrium swelling was reached (generally ~30 hours). Error bars
represent the standard deviation of the replicate measurements (n = 4). The mass-based swell
ratio (Qn) was calculated by dividing the mass of the hydrogel at any given time point (my) by

the dry mass of polymer in the hydrogel (m, = initial hydrogel mass X (1 —water content)).

4.2.8 Phase transition behavior: The volume phase transition temperature of the hydrogels
was determined both spectroscopically (using the same approach described for measuring the
linear precursor LCST values) and gravimetrically. For the latter measurement, hydrogels were
placed inside scintillation vials filled with 12 mL of 10 mM PBS and submerged into a
thermostatted water bath. After a 12-hour incubation period, the hydrogels were gently dried
using a Kimwipe to remove non-absorbed PBS and weighed. A fresh aliquot of PBS was then
added, the temperature of the water bath increased by 5°C, and the process repeated. The
mass-loss of the hydrogels was calculated by comparing the mass of the hydrogel at any given
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temperature to the initial mass of the same hydrogel, as measured at 22°C. Error bars represent

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

4.2.9 Degradation kinetics: Hydrogel degradation was determined in acid-accelerated
conditions at 37°C in the presence of 100 mM HCI (pH 1.0); these acid-catalyzed conditions
were used to compare the degradation properties of the hydrogels on a more measurable time
frame to enable better comparisons between the hydrogel compositions rather than to model a
specific in vivo environment. 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). At predetermined time intervals, the cell culture inserts were removed
from the wells, the PBS was drained, and the hydrogel gently dried to wick off non-absorbed
liquid prior to weighing of the hydrogel. Hydrogels were resubmerged in fresh HCI solution (4
mL/well) until the hydrogel was completely degraded (i.e. no separate phase was observed
between the hydrogel and the HCl bath solution). Error bars represent the standard deviation

of the replicate measurements (n = 4).

4.2.10 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. A strain was selected within the linear
viscoelastic range of each hydrogel and a frequency sweep was performed from 1 to 100 rad/s
to measure the shear elastic (G') and loss (G"”) moduli of the hydrogel. All measurements were
conducted at 25 °C, with error bars representing the standard deviation of the replicate

measurements (n = 3).

4.2.11 Protein affinity: The protein affinity of pre-formed hydrogels was assayed in 96-well
plates. POH and POA precursor solutions (150 mg/mL) were first sterilized via filtration through
a 0.2 um filter. Aligquots of 30 uL of each precursor solution were then extruded into each well
and left overnight to ensure complete gelation. Once gelation was complete, 60 pL of 10 mM

PBS was added to each well, and hydrogels were allowed to swell to equilibrium prior to
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protein addition (over 30 hours, a time confirmed to correspond to equilibrium swelling for all
hydrogels tested). Excess PBS was then removed, and 60 uL of either BSA-FITC, Fib-FITC or IgG-
FITC solution (125, 250 or 500 ug/mL in PBS) was added. The hydrogels were incubated for 2
hours at 37°C. After 2 hours, the hydrogels were rinsed to remove free protein, and the
fluorescence signal was measured using a VICTOR 3 multi-label microplate reader and
compared to the stock solution controls. Each experiment (hydrogels as well as controls) were
done in quadruplicate, with reported errors representing the standard deviation of the

replicates.

4.2.12 Protein release kinetics: BSA-FITC, IgG-FITC, and Fib-FITC release from the POEGMA
hydrogels was studied by dissolving the proteins (BSA-FITC 5 mg/mL, 1gG-FITC 1.3 mg/mL and
Fib-FITC 2.5 mg/mL) in the hydrazide precursor polymer solution and then forming hydrogel as
described above, with the resulting gel incubated either at 22°C or at 37°C to allow for
complete gelation. Note that the protein concentrations used vary due to the limited solubility
of 1gG-FITC and Fib-FITC in PBS; however, since the protein is present at the time of gelation,
significantly higher loadings can be achieved using this direct loading method compared to the
diffusion method. To compensate for this difference, all release results were normalized
relative to the initial quantity of protein loaded into the hydrogel to enable direct comparisons.
Upon complete gelation, the hydrogels (n = 4) were placed in cell culture inserts that were
subsequently placed in a 12-well cell culture plate and completely submerged with PBS (4
mL/well, the release medium) and incubated at 37°C. At predetermined time intervals, the
hydrogels were removed from the well, blotted to remove any unbound medium, and
incubated in fresh PBS (4 mL, preheated at 37°C) to satisfy infinite-sink conditions throughout
the release experiment. Protein release kinetics were assayed by measuring the fluorescence of
the recovered release medium solutions at each time point using a VICTOR 3 multi-label

microplate reader and comparing the results to each relevant calibration curve.

4.2.13 Cell adhesion: Cell adhesion to POEGMA hydrogels was assessed using mouse 3T3

fibroblast cells. Hydrogels were directly extruded into each well of a 48-well plate, with 100 pL
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of each sterilized polymer precursor solution (150 mg/mL in 10 mM PBS) added and then left
overnight to ensure complete gelation (n = 4). Gels were then incubated at 372C in 600uL of
sterilized 10 mM PBS and allowed to equilibrate for 24 hours prior to cell plating. The PBS was
then removed, and gels were washed with DMEM culture media prior to cell addition. Cells
were plated on top of the hydrogels at a density of 1.0 X 10* cells per well together with 600 uL
of DMEM and incubated for either 48 hours or one week at 372C. After the incubation period, a
LIVE/DEAD assay was conducted to visualize cells using microscopy and quantify adhesion. Each
well was washed three times with sterile 10 mM PBS to remove any non-adherent cells from
the gels before staining. Once washed, fluorescent live cells were counted using a Zeiss Axiovert
200M fluorescence/live cell imaging microscope and Imagel. All experiments were conducted
in quadruplicate, with multiple images (minimum 10) taken per well for analysis; error ranges
reported represent the standard deviation associated with the total cell counts (across the
multiple images taken per replicate) in the replicate measurements. Cell morphology on the

hydrogels was visualized using a Zeiss Axiovert 200M fluorescence/live cell imaging microscope.

4.3. Results and Discussion

4.3.1 Synthesis of hydrogel precursors: The six hydrogel precursor polymers were prepared
according to a strategy reported previously.39 Briefly, PO1gH30, POssHzp and POygoH3g were
synthesized by copolymerizing diethylene glycol methacrylate (M(EO),MA, n = 2), oligoethylene
glycol methacrylate (OEGMA47s, n = 8,9) and acrylic acid (AA), followed by post-polymerization
modification using EDC chemistry with a large excess of adipic acid dihydrazide. PO10A3o,
POssAszp and POjgoA3p were prepared by copolymerizing M(EO),MA, OEGMA,7s and N-2,2-
diethoxyethyl methacrylamide (DMEMAmM) and subsequently deprotecting the acetal via acid-
catalyzed hydrolysis to form an aldehyde. Chemical characterization of these four precursors is
presented in Table 2. According to their M(EQ),MA:OEGMA,7s composition, the hydrogel
precursors are classified as low LCST (x = 10 mol%; PO1gH30 and PO10A30), medium LCST (x = 55
mol%; POssH3g and POssAsg) and high LCST (x = 100 mol%; PO1ggH30 and PO1g0A30). The average
number of functional groups per polymer chain is similar for each precursor, such that

differences in the micro-and macroscopic hydrogel properties are likely to be related to the
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overall composition rather than the cross-link density of the hydrogel. In addition, given that
the molecular weights of all precursor polymers is below the renal cut-off (~32 kDa) and the
LCSTs of each precursor polymer lie well above physiological temperature (>50°C), kidney
elimination of soluble oligomers offers a viable potential method for clearing the polymers

following the degradation of the hydrogels.

Table 4.2. Chemical characterization of the synthesized POEGMA polymer precursors

c
n

Functional Functional

M(EO),MA®  OEGMA7s° [103 De LcsT @
[mol%] [mol%] Monomer & [  Groues °C]
[mol%)] 1] [#/chain]

PO10H30 72.5 5.9 21.6° 17.0 2.08 22 63.0
POssH30 33.3 39.0 27.7° 15.4 247 16 > 80
PO;poH3,  0.00 72.8 27.2° 19.4 2.35 16 > 80
PO10As30 70.4 5.7 23.9° 13.0 2.03 19 53.5
POssA30 35.5 40.1 24.4° 13.2 262 17 78.5
PO;1p0As,  0.00 71.9 28.1° 18.3 243 16 > 80

? Determined by 'H-NMR, ° Determined from conductometric titration ¢ Measured using

aqueous-SEC using an acetate buffer, 9 Determined at 95% transmittance at a concentration of
1 mg/mL in PBS. Synthesis data partly reproduced from reference 17.

4.3.2 Preparation of poly(oligoethylene glycol methacrylate) hydrogels: The low and high
LCST precursors were mixed in different proportions to prepare single and mixed precursor
hydrogels (Table 4.1). Note that, given that the functional group density is similar for all PO,Hzg
and PO,A3p precursors synthesized (Table 4.2), a ~1:1 ratio of aldehyde:hydrazide functional
groups is present within each hydrogel. Single precursor POEGMA hydrogels were prepared by
mixing 2 precursors with the same OEGMA,475:M(EO),MA percentage x (x = 10 mol% — POqq, x =
55 mol% — POss, or x = 100 mol% - PO4o). For comparison, two additional hydrogels were
prepared by mixing one low LCST and one high LCST precursor of opposite reactivity (PO(L/H),
PO(H/L)), providing a control in which gelation can only occur via reaction between precursors
with different LCST values. All of these single precursor hydrogels were found to be relatively
homogeneous on both the microscopic (SANS) and macroscopic (UV-vis) scale.>® Finally, mixed

precursor POEGMA hydrogels were prepared by mixing 4 precursors such that (1) an equal
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weight ratio of low LCST (POjgH3g and POj0A3) and high LCST (POjgoH30 and PO1g0As0)
precursors was added to both the hydrazide and aldehyde barrels of the double barrel syringe
(2) the aldehyde (PO4A30) and the complementary hydrazide (POHso) precursor solutions were
both prepared at a total concentration of 150 mg/mL, maintaining an approximate 1:1 ratio
between the aldehyde and hydrazide functional groups in the final hydrogel. Note that for the
mixed hydrogels gelation may occur without significant cross-reaction between the POsH3o and
PO,A3p precursors of different M(EO),MA:OEGMA,75 composition. The PO(75/25), PO(50/50)
and PO(25/75) mixed POEGMA hydrogels were prepared by mixing the low LCST and high LCST
precursors in 75/25, 50/50 and 25/75 weight ratios (for example, the 75/25 wt% hydrogel was
prepared by mixing 75 w/w% PO1oH3g with 25 w/w% PO1ooH30 in the hydrazide barrel and 75
w/wW% PO1pA30 and 25 w/w% PO1p0A30 in the aldehyde barrel and co-extruding the mixture
through the mixing channel). Note that the PO;9 and PO;q single precursor hydrogels can be
regarded as the 100/0 w/w% and 0/100 w/w% mixed precursor hydrogels in this labeling
scheme and are labeled PO(0/100) and PO(100/0) in the remainder of this manuscript. Contrary
to the single precursor hydrogels, the mixed precursor hydrogels are all opaque (even below
their respective VPTTs), suggesting the presence of large inhomogeneities in the hydrogel
morphology that were confirmed by light scattering (LS) experiments. Furthermore, SANS
analysis showed that these mixed precursor hydrogels are significantly more heterogeneous
than the single precursor hydrogels on a smaller light scattering length scale.”®

Based on these results (and the detailed SANS and LS study reported earlier),”® we
envisage the microscopic structures of the various POEGMA hydrogels as schematically
presented in Scheme 4.1. POy, POs5 and PO4gg as well as the PO(L/H) and PO(H/L) hydrogels (all
prepared with only one hydrazide and one aldehyde gelling pair) consist of largely
homogeneous networks and contain no large microphase separated domains. In comparison,
the mixed precursor hydrogels prepared with two gelling pairs contain phase separated
domains, with an excess of low LCST precursor causing inhomogeneities of high VPTT domains
in a low VPTT hydrogel matrix (PO(75/25)) and an excess of high LCST precursor creating low
VPTT domains inside a high VPTT matrix (PO(25/75)); the PO(50/50) hydrogel presents an
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intermediate morphology. This schematic representation of the mixed precursor hydrogels will

be used to interpret and explain the experimental observations made in this manuscript.

Low LCST High LCST

[o]
- |
(T R)\H,NHZ

Scheme 4.1. Preparation and hypothesized internal morphologies of POEGMA hydrogels
prepared by mixing precursor polymers with different phase transition temperatures

4.3.3 Physiochemical properties: The thermoresponsive swelling, rheology, and degradation
properties of hydrogels prepared using both single and mixed precursor approaches are

summarized in Table 4.3 and are discussed more specifically in the following sections.

4.3.3.1 Thermoresponsive swelling: POEGMA hydrogels were incubated in 10 mM PBS at 22°C
and 37°C for 30 hours to monitor the swelling kinetics (Fig. 4.1). The PO(0/100) hydrogel (VPTT
> 60°C, Table 4.3)*° quickly adsorbs water, reaching a mass-based equilibrium swell ratio (Qu) of
16.1+0.5 at 22°C and 13.5+0.1 at 37°C after 12 hours of incubation (a 16% decrease in volume
upon heating). The PO(100/0) hydrogels have a VPTT close to physiological temperature (Table
4.3) and consequently swell less, reaching a Q,, of 7.2+0.1 at 22°C and 4.240.1 (at 37°C) after 30
hours of incubation; these results represent a 42% decrease in volume upon heating, clearly
indicative of a VPTT. The mixed hydrogels show intermediate behavior, with Q, decreasing in a
linear fashion as the weight fraction of low LCST precursor is increased (Fig. 4.1 and Supporting

Information Fig. S1, R* = 0.932 at 22°C and R? = 0.980 at 37°C). Of particular note, the PO(50/50)
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hydrogel at 37°C shows only a marginal increase in water content during swelling, reaching a
Qn of 8.1#0.1 (compared to a Q. = 7.7 upon preparation). Swelling kinetics of PO(50/50)
analogue hydrogels revealed analogous results; PO(L/H), PO(H/L), and POss (all of which contain
the same overall ratio of M(EO),MA:OEGMA,;5s but distribute those monomers differently
between the precursor chains) all exhibited near-zero swelling at 37°C relative to their
preparation state, reaching equilibrium Q, values of 8.0£0.2, 7.610.1 and 7.4+0.1, respectively
(see Supporting Information, Fig. S4.2). These results suggest that hydrogels can be designed
for space-filling applications in vivo (such as vitreous humor replacement, for which hydrogel
swelling/de-swelling over time must be avoided to avoid glaucoma) by simple mixing of

precursors, removing the need for extensive precursor synthesis.
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Figure 4.1. Swelling kinetics of POEGMA hydrogels in 10 mM PBS at (A) 22°C and (B) 37°C: (@,
blue) PO(100/0); (®, purple) PO(75/25); (©, orange) PO(50/50); (®, green) PO(25/75) and (@,
red) PO(0/100).
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4.3.3.2 Rheological properties: The rheological properties and average elastic storage moduli
(G’) of the fully swollen POEGMA hydrogels (pre-incubated for at least 12 hours in PBS prior to
testing to ensure equilibrium swelling measurements) are shown in Fig. 4.2 and Supporting
Information Fig. S4.3. Comparable to the equilibrium swelling results (Supporting Information
Fig. 1), there is a linear decrease (R* = 0.984) in G’ from the PO(100/0) hydrogel (8.25 = 0.66
kPa) to the PO(0/100) hydrogel (1.63 + 0.25 kPa), related to significant differences in the
average cross-link density (v) in the hydrogels. As the weight fraction of low LCST precursors in
the hydrogel is increased, v increases by almost one order of magnitude (see Table 4.3).
Although the different precursor polymers are similar in terms of the average number of
functional groups per chain (approximately 1943 hydrazide and 18+2 aldehyde groups for each
precursor), increased steric hindrance is observed as the mole fraction of OEGMA,5 (n = 8,9)
increases, preventing some reactive groups from cross-linking. Of note, the presence of
heterogeneous microscale hydrogel morphology (i.e. the distribution of the high and low
transition temperature OEGMA comonomers between the component precursor chains) has no
significant impact on the mechanical strength of the hydrogel, with G’ observed to be directly
correlated with the ratio of low LCST and high LCST comonomers used in the hydrogel
formulation independent of their distribution (Supporting Information Fig. 4.4). This result
suggests that it is the continuous network structure and not the network inhomogeneities that

primarily govern the mechanical properties of the hydrogels.
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Figure 4.2. Average elastic storage moduli (G’) of the fully swollen mixed precursor POEGMA
hydrogels as a function of the weight fraction of high LCST precursor polymers used to prepare
the hydrogels. Correlation: G’ = 7.97+0.33 - (0.0650.004)x; R* = 0.984.

4.3.3.3 Degradation: The hydrolytically cleavable hydrazone cross-link used to gel the polymers
facilitates degradation of the hydrogels into their precursors over time, key for most in vivo
applications. Hydrogels were incubated in 100 mM HCI at 37°C to monitor the relative
degradation kinetics of the mixed precursor hydrogels (Fig. 4.3). The weakly cross-linked
PO(0/100) hydrogel degrades rapidly and is fully degraded within 1 hour. The addition of 25
w/w% low LCST precursor (PO(25/75)) increases the overall cross-link density (Table 3) and
delays complete degradation to approximately 2 hours, although the shape of the degradation
curve is similar. However, increasing the weight fraction of low LCST precursor to > 25 w/w%
induces a marked change in the degradation kinetics (Fig. 4.3). The PO(100/0) hydrogel is
densely cross-linked and de-swells when incubated at 37°C in PBS (Fig. 4.1B), resulting in a
weight loss of ~¥30% in the first 8 hours; incubation of this hydrogel in 100 mM HCI resulted in
essentially the same mass change trend, suggesting that degradation is extremely slow for
these hydrogels. In contrast, while the PO(50/50) and PO(75/25) hydrogels also deswelled at
37°Cin PBS (albeit not to the same extent as the PO(100/0) hydrogel, Fig. 4.1B), in the presence
of 100 mM HCI these hydrogels initially swell prior to the onset of macroscopic degradation

(Fig. 4.3). We hypothesize that this degradation kinetic profile can be explained by the presence
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of domains of high LCST precursors within PO(75/25) and PO(50/50) that degrade relatively
rapidly (analogous to the PO(0/100) hydrogel), resulting in the observed initial swelling due to a
decrease in local cross-link density within these domains. However, following this initial change,
the remaining, more densely cross-linked domains rich in low LCST precursor polymer domains
degrade significantly more slowly (analogous to the PO(100/0) hydrogel). These results suggest
that degradation of the mixed precursor hydrogels depends on both the degree and type of
phase separation that occurs as well as the overall cross-link density of the hydrogel. Of note,
regardless of the relative degradation kinetics, all POEGMA hydrogels could be fully degraded
upon longer acid exposure times into their original precursor polymers, which have previously
been demonstrated to be non-cytotoxic in vitro (MTT assay) and well tolerated in vivo

(subcutaneous injection in Balb/c mice).*
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Figure 4.3. Degradation kinetics of single and mixed precursor POEGMA hydrogels at 37°C and
100 mM HCI: (@, blue) PO(100/0); (®, purple) PO(75/25); ( ) PO(50/50); ( )
PO(25/75) and (@, red) PO(0/100).

Overall, on the macroscopic scale, the mixed precursor POEGMA hydrogels demonstrate
intermediate Q, and G’ values similar to those predicted by the simple rule of mixtures (Figs.
4.1 and 4.2 and Supporting Information Fig. S4.1), relatively independently of the degree of

phase separation observed. As such, provided transparency is not an issue, injectable hydrogels
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with well-defined properties can be designed “off the shelf” by simple mixing of precursor
polymers with different LCST, avoiding laborious polymerization steps each time a property
change is required. Alternately, if transparency is critical to the proposed application, this
modular mixing approach can be used to rapidly identify the M(EO),MA:OEGMA,75 composition
required to achieve a particular degree of swelling but maintain transparency in the hydrogel,
again avoiding the need for repetitive, trial-and-error polymer synthesis. As an example, the
PO(50/50) mixed precursor hydrogel exhibited near-zero swelling as a function of time at
physiological temperature (Fig. 4.1B) and has an opaque appearance at 37°C;3 a corresponding
injectable hydrogel prepared with 55 mol% OEGMA,;s precursors (identical to the overall
monomer ratio in the PO(50/50) hydrogel) not only also exhibits near-zero swelling (Supporting
Information Fig. S4.2) and very similar mechanical properties to PO(50/50) (Supporting
Information Fig. S4.4), but maintains transparency (Supporting Information Fig. S4.5).
Interestingly though, the phase separated microdomains do impose significant impacts on the
degradation kinetics (Fig. 4.3), with high transition temperature domains locally degrading
significantly faster than low transition temperature domains and thus significantly impacting

the overall rate of degradation depending on the mass distribution within the hydrogel.

4.3.4 Pharmokinetic properties: The pharmokinetic properties of the single and mixed
component hydrogels were assessed with regards to both their affinity and their capacity to

load and release model proteins of different molecular weights and properties.

4.3.4.1 Protein affinity: The affinity of the various POEGMA hydrogels to proteins was
evaluated using bovine serum albumin (BSA), fibrinogen (Fib) and immunoglobulin G (IgG)
absorption assays (Fig. 4.4). These three proteins were selected due to their different
isoelectric points (BSA ~4.7, fibrinogen ~5.1-6.3, and 1gG ~6.4-9) and molecular weights (BSA
~66 kDa, IgG ~ 150 kDa, and fibrinogen ~340 kDa) that span the range of typical proteins of

interest for therapeutic delivery.
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Figure 4.4. (A) Bovine serum albumin (BSA), (B) fibrinogen (Fib), and (C) immunoglobulin G (IgG)
uptake (expressed as ng per cross-sectional area of hydrogel) to POEGMA hydrogels: (M, blue)
PO(100/0); (M, purple) PO(75/25); ( ) PO(50/50); ( ) PO(25/75) and (M, red)
PO(0/100).

Although BSA, Fib, and IgG uptake all increase with increasing protein concentration in
the loading solution, adsorption values for all single component hydrogels remain below 50
ng/cm? for BSA and 1gG and 100 ng/cm? for Fib, comparable to the 10 to 100 ng/cm’ range
(depending on concentration of the loading solution) reported for protein adsorption to PEG-

56-58

grafted surfaces. Thus, the homogeneous hydrogels have low affinity to protein uptake

980 | comparison, BSA

analogous to PEG hydrogels that typically exhibit rapid protein release.
affinity to PO(50/50) is significantly higher than BSA affinity to either of the PO(100/0) and
PO(0/100) hydrogels at all protein concentrations tested (p > 0.05, Fig. 4.4A), despite this
hydrogel having an intermediate composition compared to the other two hydrogels. A similar
but less extreme trend is observed for both fibrinogen (Fig. 4.4B), for which the PO(50/50)
hydrogel exhibits the same protein affinity as the low-VPTT PO(100/0) hydrogel despite being
(on an overall basis) significantly more hydrophilic, as well as 1gG (Fig. 4.4C), which exhibits a
clear absorption maximum at the PO(25/75) composition relative to the single component
hydrogels. Since the PO(100/0) (all low LCST precursor) hydrogel exhibits significantly lower BSA
adsorption than any of the mixed precursor hydrogels and BSA is well-known to interact with
hydrophobic domains in hydrogels,® it is unlikely that this result is associated purely with the
We hypothesize that the increased protein

phase transition temperature of the hydrogels.

affinity at these intermediate ratios may instead be attributable to the presence of
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inhomogeneities at the hydrogel-water interface. Differences in cross-link density between the
low LCST precursor-rich phase (higher cross-link density) and the high LCST precursor-rich phase
(lower cross-link density) increase the interfacial roughness of the hydrogel, which has been

6283 35 well as a hyaluronic acid hydrogel

reported to enhance protein uptake to metal surfaces
modified with poly(L-lysine).®* The PO(50/50) hydrogel is structurally the most inhomogeneous
(consisting of 50/50 w/w% low LCST and high LCST precursors) and would, on this basis, support
significantly more protein uptake than the other heterogeneous or homogeneous hydrogels, as

primarily observed.

4.3.4.2 Protein release: Based on these non-linear protein affinity results, we hypothesized
that hydrogel heterogeneity could prove advantageous for controlled release applications both
in terms of facilitating potential drug partitioning into the heterogeneous phases as well as
inducing potential changes in the effective diffusional path lengths as the cross-link density
varies throughout the hydrogel. In order to test this hypothesis, fluorescein-labeled bovine
serum albumin (BSA-FITC, MW = 67kDa, pl = 4.7, ellipsoid 14 x 4 x 4 nm>) was loaded into the
hydrogels by simple mixing of the proteins with the precursor polymers, facilitating entrapment
of the proteins inside the gel during the gelation process. Protein release kinetics were assessed
from both the two single precursor hydrogels (PO(100/0) and PO(0/100)) as well as the three
mixed precursor hydrogels (PO(75/25), PO(50/50) and PO(25/75)) to evaluate whether the
macroscopic properties or the microscopic morphology primarily governs protein release (Fig.
4.5A-B and Supporting Information Fig. S4.6). The hydrogels were prepared in two different
ways: (/) the hydrogel precursors were extruded and gelled at 22°C, followed by incubation in
10 mM PBS at 37°C (Fig. 5A) or (ii) the hydrogel precursors were pre-incubated, extruded and
gelled all at 37°C, followed by incubation in 10 mM PBS at 37°C (Fig. 4.5B).
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Figure 4.5. BSA release kinetics at 37°C for the POEGMA hydrogels prepared at (A) 22°C and (B)
37°C: (@, blue) PO(100/0); (®, purple) PO(75/25); ( ) PO(50/50); ( )
PO(25/75) and (@, red) PO(0/100). See Supporting Information Fig. S4.6 for a zoom of the initial
12 hours of release.

For hydrogels prepared at 22°C, BSA release increases systematically with increasing
weight fractions of high LCST precursor in the hydrogel formulation (Fig. 4.5A). The PO(100/0)
hydrogel shows the slowest release, with 81.0£7.9% of protein released after 61 days, followed
by the PO(75/25) hydrogel which releases 91.5+2.6% of loaded BSA after 38 days. The
PO(50/50), PO(25/75) and PO(0/100) hydrogels all display very similar release rates and reach
nearly complete release in 5 days. As such, BSA release from the heterogeneous hydrogels
prepared at room temperature is governed by the macroscopic properties of the hydrogels,
specifically the cross-link density and swelling kinetics of the respective hydrogels. Of note,
similar trends are observed for fibrinogen (340 kDa, dimeric 47.5 x 6 x 9 nm?) and IgG (~150
kDa, Y-shaped), although total release is lower at any time point for higher molecular weight
proteins (Supporting Information, Figs. S4.7 and S4.8). The gap between the release observed
with PO(100/0) and PO(0/100) is significantly smaller with IgG, consistent with the similar
protein affinity observed between those two hydrogels at higher protein loadings such as those
used here (Fig. 4.4C).

When the precursor polymers were pre-incubated and gelled at 37°C, the BSA release
profile from the PO(100/0) (low VPTT) hydrogel was not significantly changed. In contrast, the
release curve plateaus for the PO(0/100) (high VPTT) hydrogel was observed at a significantly
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lower percentage release (78.5£3.5% compared to 99.5+4.4% for gelation at 22°C). Since the
LCST values of all polymer precursors lie well above 37°C (the lowest is 53.6°C for PO1pA30, Table
4.2), the precursor chains should be in a similar state of chain expansion in all cases at the onset
of gelation. Instead, we speculate that this result can be attributed to the residual stresses
present in the hydrogel network when the hydrogel precursors are pre-incubated at the same
temperature as is used for the ultimate release experiment. When the precursors are extruded
and gelled at 37°C, the hydrogels will be close to their equilibrium temperature (and thus
equilibrium water content, Fig. 4.1) prior to incubation in the release medium for drug release
(i.e. t = 0 of the kinetics experiment). The PO(100/0) hydrogel forms quickly (within several
seconds) and collapses quickly (with significant deswelling occurring within tens of minutes)
when incubated at 37°C; as such, the temperature of gel preparation (22°C versus 37°C) has
little effect on the release kinetics (Fig. 4.5A and 4.5B) aside from slightly accelerating the burst
release portion of the kinetic profile. In contrast, the PO(0/100) hydrogel gels more slowly (over
tens of minutes as opposed to seconds) and swells relatively slowly (on the same time scale of
protein release) such that the initial (gelation) conditions of the hydrogel more significantly
impact release. Specifically, the slight thermal deswelling observed for PO(0/100) (~17% mass
decrease between 22°C-37°C, Fig. 4.1) reduces the average pore size of the hydrogel
throughout the release process for hydrogels prepared at 37°C, contributing to the somewhat
lower plateau release value observed at 37°C.

In contrast, the mixed precursor hydrogel release behavior changes dramatically
depending on whether gels are formed at 22°C or 37°C. Most notably, very slow release
profiles with minimal burst release are observed for PO(75/25) and PO(50/50) when the
hydrogels are prepared at 37°C (Fig. 4.5B). The differences in the BSA release profiles for the
heterogeneous hydrogels as a function of the gelation temperature are likely governed by the
degree of phase separation achieved prior to gelation and the resulting impact of that phase
separation on the hydrogel morphology. SANS results suggested that the PO(25/75) hydrogel
consists of (a relatively small fraction of) low VPTT domains contained within a high VPTT
hydrogel matrix.”®> When the hydrogel is prepared at 22°C, the low VPTT domains will quickly

collapse upon incubation at 37°C and expel any BSA contained in these phases by convective
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mass transfer. Conversely, when the hydrogel is prepared at 37°C, these microdomains are
already collapsed and will better retain the BSA entrapped in these phases. Consequently, BSA
release from the PO(25/75) hydrogel plateaus at a somewhat lower release value relative to
PO(0/100) (86.9+4.3% compared to 99.5+4.4%) but follows similar kinetics, as the more
continuous high VPTT domain phase of the hydrogel is structurally similar in both cases.

For the mixed precursor hydrogels prepared with higher fractions of low LCST
precursors, the hydrogel structure would consist of a mixture of domains throughout
(PO(50/50)) or predominantly high VPTT domains within a low VPTT matrix (PO(75/25)),
depending on the relative mole fractions of high and low LCST precursors used to prepare each
hydrogel. When gelation is performed at 22°C (< VPTT of both phase-separated domains), a
significant burst release is observed for both PO(75/25) and PO(50/50) hydrogels following
incubation at 37°C and the hydrogels deswell, releasing 91.4+2.1% and 99.51+1.1% respectively
over 30 days due to the local collapse and thus convective transport of protein out of the low
VPTT domains. However, when gelled at 37°C (> VPTT of the low VPTT domains), the low VPTT
domains are already largely formed and collapsed either prior to or during the gelation process
rather than at the incubation step; as a result, both PO(75/25) and PO(50/50) hydrogels
facilitate significantly enhanced entrapment of BSA and significantly lower plateau release
values (26.9+2.1% and 35.4+5.0% for PO(75/25) and PO(50/50) respectively) relative to the
other hydrogels tested. We hypothesize that the larger fraction of high VPTT domains in
PO(50/50) drives the slightly higher burst release observed in this hydrogel relative to
PO(75/25). Considered together, these results suggest that significant modifications in drug
release kinetics can be achieved by preparing hydrogels using precursor polymers with different
phase transition temperatures or using the same precursor polymers gelled at different
temperatures, providing a facile modular, mix-and-match approach to “dialing in” specific

protein release kinetics of interest based on a minimal number of precursor polymers.

4.3.5 Biological Properties: We have previously shown that none of the precursor polymers
used herein are significantly cytotoxic to 3T3 mouse fibroblast cells’’. Here, based on the

significantly different protein affinity results observed depending on phase separation, we
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investigated the potential for adhesion of 3T3 fibroblasts to the single and mixed precursor

hydrogels (Fig. 4.6).

PO(0/100)

PO(25/75)

PO(50/50)

PO(75/25)

PO(100/0)

Figure 4.6. 3T3 fibroblast cell adhesion to POEGMA hydrogels after 2 days ((A) PO(0/100); (C)
PO(25/75); (E) PO(50/50); (G) PO(75/25); (I) PO(100/0)) and 7 days ((B) PO(0/100); (D)
PO(25/75); (F) PO(50/50); (H) PO(75/25); (J) PO(100/0)). Numbers of adhered, viable cells
per/cm2 measured at each time point (n = 4) are given on each graph. Scale bars measure
100pm.
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At shorter time points (2 days), the increased protein affinity to the mixed precursor
hydrogels (Fig. 4.4) was echoed by a small but statistically significant increase in cell adhesion to
the hydrogels, with 13 + 4 cells/cm? adsorbed to PO(25/75), 12 + 3 cells/cm? area adsorbed to
PO(50/50), and 8 * 2 cells/cm? adsorbed to PO(75/25) compared to 3 + 2 cells/cm? area for
PO(100/0) and 3 * 2 cells/cm? for PO(0/100). By day 7 following addition of the cells to the
hydrogels, this trend of increased cell adhesion to the mixed precursor gels is still observed,
although the cell numbers adhered to each gel do not significantly change from day 2 (p > 0.05
for each mixed precursor gel). This result indicates that these mixed precursor hydrogels are
not effective for promoting cell proliferation but can support limited cell adhesion; in contrast,
no cells whatsoever were observed on either the PO(100/0) or PO(0/100) gels after seven days
of incubation. Thus, analogous to the protein absorption results, the presence of phase-
separated microdomains in the mixed precursor hydrogels significantly enhances cell adhesion
relative to more homogeneous hydrogels prepared from either of the two single phases
comprising the phase separated gels. As with the protein absorption results, we hypothesize
that increased mechanical roughness of phase separated gels on the length scale of cells and/or
cellular binding domains can account for these differences. However, it must be emphasized
that the number of cells adhered to the mixed precursor hydrogels remains orders of
magnitude lower than that observed on tissue culture polystyrene (790 + 170 cells/cm? on day
2 and 1150 + 15 cells/cm? on day 7). Thus, from an in vivo application perspective, the mixed
precursor hydrogels support significantly enhanced protein affinity (Fig. 4.4) and significantly
prolonged protein release kinetics (Fig. 4.5) while still largely resisting cell adhesion, which is

typically associated with lower inflammatory responses in vivo.®

4.4. Conclusions

By preparing injectable hydrogels using mixtures of POEGMA precursors with high and
low LCST values, the properties of the hydrogels can be tuned on multiple length scales to be
appropriate for different biomedical applications. Macroscopically, in terms of swelling
kinetics/equilibria or hydrogel mechanics, hydrogels can be produced with intermediate

properties that are largely predictable using the simple rule of mixtures based on the properties
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of hydrogels prepared with the constituent polymers alone. In contrast, on a microscopic scale,
the observed phase separation of the high and low LCST precursor polymers into domains
results in significant changes in degradation kinetics, protein affinity, and drug release kinetics,
according to the relative ratios of the high and low LCST precursors used as well as the
temperature at which those precursors are gelled. Specifically, from an applications
perspective, significant increases in protein affinity and decreases in burst protein release are
observed when high and low LCST precursor polymers are mixed together, all while minimally
changing the nature of cell-hydrogel interactions with the materials. Alternately, mixing
different LCST precursors together in different ratios can be used to readily identify the
composition of a single precursor composition that will have the same macroscopic properties
(swelling response, mechanics) but will maintain transparency. Together, we believe these
results demonstrate the utility of a “modular” approach to hydrogel design in which a very
limited number of precursor polymers (in this case, 4) can achieve a wide variety of hydrogel
properties depending on the ratios at which they are mixed and the temperatures at which
they are gelled. This approach both avoids the need to synthesize new precursor for different
application criteria and/or costly and time-consuming trial-and-error synthesis to prepare
hydrogels with specific targeted properties, in addition to facilitating the expression of new

hydrogel properties not achievable with either of the precursor polymers alone.

4.4.1 Supporting information: Swelling kinetics and mechanical data for the PO(50/50)
analogue hydrogels, rheological data, VPTT of the POEGMA hydrogels as measured by UV-vis
spectrophotometry, optical transparency data, and protein release kinetics for BSA, Fib and IgG

are provided.
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Mixing poly(oligoethylene glycol methacrylate) (POEGMA) precursor polymers with different
lower critical solution temperatures leads to linear changes in macroscopic gel properties (e.g.
mechanics, swelling) but non-linear changes in properties dependent on gel microstructure
(e.g. transparency, protein adsorption, cell adhesion, drug release). Hydrogels with desired
properties can be formed a priori by simple mixing of a limited number (4) of precursor
polymers.
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Chapter 5: pH-lonizable In situ-Gelling Poly(Oligo ethylene glycol methacrylate)-Based

Hydrogels: The Role of Internal Network Structures in Controlling Macroscopic Properties

Preface:

This chapter describes the design of POEGMA precursor polymers containing either N,N-
dimethylaminoethyl methacrylate (DMAEMA) or acrylic acid (AA) to produce cationic and
anionic charged polymers respectively. By mixing the charged precursors in different
combinations, we create four charged POEGMA hydrogels; cationic, amphoteric, anionic and
neutral. In this chapter, we show the potential to leverage our capacity to precisely control
hydrogel charge content in this manner to create injectable and degradable POEGMA hydrogels
with highly tunable physicochemical properties. Furthermore, to better understand the
mechanistic and structural reasons behind the effects of ionic functional groups on the gel
properties, we use isothermal titration calorimetry (ITC) and small angle neutron scattering

(SANS) to investigate intermolecular interactions within the gel.
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Keywords
Hydrogels, charge density, small angle neutron scattering, poly(oligoethylene glycol

methacrylate), structure-property correlation.

Abstract

The incorporation of charge within in situ covalently gelling poly(oligoethylene glycol
methacrylate) (POEGMA) precursor polymers enables the fabrication of hydrogels that exhibit
both pH-responsive swelling as well as tunable network structures due to multi-mechanism
crosslinking interactions. The gelation times, swelling responses, degradation kinetics, and
mechanics of the resulting gels were strongly influenced by both the type of charge(s)
incorporated and pH, with both amphoteric gels and anionic gels showing clear evidence of
dual network formation. While the amphoteric dual network was anticipated due to charge
interactions, the mechanism of the five-fold enhancement in mechanical properties observed
with the anionic gel relative to the neutral gel was revealed by isothermal titration calorimetry
and small angle neutron scattering to relate to the formation of a zippered chain structure
based on dipole-dipole interactions. Consequently, rational design of the chemistry and the
microscopic network structure results in controllable macroscopic properties amenable to

potential biomedical applications.
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Introduction

Poly(ethylene glycol) (PEG)-based hydrogels have been widely used as biologically
relevant mimics of native human tissues given their inherently high water contents and anti-
fouling properties that are highly relevant to both therapeutic delivery and tissue engineering
applications.l_3 Despite the widespread use of PEG-based hydrogels as biomedical scaffolds,
their chemistry is inherently limited given the step-growth mechanism of polymerization that
effectively constrains the presence of reactive functional groups for both crosslinking and gel
functionalization at the chain ends.*> We,*® and others,>™ have recently explored the use of
poly(oligo ethylene glycol methacrylate) (POEGMA) hydrogels as a PEG hydrogel mimic that can
exhibit the same general favorable properties of PEG hydrogels while exploiting the chain
growth mechanism of OEGMA polymerization (and thus facile capacity for copolymerization) to
enable polymer functionalization. Our particular interest lies in the design of in situ-gelling
POEGMA hydrogels prepared by simple mixing of hydrazide and aldehyde-functionalized gel
precursor ponmers.6 In this context, copolymerization of functional comonomers has been
demonstrated to enable precise control over the density of reactive functional groups for
covalent crosslinking,™® hydrophobic grafts to induce physical crosslinking,™ biological ligands to

direct cell behavior,12

and other types of functional groups. Furthermore, the capacity of
POEGMA to exhibit both PEG-like properties as well as thermoresponsive properties (tunable
based on the number of ethylene oxide repeat units on the polymer backbone)™ opens up a
new set of potential applications of POEGMA hydrogels, including reversible cell binding-
delamination’ and mixing-based introduction of heterogeneous domains within hydrogels due
to thermally-induced phase separation on the same time scale as to enable regulation of drug
release.®’

Aside from the hydrophobic or covalent crosslinking strategies previously applied to
modify in situ-gelling POEGMA hydrogels, inclusion of charge is also interesting in several
contexts. From an application perspective, introducing pH-responsive charges within the
polymer matrix can promote prolonged drug release by electrostatically enhancing drug-

polymer interactions and/or environmentally-responsive drug delivery in targeted pH

environments that drive gel swelling (to reduce diffusion resistance to drug release) and/or
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f£.1471® Similarly, from a

switch the charge-based affinity between the drug and the gel on and o
tissue engineering or cell scaffolding perspective, charged hydrogels have been noted to alter
cell adhesion properties (again, potentially in a pH-dependent manner) and/or introduce
antibacterial properties into hydrogels,*® although higher cationic charge in particular have
been correlated with high protein adsorption and thus upregulated inflammatory reactions in
vivo."’ Alternately, if both pH-responsive cationic and anionic charges are present in the gel
network (i.e. amphoteric hydrogels), ionic crosslinks can form that can be reversed to drive gel
swelling in targeted biological environments according to the pK, values of the respective
charged groups.’®**® In addition, given the mixing-based gelation approach used for the design
of in situ-gelling POEGMA hydrogels, charge interactions may also induce the formation of
physical heterogeneities (i.e. microdomains) within the gel network either prior to or on the
same timescale as covalent gelation, potentially creating domains with defined charge densities
within a bulk hydrogel matrix. Such charge-driven phase separation has been observed in
poly(N-isopropylacrylamide-co-acrylic acid) (NIPAM-AA) gels, in which varying the amount of
anionic charge substantially affects the microdomain structure and thus the release rate of
encapsulated drug.?°

Given the multi-faceted impacts of introducing charge into in situ-gelling hydrogel
networks, developing an understanding of how incorporated charges and/or the interaction
between charges affects the nanoscale morphologies and, by extension, the bulk properties of
such hydrogels would significantly expand our capacity to more rationally engineer a hydrogel
ideally suited to a particular biological (or even non-biological) application. Such understanding
requires an analytical method suitable for probing the nanoscale morphology of these
hydrogels. Scattering methods such as small angle neutron scattering (SANS), small angle X-ray
scattering (SAXS) and light scattering (LS) are extensively used to analyze structure-property

13,21-2 .
321723 \with

correlations in conventional hydrogels created using free radical copolymerization,
SANS particularly advantageous for the microstructural characterization of hydrogels on the
length scale of typical gel homogeneities. SANS has been successfully used on PEG-based
hydrogels to enable quantifiable characterization of hydrogel parameters including

characteristic network mesh size, solvent affinity, and the size of heterogeneous domains,
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among other features.”>**

We have also previously applied SANS to gain insight into the
morphology of (neutral) POEGMA-based injectable hydrogels.”> However, given the previously
outlined multiple ways in which polymer charge can alter the network structure, SANS analysis
on charged POEGMA networks is expected to yield significant insight into the effect of charge
on the network morphology and, in turn, the key physical properties of these hydrogels.

Herein we report on the characterization of both the macrostructural physicochemical
properties as well as the microstructural morphologies of cationic, amphoteric and anionic
injectable POEGMA hydrogels crosslinked via hydrazone chemistry. A specific focus is placed on
characterizing the microstructure (using SANS) to correlate the gel morphology with the bulk
gel properties (e.g. swelling, degradation, etc.) at different degrees of ionization of the
incorporated charges. We highlight evidence of both the anticipated ionic double network
crosslinking observed in amphoteric gels as well as a surprising mechanical enhancement in
anionically-functionalized injectable POEGMA gels that we extensively characterize via both
conventional physicochemical gel measurements, SANS, and isothermal titration calorimetry.
The structure-property correlations identified can subsequently be leveraged to design

hydrogel systems that better mimic native tissues and/or regulate the release kinetics of

biological therapeutics.

5.2. Experimental

5.2.1 Materials. All chemicals were purchased from Sigma Aldrich (Oakville, Ontario, Canada)
unless otherwise stated. Oligo(ethylene glycol) methyl ether methacrylate (OEGMA,75, 95%)
with a number-average molecular weight of 475 g/mol was purified through a basic aluminum
oxide packed column (type CG-20) to remove the methyl ether hydroquinone (MEHQ) and
butylated hydroxytoluene (BHT) inhibitors. N-(2,2-dimethoxyethyl) methacrylamide (DMAEAm,
98%) was synthesized as previously reported.26 Functional monomers acrylic acid (AA, 99%) and
N,N-dimethylaminoethyl methacrylate (DMAEMA, 98%) as well as adipic acid dihydrazyde
(ADH, Alfa Aesar, 98%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth,

Compton CA, commercial grade), thioglycolic acid (TGA, 98%), and 2,2-azobisisobutryic acid
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dimethyl ester (AIBMe, Wako Chemicals, 98.5%) were used as received. For all experiments,

Milli-Q grade distilled deionized water (DIW, 18.2 MQ cm resistivity) was used.

5.2.2 Synthesis and characterization of neutral and charged hydrazide-functionalized
POEGMA precursor polymers (POH and POH(+)). Linear neutral (PO1gpoH30) and cationic
(PO100H30(+)20) hydrazide-functionalized POEGMA precursor polymers were synthesized based
on our previously reported method.”® Briefly, AIBMe (37 mg), OEGMA47s (4.0 g), functional
monomer DMAEMA (0 uL for PO1gH3p, 591 pL for PO1gH30(+)20), AA (286 uL for PO1goH30, 333 plL
for PO4ggH30(+)20), and TGA (1.0 uL) were dissolved in a 100 mL round-bottom flask in 1,4-
dioxane (20 mL). Note that the amount of AA (used to conjugate hydrazide groups to enable
crosslinking) is adjusted in the POH(+) recipe to maintain an equivalent 30 mol%
functionalization of crosslinkable groups in both POH and POH(+). After nitrogen purging for 30
min, the flask was sealed and submerged in a pre-heated oil bath at 75°C for 4 hours under
magnetic stirring. Subsequently, the solvent was removed by rotary evaporation, and the
polymer was re-dissolved in 100 mL DIW. ADH (5x molar excess of polymer-bound —COOH
groups) was then added and the pH was lowered to ~4.75 using 0.1 M HCI, after which EDC
(3.5x molar excess of polymer-bound —COOH content) was added; the pH was maintained at pH
= 4.75 over the following 4 hours. The solution was left to stir overnight, dialyzed (molecular
weight cut-off MWCO= 3500 g/mol) against DIW for a minimum of 6 cycles, and lyophilized. The
polymers were stored as 20 w/w% solutions in PBS at 4°C. The degree of hydrazide
functionalization was determined from conductometric base-into-acid titration (ManTech
Associates) using 0.1 M NaOH as the titrant and 50 mg of polymer dissolved in 50 mL of 1 mM
NaCl as the analysis sample. Quantification of hydrazide functionalization was achieved by
comparing the —COOH content of the polymer before and after the ADH conjugation reaction,
assuming that 1 mol ADH reacts with 1 mol —COOH group (i.e. no crosslinking occurs, as is likely
based on the 5x molar excess of small molecule ADH added). Precursor polymer molecular
weights were estimated by aqueous size exclusion chromatography (SEC) 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
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mobile phase consisting of 0.3 M sodium nitrate and 0.05 M phosphate buffer (pH 7) running at
a flow rate of 0.8 mL/min was used for all polymers analyzed. Molecular weights were

calculated based on narrow-dispersed poly(ethylene glycol) standards (Waters).

5.2.3 Synthesis and characterization of neutral and charged aldehyde-functionalized POEGMA
precursors (POA and POA(-)). Linear neutral (PO1g0A3) and  anionic
(PO100A30(-)20) aldehyde-functionalized POEGMA precursor polymers were synthesized based on
previously described method.? Briefly, AIBMe (37 mg), OEGMA7s (4.0 g), functional monomer
DMAEAm (0.60 g for PO1gA30, 0.82 g for PO10A30(-)20), AA (0 g for PO1gpA30, 0.23 g for PO100A30(-
)20), and TGA (1.0 uL for PO1pA30 and PO;10A30(-)20) Were dissolved in a 100 mL round-bottom
flask using 1,4-dioxane (20 mL) as the solvent. As with POH/POH(+), the amount of DMAEAmM
added was adjusted to maintain 30 mol% of the functional crosslinking monomer in both POA
and POA(-). After purging with nitrogen for at least 30 min, the flask was sealed and the
reaction carried out at 75°C for 4 hours under magnetic stirring. The solvent was then removed
via rotary evaporation and subsequently re-dissolved in 100 mL of 0.5 M HCI to cleave the
acetal groups on the DMAEAmM monomer to aldehydes. The solution was left to stir for 24
hours, dialyzed (MWCO= 3500 g/mol) against DIW for a minimum of 6 cycles, and lyophilized.
The polymers were stored as 20 w/w% solutions in PBS at 4°C. The degree of functionalization
was determined from ‘H-NMR analysis (Bruker AVANCE 600 MHz spectrometer, CDCl3) by
comparing the integral values of the —OCHj5 signal (3H, 6=3.35-3.45 ppm) and the —OCH signal
(1H, 6=9.50-10.0 ppm). Molecular weights were estimated using the same SEC protocol
described for POH/POH(+).

5.2.4 Degree of ionization. The degrees of ionization of PO1goH30(+)20 (cationic charge) and
PO100A30(-)20 (anionic charge) as a function of pH were calculated individually by potentiometric
titration using the same titration conditions outlined previously, normalizing the results to a

blank titration (no polymer).*’
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5.2.5 Isothermal titration calorimetry (ITC). ITC was performed using a Nano ITC low-volume
system (TA Instrument). Experiments were conducted by performing 20 successive 2.5 plL
injections of POA or POA(-) (1 wt % in 10 mM PBS) into a reaction cell containing 170 pL of a 0.1
wt % of POH or POH(+), with all solutions degassed prior to testing. All experiments were
performed at room temperature under constant stirring at 350 rpm. Titration heat signals were
processed by NanoAnalyze software (TA Instruments—Waters LLC, Newcastle, DE). Data from
the first injection was disregarded, avoiding errors originating from the diffusion of titrant into

the calorimetric cell.?®

The heat of dilution associated with adding each charged or uncharged
POEGMA precursor polymer solution titrant (prepared in 10 mM PBS) into 10 mM PBS without
dissolved polymer was used as a blank, with those measured heats of dilution subtracted from
the enthalpies measured for each polymer run to enable isolation of polymer interaction heat
effects. The molar heats of injection (AH, kJ mol™) were determined by integrating the area
under each individual injection peak to find the heat (Q) associated with each injection and
dividing by the number of moles of polymer titrated into the sample ((concentration of polymer

(mM) x injection volume (uL))/M,, of polymer); this type of analysis has been done for other

polymer systems.29

5.2.6 Hydrogel preparation. Both neutral and charged hydrogels were prepared via co-
extrusion of hydrazide-functionalized (POH and/or POH(+)) and aldehyde-functionalized (POA
and/or POA(-)) precursor polymers, both dissolved at 150 mg/mL in 10 mM PBS, via a double
barrel syringe equipped a static mixer at the outlet to ensure mechanical mixing of the
precursor polymers prior to gelation (Medmix L series, 2.5 mL volume). Hydrogel disks for
swelling and degradation testing were prepared by extruding the reactive precursor polymers
directly into cylindrical silicone rubber molds (diameter = 7 mm, volume = 300 pL); gels were
incubated at room temperature for at least 4 hours to ensure complete gelation prior to
testing. Hydrogel disks for mechanical testing were extruded into similar but thinner silicone

molds (diameter = 7 mm, volume = 150 pL) to fit the parallel plate geometry of the rheometer.
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5.2.7 Hydrogel gelation kinetics. Gelation times were assessed using a simple vial inversion
test following the mixing of 200 pL aliquots of each combination of reactive hydrazide and
aldehyde precursor polymers into a 2 mL Eppendorf tube and vortexing the mixture
immediately upon addition of the second precursor polymer solution to ensure complete
mixing (2 s vortexing per sample). Following, the tube was rotated manually every 5 seconds,
with the gelation time defined as the time at which the hydrogel visually no longer flows on the

time scale of the rotation (5 s).

5.2.8 pH-dependent swelling kinetics. Hydrogel swelling was determined at 37°C in buffered
solutions maintained at 10 mM pH 3 (citrate), 7.4 (phosphate) and 10 (carbonate). Hydrogels
disks were loaded into cell culture inserts that were subsequently placed into a 12-well cell
culture plate and completely submerged in buffer solutions (4 mL/well). At predetermined time
intervals, the cell culture inserts were removed from the well, excess solution inside the insert
was drained, and the hydrogel was gently dried with a Kimwipe to wick off any non-absorbed
buffer. The gel + insert mass was then measured, after which the hydrogels were resubmerged
into a fresh 4 mL of buffered solution and tested repeatedly until equilibrium swelling was

reached (~30 hours). The mass-based swelling ratio Q,, was calculated using Equation (1):

Ms

Qm = (1)

Mg

where M is the mass of the swollen hydrogel and My is the initial dry hydrogel mass. Using the

calculated Q,,, a volumetric swelling ratio Q, was subsequently calculated using Equation (2):
P
Q=1+ "Qu—1 2)

where P, is the weight average of the densities of the constituent precursor polymers used to
prepare the hydrogels (1.01 g/cm?® for POH(+) and 1.05 g/cm?® for POA(-) polymers, as estimated
based on a weighted average of the densities of OEGMA,75, DMAEMA, and AA) and Ps is the
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density of the solvent (~1 g/cm? for water). Error bars represent the standard deviation of the

replicate measurements (n = 4).

5.2.9 Calculation of hydrogel mesh size. The Peppas-Merill equation was used to calculate the
mesh size of the charged POEGMA hydrogel systems. First, the molecular weight between

crosslinking points M. was determined for the neutral PO1go hydrogel using Equation (3):*°

(%) In(1-vys)+vys +X1V§,s]

1
V2,5)\3 V2;s
V2,s 2V2,s

2
—:+
Mn

(3)

1
Mc

Here, M, is the molecular weight of the POEGMA precursor polymer (measured via SEC), V; is
the molar volume of the solvent (~18 cm3/mol), Va5 is the polymer volume fraction at
equilibrium swelling, v, is the polymer volume fraction in a relaxed state (defined as the state
of the polymer immediately after crosslinking but before swelling), v is the specific volume of
the polymer (Ps/P;), and X is the polymer-solvent interaction parameter (approximated by that
measured for PEG-water systems, 0.426).3

As the presence of ionic moieties in hydrogels makes the theoretical approximation of swelling
behavior much more complex, Equations 4 and 5 have been derived to aid in more accurate
determinations of M. for the charged hydrogels by incorporating terms to describe the ionic
contributions to the chemical potential of the system through Brannon-Peppas model for ionic

gels:*

= (5 (i) -
4IM, v 10PH-14_ K

1
[ln(l - Vz,s) +vys + XlV%,s] + (v‘;/[_lc) (1 - 2M_Nilc) Var [(%2)3 B (ZVVLZSS)] )
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Vi _ (VL)Z (K—)Z _
4IM, \v/ \10-PH - K,

1
[ln(l — V2,s) + vyt X1V%,S] + (v‘;/[—lc) (1 B 21\/%6) Var [(%)3 B (2‘%55)] )

Here, | is the ionic strength, K, and K, are the dissociation constants for the acid and base
respectively (calculated based on the pK, of the polymers as determined by potentiometric
titration), and M, is the molecular weight of the repeating unit (taken as a weighted average of
the molecular weights of the monomers).

The mesh size of the hydrogel networks can subsequently be estimated based on Equation (6):

E= vy, (Zae)? (6)

where C, is the characteristic ratio between the observed end-to-end distance and the end-to-
end distance of a freely jointed chain composed of n bonds of step length |, the bond length of

a carbon-carbon bond (1.54 A). *°

5.2.10 Degradation kinetics. Hydrogel degradation was determined in acid-accelerated
conditions at 37°C in the presence of 100 mM HCI (pH = 1.0); these acid-catalyzed conditions
were used to enable comparisons of the degradation kinetics of the hydrogels via hydrazone
hydrolysis on a more reasonably measurable time frame and are fully appreciated not to
approximate any sort of in vivo-relevant degradation condition. Degradation was measured
gravimetrically using the same method used to track swelling but 100 mM HCI (4 mL per well)
as the submersing solvent. Measurements were continued until the hydrogel was completely
degraded (i.e. no separate phase was observed between the hydrogel and the HCl bath

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

5.2.11 Hydrogel rheology. The rheological properties of the hydrogels were measured using an

ARES rheometer (TA Instruments) operating under parallel-plate geometry using a plate
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diameter of 7 mm and a plate spacing of 1 mm. A strain sweep was first conducted from
0.1-100% strain at 1 Hz to identify the linear viscoelastic range of the hydrogels. Following, a
strain was selected within this 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 25°C, with error bars representing the standard deviation of the replicate

measurements (n = 3).

5.2.12 Small-angle neutron scattering (SANS). SANS experiments were conducted on the 30 m
SANS NGB instrument at the National Institute of Standards and Technology Center for Neutron
Research (NIST NCNR, Gaithersburg, MD, USA). Sample-to-detector distances of 1 m (2 min
collection time, 6 A neutron wavelength), 4 m (5 min collection time, 6 A neutron wavelength)
and 13 m (13 min collection time with lenses and 20 min collection time without lenses, 8.4 A
neutron wavelength) were used to measure an effective g-range of ~10° A' to ~10° A™.
Samples were prepared by co-extruding ~300 uL of charged and/or neutral precursor polymers
prepared at concentrations of 150 mg/mL in 10 mM deuterated PBS directly into the sample
cells, standard quartz window chambers (4.32 x 3.49 x 2.16 cm®) with a sample thickness of 1
mm (blank transmission = 0.61). The four ranges of data collected were merged using the DAVE
on-site data reduction tool. The scattering intensity (I(g)) of the charged POEGMA hydrogel

networks was modeled based on Porod theory by Equation (7):

@ = 5+(5)5e=+ B (7)

q qs/ 1+Egm

where I(q) is the scattering intensity, q is the scattering vector, B is the background scattering, n
is the Porod exponent, s is the stretch factor, m is the Lorentzian exponent, and ¢ is the
Lorentzian screening length.>>*® The Porod exponent characterizes the fractal structure of the
gel, related to the local clustering of polymer chains of degree n. The stretch factor relates to
the stretch or ordering of polymer chains on a scale of 0 to 1, where s = 0 describes fully
unstretched (globular) chains and s = 1 describes chains that are fully stretched. Note that this

term is not required to fit neutral POEGMA hydrogels and was included in this model to account
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for the effects of charge repulsion on expanding the polymer coils in the network. The
Lorentzian exponent m indicates the affinity of the polymer chains in solution, with m = 2
typically describing high affinity between the polymer and solvent and m = 4 describing low
polymer-solvent affinity due to slightly attractive or repulsive biased random walks.>* The
Lorentzian screening length € is the correlation length for polymer chains and is indicative of the
mesh size (i.e. average distance between crosslinking points) in the gel. Note that crosslinking
points in the charged hydrogel system may be either chemical (hydrazone crosslinks) or
physical (charge-charge interactions or dipole-dipole/hydrogen bonding interactions). A variety
of models have been developed specifically for charged hydrogel systems, including the

337 models. However, these

Panyukov—Rabin,34 Borue-Erukimovich?* and Debye-Bueche
models were not used here because the overall charge incorporation within our systems (~10
mol% of total monomers) is significantly less than that of typical PAA®® or pon(NIPAM—co—AA)39
systems previously fit with such models; instead, a simpler Porod model (albeit it one
incorporating stretch) can accurately capture the features of the intensity profiles collected.
Additionally, the use of 10 mM PBS solvent to better mimic biological systems increases charge
screening within the gel, making the charged domains larger, shifting the polyelectrolyte

contribution towards lower g values, and making the SANS spectra in the tested q range more

.. 4
similar to neutral systems.*

5.3 Results

5.3.1 Synthesis of hydrogel precursors. Each charged precursor polymer was prepared by
copolymerizing a functional monomer to enable covalent crosslinking via hydrazide/aldehyde
chemistry (AA, subsequently grafted with ADH to form hydrazide groups, or DMAEAm,
subsequently hydrolyzed to form aldehyde groups) and a functional monomer to impart charge
in the polymer (AA for anionic polymers, DMAEMA for cationic polymers). Each POsH,(+), and
PO,A(-), precursor polymer reported in this paper is functionalized with y = 30 mol% functional

hydrazide or aldehyde functional groups (i.e. the theoretical covalent cross-link density
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potential is the same among all gels) and z = 20 mol % charged monomer; the remaining ~50
mol% of monomers in the charged precursor polymers or ~70 mol% of monomers in the
uncharged gels is comprised of OEGMA,7s, the n=8-9 long-chain comonomer which mimics PEG
and does not exhibit any thermal phase transition. Table 5.1 indicates essentially quantitative
incorporation of each of these comonomer components into the precursor polymers (see also
Supporting Information Figs. S5.1 and S5.2), leading to functional precursor polymers with
expected average pK, values of ~7.5 (cationic) and ~5.1 (anionic) as per potentiometric titration
(Supporting Information, Fig. S5.3). The number-average molecular weight (M,) of the polymer
precursors is also consistent between the different precursors and is controlled to be <30 kDa
(Table 5.1), well below the renal clearance limit of 40-50 kDa.>* As such, given the similar
degrees of functionalization and molecular weights, the precursor polymers to be used for
hydrogel fabrication are chemically equivalent aside from the incorporation of charged

monomers.

Table 5.1. Chemical characterization of synthesized POEGMA polymer precursors

Functional Charged
Functional | Reactive Functional %
Polymer OEGMA,;5 Charged M,
b Reactive Group Monomer b pK, lonization
Precursor (mol%) Group (kDa)
Group Content Content atpH7.4
(mol%) (mol%)
PO100H30 70.7°¢ NHNH, 29.3° - N/A 241 |33 | N/A N/A
(POH)
PO1goH3o(+), | 47.9° NHNH, 28.3° DMAEMA | (+)19.7° 249 |31 |~75° 55.1
o (POH(+))
PO100A30 71.9° CHO 28.1° - N/A 221 |29 | N/A N/A
(POA)
PO100A30(-)20 | 46.4°¢ CHO 32.3° AA (-)19.3° 238 |31 |[~51° 99.5
(POA(-))

® Determined from conductometric titration; ® Determined from potentiometric titration; ©
Determined by *H-NMR
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5.3.2 Physiochemical properties of charged POEGMA hydrogels. Charged POEGMA hydrogels
were prepared via co-extrusion of an equal total mass of one or more hydrazide (POH/POH(+))
and one or more aldehyde (POA/POA(-)) polymers using a double barrel syringe, as per the
recipes shown in Table 2. All gels are labeled as POjqg.x/y, Where x corresponds to the mass
percentage of the overall hydrazide-functionalized polymer added that contains charge and y
corresponds to the mass percentage of the overall aldehyde-functionalized polymer added that
contains charge. For example, PO1g0-100/0 Was prepared by gelling 100% POH(+) (15 wt%) as the
hydrazide component and 0% POA(-) (i.e. 100% POA, 15 wt%) as the aldehyde component,
while POj0.50/50 Was prepared using 50% POH(+) (7.5 wt%) and 50% POH (7.5 wt%) as the
hydrazide component and 50% POA(-) (7.5 wt%) and 50% POA (7.5 wt%) as the aldehyde

component.

Table 5.2. Recipes and gelation times (by the vial inversion test) of charged POEGMA hydrogels

% Charged | Ratio of Gelation
Overall Polymer
Hydrogel Hydrazide Aldehyde monomer cationic: Time at
Hydrogel Concentration
Type Polymer(s) Polymer(s) residues in | anionic pH=7.4
(mg/mL)
gel charge (seconds)
PO100 Neutral PO4goH30 PO1g0A30 0 N/A 150 1500
PO100-100/0 o PO100H30(+)20 PO100A30 10 oo 150 1200
Cationic
(Poloo-cat)
POlOO'O/lOO . . P0100H30 P0100A30(')20 10 0 150 30
Anionic
(Poloo-an)
I:)0100'100/100 ) P0100H30(+)20 P0100A30(')20 20 11 150 300
Amphoteric
(Poloo-amp)
P0100-75/25 P0100H30(+)201 P0100A30(')201 10 31 150 120
P0100H30 P0100A30
PO100-50/50 Amphoteric | PO1goH30(+)20, PO100A30(-)20, 10 1:1 150 90
(mixed) PO100H30 PO100A30
P0100-25/75 P0100H30(+)201 P0100A30(')201 10 31 150 60
P0100H30 P0100A30
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All gels were made using the same overall concentration of precursor polymer (150
mg/mL) and the same overall ~1:1 hydrazide:aldehyde ratio (Table 5.1) to ensure limited (or at
least roughly equivalent) numbers of residual reactive groups were present after gelation. The
charged precursor polymers both have a charged monomer content of ~20 mol%, leading to an
overall charge content of ~10 mol% in the final PO100-100/0 (cationic) and PO1g0-0/100 (anionic) gels
given that the complementary precursor polymer used to make these gels is uncharged. PO1qo-
100/100 1S @an amphoteric gel which contains a 1:1 charge ratio and was prepared by mixing both
charged precursor polymers together, resulting in double (~20 mol %) the overall charge in the
final hydrogel. To compare gel properties on gels prepared with the same overall 10 mol%
charge content as the single charge cationic and anionic gels, a series of amphoteric mixed
hydrogels was also prepared by mixing different ratios of charged and uncharged polymers in
each barrel to control the cationic:anionic charge ratio in the final hydrogel. Neutral gels were
prepared by mixing PO1goH30 and PO1goAs0, CONsistent with our previous work'? and used as a
control.

All gels were optically clear (Supporting Information, Fig. S5.4), suggesting no significant
inhomogeneities on the visible light length scale. All of the gelation times for the charged
precursor-containing gels were faster than the 25 minutes required to gel the neutral PO gels
(Table 5.2 and Figure 5.1A). While the all-cationic PO10-100/0 hydrogel gelled only slightly faster
(20 minutes) than POjqp, the inclusion of even a small fraction anionic precursor polymer
substantially reduced gelation times. Specifically, including only 2.5 mol% anionic functional
groups in the overall gel (PO100.75/25) reduced the gelation time from ~20 minutes (PO100-100/0) t0
~2 minutes; further increasing the amount of anionic functional groups in the gel from 2.5
mol% (PO1gp-75/25) to 10 mol% (PO100-0/100) reduced the gelation time to as short as ~30 seconds.
Interestingly, doubling the total charge content of the 1:1 charge ratio amphoteric gels from 10
mol% (PO100-50/50) t0 20 mol% (PO100-100/100) Of total monomer residues increases the gelation
time from ~1.5 minutes to ~5 minutes, a result we attribute to charge interactions between the
precursor polymers sterically inhibiting covalent bond formation. These significant variations in
gelation time are observed even though the theoretical covalent cross-linking density of each

gel is identical (i.e. y = 30 mol % hydrazide and aldehyde groups total in each gel, Table 5.1).
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The effect of charge on the equilibrium swelling ratio was measured gravimetrically and
evaluated in three different pH buffers at pH = 3 (acetate), 7.4 (phosphate) and 10 (carbonate)
at 37°C. These three specific pH values were chosen to bracket the pK, values of the charged
anionic (~5.1; ionization between pH 4.4 — 5.8) and cationic (~7.5; ionization between pH 6.2 -
8.0) precursor polymers as well as to mimic various in vivo environments such as stomach acid
(pH = 1.5-3.5), blood (pH = 7.35-7.45), or basic lower intestines (pH = 7.5-9.0). Results are
shown graphically in Figure 5.1B and summarized in Table 5.3. Note that the presence of the
hydrazide groups (pK, ~2.5-3.5) inductively lowers the average pK, of the cationic precursor

polymer (~7.1) from typical average pK, observed for pPDMEAMA homopolymers (~7.8).*!
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Figure 5.1. Physicochemical properties of injectable charged POEGMA hydrogels: (A) Gelation
times assessed at pH 7.4 and 22°C as a function of the percentage of total charges in the gel
that are anionic (10 mol% total charge): (red) POigo-100/0 (0%); (magenta) POipo-75/25 (25%);
(orange) PO1g0-s50/50 (50%); (dark green) PO1go-25/75 (75%);. (green) PO1po-0/100 (100%). (B) Mass-
based swelling ratio at pH = 3, 7.4 and 11 at 37°C: (blue) PO1q0; (red) PO1g0-100/0; (green) PO1go-
o/100; (purple) PO100-100/100-
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Table 5.3. Measured (swelling ratios, shear storage modulus) and calculated (crosslink density,

mesh size) physiochemical properties of charged POEGMA hydrogels

Qn Qm Qm Q vil/em®] [ & | E.
Hydrogel G’ [kPa] .
pH=3 pH=74 |pH=10 |pH=7.4 (x 107) [nm] | [nm]
PO100 139 +|123 229 + 1.1
13603 |2.1+01 |52+09 |[4.1
1.7 0.2 1.3
PO100-100/0 364 +|152 +]16.9 + 0.9
16.9+1.0 |2.7+£0.2 6.6 0.7 5.0
1.3 0.9 0.4
PO100-100/100 | 25.8 % 11.1 + 1.0
9.9+0.1 109+0.1 [{4.0+£0.3 9.8+0.3 3.7
2.2 0.5
PO100-75/25 10.8 ¢ 1.0
- - 12.1+£0.1 |24+04 58+0.8 4.2
0.1
PO100-50/50 11,1 £ 1.0
- - 10.1+£0.3 | 45+0.2 11.1+0.5 | 3.6
1.6
PO100-25/75 9.86 + 1.0
- - 10.9+0.8 | 6.7+£0.7 164+1.7 | 4.1
0.8
PO100-0/100 116 +|108 £ |11.9 * 1.1
121+13 |(11.7+15 | 28.7+3.6 | 3.9
2.1 1.1 0.5

& = theoretical mesh size from Equation 6; & = experimental mesh size determined through

SANS.
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The neutral PO1q gel maintains a low Q,, at both pH =3 and 7.4 and is minimally affected
by acidic pH as it contains no ionizable functional groups. Both the cationic and amphoteric
gels exhibit increased swelling at acidic pH (Qn = 36.4 + 1.3 and 25.8 * 2.2 respectively); this
result is consistent with protonation of the cationic groups at low pH (and, in the case of the
amphoteric gel, simultaneous protonation of the anionic groups), resulting in Donnan
equilibrium-driven sweIIing.42 When the cationic and anionic groups are simultaneously ionized
in the amphoteric gels (pH 7.4), gels exhibited the lowest water content among all tested gels,
consistent with the formation of charge complexes at intermediate pH values; slight reswelling
was then observed at pH 10 as the cationic groups are deprotonated but the anionic groups
remain fully ionized. In contrast, anionic gels remain collapsed at low pH when the —COOH
groups are protonated and hydrogen bonding (e.g. between protonated —COOH groups and
ether groups on the POEGMA side chain) can occur to further enhance the physical crosslink
density, as anticipated. Once the pH was increased above the pK; of the anionic polymer (pH
7.4 and 10), we expected the hydrogel to swell due to a similar Donnan repulsion mechanism
described for the cationic gel under acidic conditions. Interestingly, such swelling is not
observed to a significant extent, as Q,, remains roughly constant over the full pH range. This
suggests the formation of a secondary network in these gels even at higher pH values.

The swelling kinetics of the neutral, cationic, amphoteric and anionic PO gels over a
time scale of 30 hours, shown in Figure 5.2, show similar trends. PO1g0-100/0 @and PO100-100/100
(both of which contain fully-charged, 10 mol% cationic precursor polymer at acidic pH) both
swell significantly more than neutral or anionic gels at pH 3 (Fig. 5.2A), as expected. Even at pH
7.4, at which the degree of ionization of the cationic precursor polymer before gelation is ~ 55%
(Fig. S5.3), the cationic PO1go-100/0 g€l remains the hydrogel that exhibits the most swelling
despite the anionic precursor polymer being 99% ionized at this same pH (Fig. 5.2B). The
amphoteric PO100-100/100 g€l swells the least and slowest of all tested hydrogels at pH 7.4,
consistent with internal ionic crosslinking being induced at this pH. The mixed PO gels
incorporating different cationic:anionic charge ratios but the same overall 10 mol% of charged
monomer residues (Fig. 5.2D) further demonstrate this ionic crosslinking mechanism as well as

the controlling influence of the anionic functional groups in determining swelling; the swelling
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kinetics of the 1:3, 1:1, and 3:1 cationic:anionic charge ratio hydrogels all exhibited reduced
swelling similar to the anionic-only POj.0/100 hydrogel while the cationic POj00-100/0 hydrogel
swells substantially more. This result again suggests that secondary crosslinking interactions

are occurring in both the amphoteric and anionic gel systems.
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Figure 5.2. Swelling kinetics of POEGMA hydrogels in buffered solutions of (A) pH 3, (B) pH 7.4
and (C) pH 10 at 37°C: (blue) PO1qp; (red) POqpo-cat; (green) PO1go-an; (purple) PO1go-amp, (D)
Swelling kinetics of POEGMA hydrogels at pH 7.4, 37°C for hydrogels prepared by mixing
cationic and anionic precursor polymers at different charge ratios (all 10 mol% charged
monomer residues); (dark green) PO1qg.75/25; (yellow) PO1go-50/50; (magenta) PO1qo.25/75 (red and
light green correspond to the same coding as A-C).

Degradation kinetics were evaluated gravimetrically in solutions of 0.1 M HCI, acid-catalyzed
conditions used to enable direct comparisons of the degradation rates of the hydrogels on a

more measurable time frame (Figure 5.3). Note that the acidic conditions used for this assay
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correlate to full charge in the cationic hydrogels, a large net cationic charge (and swelling) in

the amphoteric hydrogels, and full neutralization in the anionic hydrogels.
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Figure 5.3. Comparative degradation profiles of charged POEGMA hydrogels in 0.1 M HCI: (A)
comparison of cationic, anionic, neutral, and 50:50 amphoteric hydrogels: (blue) PO1qo; (red)
PO100-100/0; (green) PO1go-0/100; (purple) POigo-100/100; (B) comparison of hydrogels with same
total charge but varying cationic:anionic charge ratios: (dark green) POj00-25/75; (yellow) PO1qo-
s0/50; (Magenta) PO100-75/25 (the red and light green series are the same gels denoted in A).

The degradation profiles of the charged POjqy hydrogels are substantially altered
compared to that of the neutral gels (Fig. 5.3A). Accelerated degradation profiles are observed
for both the cationic POjgp-100/0 (80 minutes) and amphoteric PO1go-100/100 (1180 minutes)
hydrogels; here, the high degree of swelling observed in these (net cationic) hydrogels
counteracts the repulsion between the gel network and the H* hydrolyzing ions, leading to
faster degradation. However, based on the significant swelling observed in PO;00-100/0 €ven at
high pH values, the presence of a lower effective covalent crosslink density in the cationic
hydrogel cannot be ruled out. In contrast, all mixed amphoteric hydrogels regardless of charge
ratio degrade at roughly equivalent rates consistent with the swelling results observed for this
series (Fig. 5.3B), although marginally prolonged degradation rates are observed upon
incorporating increasing amounts of anionic precursor. In comparison, the anionic hydrogels
exhibit substantially prolonged degradation times, again suggestive of a secondary crosslinking

mechanism in these gels.
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The mechanics of the hydrogels also vary significantly as a function of the hydrogel
charge (Figure 4). Here, gels are tested immediately after fabrication (without swelling) using
10 mM PBS buffer (pH 7.4) to dissolve the precursor polymers; this buffer choice results in
largely (~¥55%) ionized cationic gels, nearly fully (>99%) ionized anionic gels, and amphoteric

gels with a small net anionic charge.
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Figure 5.4. Shear storage moduli (G’) of charged POEGMA hydrogels: (A) comparison of
cationic, anionic, neutral, and 50:50 amphoteric hydrogels: (blue) PO1qg; (red) PO1po-cat; (green)
PO100-0/100; (purple) POi0o-100/100; (B) comparison of hydrogels with same total charge but
varying cationic:anionic charge ratios: (dark green) POjg0-75/25; (yellow) PO1go-s0/50; (magenta)
PO100-25/75 (red and light green series are the same gels denoted in A).

The shear storage modulus (G’) increases with the incorporation of charge in all hydrogels.
Cationic (2.7 + 0.2 kPa), amphoteric (4.0 £ 0.3 kPa), and anionic (11.7 + 1.5 kPa) gels all exhibit
significantly stronger mechanical properties compared to the neutral gel (2.1 + 0.1 kPa). The
higher modulus of PO100-100/100 relative to the neutral gel is consistent with reports of other
amphoteric dual network systems in which the contribution of the second electrostatic network
in addition to the covalently crosslinked system increases the shear storage modulus of the

4344 However, the amphoteric charge enhances G’ comparatively little

amphoteric gels.
compared to previous reports. This can be attributed to a combination of two factors. First,
since covalent crosslinking occurs at the same time as ionic interactions between precursor
polymers, ionic-based inhibition of chain mobility and thus lower effective covalent crosslink

density can be observed that suppresses the overall modulus. We have observed similar
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reductions in total covalent crosslink density in systems containing hydrophobic grafts that can
physically gel as a comparable competitive networking mechanism."® Second, potential steric
interference of the ionic associations due to the comb-like OEGMA,;s side chains may reduce
the frequency of ionic bridging relative to that observed in other, less sterically hindered
polymer chains. Interestingly, the anionic hydrogels produce by far the strongest networks,
more than five-fold stronger than the neutral gel and three-fold stronger than the amphoteric
gel (Fig. 5.4A); adding more anionic charge to the network was also observed to systematically
increase the shear storage moduli of the mixed hydrogels (Fig. 5.4B). This is consistent with the
suppressed swelling (Fig. 5.2) and prolonged degradation kinetics (Fig. 3) observed for PO1go-
o/100 and again suggests a role of a secondary crosslinking interaction in strengthening the
network that is not active in the other hydrogel formulations tested.

To further investigate the roles of covalent and non-covalent crosslinking within charged
POEGMA hydrogels (and particularly the mechanism behind the apparently anomalous
behavior of the anionic POigoo/100 hydrogel), isothermal titration calorimetry (ITC) was
conducted (Figure 5; see Supporting Information Fig. S5 for the raw heat versus injection data).
When the anionic POA(-) precursor polymer was titrated into an unfunctionalized POEGMA
polymer (i.e. no potential for covalent crosslinking exists but secondary interactions associated
with the anionic residues could be observed), a maximum injection enthalpy of -80 kJ/mol
added polymer was measured. We attribute this energy to dipole-dipole interactions between
the -COO" groups and the ether oxygen groups in the POEGMA side chain; the measured
magnitude is consistent with that of stronger hydrogen bonds formed between charged
entities.* In comparison, when (uncharged) hydrazide-functionalized POH and aldehyde-
functionalized POA were mixed (i.e. potential for covalent crosslinking exists but no secondary
interactions involving -COOH groups would be observed), the maximum injection enthalpy was
significantly decreased to -1 kJ/mol added polymer, despite the obvious potential for covalent
hydrazone bond formation. This number is considerably less than the typical magnitude
associated with covalent crosslink formation (80-400 kl/mol);>? however, since the enthalpies
were normalized based on a per added polymer chain molar basis, this low magnitude reflects

incomplete crosslinking in the system as anticipated due to steric limitations. In comparison,
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when the uncharged POH precursor polymer was mixed with the anionic POA(-) precursor
polymer (i.e. the potential for both covalent and secondary interactions involving -COOH groups
exists) an intermediate maximum injection enthalpy of -41 kJ/mol added polymer was
measured. This result is consistent with covalent crosslinking sterically limiting the potential for
polymer rearrangements to maximize the number of dipole-dipole interactions that can form, a
steric limitation not present in the absence of crosslinking (thus resulting in more interactions
and higher absolute enthalpies in that case). Collectively, these results suggest that strong
dipole-dipole bonding (likely via hydrogen bonding) is the origin of the special responses
observed in the anionic hydrogels reported. Previous work on the interactions between
poly(methacrylic acid) (PMAA) and poly(ethylene glycol) (PEG) has identified the formation of
hydrogen-bonded complexes stabilized by hydrophobic interactions,*® forming a “zipped”
morphology dependent on both the neutralization ratio and molecular weight.47 We
hypothesize that a similar interaction may be occurring here, with the hydrogen bonding
contribution dominating the enthalpic signature of the interaction due to the relatively low

effective crosslinking efficiency in this system.
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Figure 5.5. Enthalpies associated with mixing (green) POA + POH (uncharged but covalently
crosslinkable), (red) POA(-) + POH (charged and covalently crosslinkable) and (blue) POA(-) +
unfunctionalized POEGMA (charged, not covalently crosslinkable). Arrow denotes mass-based
equivalence point.

5.3.3 Small angle neutron analysis of microstructure. To investigate the microstructure of the
charged POEGMA hydrogels and support the hypotheses from the macroscopic hydrogel data
above regarding the effects of charge on hydrogel macrostructure, SANS was employed to
investigate and describe the nanometer-scale structure and domains within the gels. Table 5.5
shows the best-fit parameters based on the Porod model allowing stretch (Eq. 5.7, the simplest

equation that gives reasonable fits to the data) for all hydrogels analyzed.
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Table 5.5. Fitting parameters for the neutral, cationic, amphoteric and anionic networks at 22°C

in D,O PBS.
Lorentzian
Porod Stretch Lorentzian Lorentzian | Bgd
Porod Screening
Exponent Factor Scale . | Exponent [1/cm]
Scale Length (A)
(n) (s) (B) (m) (€
t9)
PO100 1.03 3.0 0.05 1.86 10.6 4 0.22
PO100-100/0 1.7 2.6 0 1.63 9.2 4 0.22
PO100-100/100 53.25 2.8 0 1.84 9.5 4 0.19
PO100-75/25 11.7 2.7 0.09 1.95 10.3 3.9 0.21
PO100-50/50 1.23 2.6 0.09 1.59 10.1 4 0.19
PO100-25/75 65.9 2.6 0.17 1.55 10.4 3.6 0.23
PO100-0/100 1.268 3.0 0.22 1.50 10.9 3.6 0.16

Figure 5.6 shows the raw I(q) versus q plots for hydrogels prepared by mixing single hydrazide

and aldehyde polymers (see Supporting Information, Fig. S5.6, for fitting curves).
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Figure 5.6. Comparison of neutron scattering intensity profiles of charged POip hydrogels
prepared with single functional precursor polymers (pH 7.4, 10 mM D,0 PBS, 22°C); (blue)
PO100; (red) PO100-100/0; (8reen) PO1oo-0/100; (Purple) PO100-100/100-
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The Porod exponent (n) characterizes the fractal structure of the gel, related to the
clustering of polymer chains of degree n, and is reflected by a decreased scattering intensity in
the region 0.01 < q < 0.1 (Fig. 6)."® Whenn=1, scattering describes rigid rods, while n = 4
describes a smooth surface. In the case of polymer coils, n is related to the excluded volume
parameter v by the correlation n = 1/v. A slope of n = 2 is thus a signature of Gaussian chains in
a dilute solvent environment, n = 5/3 represents fully swollen coils, and n = 3 represents
collapsed polymer coils, or in presence and/or of random branching of polymer chains. A slope
between 2 and 3, consistent with all gels tested (Table 5.5), represents “mass fractals” that are
often ascribed to branched systems (gels and the POEGMA polymer itself) or networks.* A
slightly lower Porod exponent was observed for charged hydrogels, reflective of looser
networks and/or a more heterogeneous collapsed or branched morphologies (as expected
when charged groups are present inside hydrogels).50

A qualitative difference in scattering response can also been seen upon the
incorporation of charge. Horkay et al. previously demonstrated that, for polymer systems
containing labile (and potentially hydrogen-bonding) protons such as NH and OH groups, the
process of H-D exchange does not dramatically influence the overall shape of the scattering
curve but does enhance the scattering contrast®®. Wwe clearly see this effect in terms of a
significantly higher Porod scale for all charged hydrogels but in particular the anionic and
amphoteric hydrogels in which secondary (non-covalent) interactions are observed, consistent
with scattering theory (Table 5.5).

The proposed “zipped” morphology hypothesized to account for the higher modulus of
the anionic gels can be further investigated via SANS using the stretch factor (1/g°), which
relates to the stretch or ordering of polymer chains; 0 describes globular chains while 1
describes chains that are fully stretched.*® While both the cationic and amphoteric gels can be
fit well with zero stretch, the incorporation of a stretch factor is required to fit the anionic
hydrogel data as well as (to a lesser extent) amphoteric hydrogels with imbalanced charge
contents (particularly those with a net excess of anionic groups) (Table 5.5). By far the largest

stretch is observed in the anionic networks, consistent with the zipped morphology inferred
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from the ITC results to contribute to the lower swelling (Fig. 5.2A), slower degradation (Fig.
5.3A), and significantly enhanced mechanics (Fig. 5.4A) observed for PO10-0/100-

The Lorentzian screening length  represents the correlation length for polymer chains
and describes the gel mesh size or distance between crosslinking points. All gels, regardless of
charge content, show similar Lorentzian screening lengths. This minimal difference observed
between the individual gels is consistent with similar net crosslink densities (combined between
covalent and ionic crosslinks) in each hydrogel, all of which were prepared at the same polymer
concentration and based on precursor polymers with the same functional group density (~30
mol%). We hypothesize that the proposed zipper-like assembly in the anionic POj00-0/100
hydrogel is not reflected in the mesh size results since the larger-scale chain rearrangements
involved in that interaction are occurring over a different length scale than that reflected by the
Lorentzian exponent (§). However, there is a significantly higher scattering intensity in the
0.01A" < q < 0.1 A" range data best fit using the Lorentzian component of the function for the
PO100-0/100 hydrogel (Fig. 5.5A), reflective of a significant different morphology on the few to
tens of nanometer length scale that suggests additional inter-chain interactions. Note that
while the Lorentzian exponent is high (close to 4, typically representative of non-ideal solvent
interactions around helix-like associations)>®, we hypothesize this is an artefact of the brush
copolymer structure of the polymer itself. Each OEGMA monomer unit has n=8-9 ethylene
oxide repeat units as a side chain, resulting in a dense comb-like structure that from a
scattering perspective appears significantly more condensed than it actually is.*?

Figure 5.7 shows the SANS data comparing the two 50:50 cationic:anionic charge density
hydrogels PO1g0-50/50 (10 mol% total charge) and PO1q0-100/100 (20 mol% total charge), indicative
of the effect of total charge on the network parameters. The best fits using the Porod model

are shown in Table 5.5; see Supporting Information, Figure S5.6 for the fits to these profiles.
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aa”
Figure 5.7. Comparison of neutron scattering intensity profiles for zero net charge density
hydrogels with different overall charge contents (10 mM D,0 PBS, 22°C): (blue) 0 mol% total
charge (PO1p); (orange) 10 mol% total charge (PO100-50/50) (purple) 20 mol% total charge (PO100-

100/100)

Here, the Porod exponent (n) decreases for both the POjgo-s0/s0 and PO1go-100/100
hydrogels compared with the neutral POo network, suggesting a more rigid network in these
hydrogels consistent with the mechanical data (Fig. 5.4), the swelling data (Fig. 5.2), and the
dual covalent/ionic crosslinking mechanism present in amphoteric hydrogels. Interestingly, a
stretch parameter is required to fit the PO100-50/50 but not the PO100-100/100 (Which has double
the total charge density) or PO,oo data (Table 5.5), suggesting the intermediate charge density
hydrogel has a more efficiently ordered network. This result is consistent with the significantly
higher G’ value observed for the intermediate charge density PO1go-50/50 gel relative to PO1go-
100/100 (Table 3, p < 0.0001). We interpret this result as the incorporation of more charge
resulting in stronger ionic interactions on the length scale of covalent gelation, resulting in less
covalent crosslinking in the PO100-100/100 gel.

The effect of the cationic:anionic charge ratio on the scattering intensity profiles of charged
hydrogels is shown in Figure 8 (see Supporting Information Fig. S5.6 for the fits to these
profiles).
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Figure 5.8. (A) Comparison of neutron scattering intensity profiles for hydrogels with same total
charge but varying cationic:anionic charge ratios (10 mM D,0 PBS, 22°C): (red) PO100-100/0;

(magenta) PO1go-75/25; (orange) PO10o-50/50; (dark green) PO1o-25/75; (green) PO100-0/100.

The Porod exponent (n) increases from 2.6 to 3.0 as the cationic:anionic charge ratio
decreases from 1 to 0, suggesting that increased anionic charge results in increased “pulling” of
the gel network. This observation is reflected quantitively in the stretch value. The stretch (s) is
the largest for the 1:3 cationic:anionic charge ratio PO1g0-25/75 and the anionic PO1q0-0/100 g€l
(and consistent with the increased scattering of these two systems in the mid g region of Fig.
5.8), indicative of increased ordering in the gel network as more anionic precursor polymer is
added. These results are again consistent with enhanced dipole-dipole interactions between

acrylic acid residues and ether groups on the OEGMA,75 chain indicated by the ITC results.

5.4 Discussion

The incorporation of charged co-monomers into hydrazide and aldehyde-functionalized
POEGMA precursor polymers significantly alters the gel properties on both the macroscopic and
microscopic length scale. Macroscopically, the inclusion of charge systematically changes the

swelling, degradation, and mechanical properties of the hydrogels, including the capacity for
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pH-responsive changes in swelling properties (Fig. 5.2). Such responses, coupled with the
precise control over the actual charge balance in the hydrogel achievable by simple mixing of
precursor polymers with well-defined charge densities (extending our concept of modular
hydrogels)®, offer potential of these materials in biomedical applications in which pH sensing is
important (e.g. infection control or oral drug delivery). The significant changes observed in
hydrogel mechanics (~5-fold enhancement, Fig. 5.4) and degradation kinetics (>2-fold
prolongation of degradation under acidic conditions, Fig. 5.3) upon including just 10 mol%
anionic co-monomer residues enables significant alteration of gel properties with minimal
changes in gel chemistry.

Bulk hydrogel properties correlated well with small angle neutron scattering
observations. For cationic and amphoteric gels, an increase in cationic charge content leads to
increased swelling and weaker mechanics on the macroscale, directly related to the
microscopic observations of less ordered, globular chains comprising the hydrogel based on the
Porod exponent from the SANS fit. In contrast, the stiffer and slower-degrading anionic gel bulk
properties are reflected in increased apparent ordering and alignment in these hydrogels, as
inferred through the need for a stretch factor to achieve accurate fits and the higher Porod
exponents observed from the SANS analysis as well as the different interaction enthalpies
observed in the ITC measurements. These structure-property correlations relevant to in situ-
gelling hydrogels from precursor polymers can aid in the rational design of injectable gels with

defined properties for potential applications.

5.5 Conclusions

Incorporating charge into in situ covalently gelling POEGMA hydrogels can significantly
alter the physicochemical properties of the gels through rational manipulation of the internal
gel morphology. Macroscopically, gelation times, swelling responses, and degradation kinetics
were greatly affected by charge incorporation, with gels containing more cationic charge
density gelling slower, swelling more, and degrading faster. Amphoteric hydrogels can support
secondary network formation via charge complexation, resulting in stronger mechanics and

slower degradation times at physiological pH than the corresponding neutral gels. However,
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the significant increase in mechanics and faster gelation times of anionic gels were less
expected and motivated further investigation of the nanoscale interactions potentially leading
to these properties. Isothermal titration calorimetry indicates significantly different mixing
enthalpies between gels prepared with anionic or neutral aldehyde-functionalized precursor
polymers, while small angle neutron scattering indicates stretching of the polymer chains in the
anionic gels consistent with a zippered chain structure formed via secondary dipole-
dipole/hydrogen bonding interactions. In addition to adding fundamental insight into how the
balance between in situ covalent gelation and non-covalent interactions affects the properties
of injectable hydrogels, the structure-property correlations developed herein will significantly
inform the design of better defined matrices for potential drug delivery and tissue engineering

applications.

Supporting Information Available. 'H-NMR of the precursor polymers used, titration analysis
of the degree of ionization as a function of pH for each charged precursor polymer,
transparency images for the different gels studied, raw ITC data, and comparisons between raw

and fitted SANS profiles are provided.
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charged hydrogels.

179



Emilia Paron — Ph.D Thesis McMaster University - Chemical Engineering

Degree of lonization [%]

pH

Figure S5.4: Degree of ionization measured using potentiometric titration with 0.1M NaOH at
22°C of PO1poH30Cy0 (red) and PO190A30D,0 (green) precursor polymers.
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Figure S5.5: (B) Scattering intensities with fits using Porod model (in 10 mM D,0 PBS, 22°C): (A)
PO100 (B) PO100-100/0 (€) PO100-100/100 (D) PO100-0/100 (E) PO10050/50 (F) PO100-75/25 and (G) PO1go-
25/75-

181



Emilia Paron — Ph.D Thesis McMaster University - Chemical Engineering

1.0 1.0 —
09 A 0.9+ B
08 0.8
L e - 07
» = ) =
2 E q E
> F > =
306 ERLLEE
5 0.5 -E 5 0.5 -;
= 04 = 04l
£ . 2 .E
S 3L T 0
2 E k] =
O 02 O 0.2
I E > =
E E = E
Q 0.1 Q 014
o E (&
oL o pre— - 0
Caumaamans § s E Y
0.1 0.1
E ! T ! T ! T ! T ! T ! T — T : T : T ! T T ! T !
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Time (s) Time (s)
1.0
0sf C
0.8
0.7
P L
0 E
5 E
3 06
= =
[ E
® 0.5
@ ok
g 04
:‘E E
o 1
@ E
- E
O 0.2
° E
@ =
S 01l
o E
of ®
0.1
E 1 1 1 1 L 1
T T T T T T
1000 2000 3000 4000 5000 6000
Time (s)

Figure S5.6 Corrected heat rates (calculated by subtracting the heat of dilution of 10 mM PBS)
associated with mixing (A) POA + POH (uncharged but covalently crosslinkable), (B) POA(-) +
POH (charged and covalently crosslinkable) and (C) POA(-) + unfunctionalized POEGMA

(charged, not covalently crosslinkable).
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Chapter 6: Injectable and Degradable Poly(Oligoethylene glycol methacrylate) Hydrogels With
Tunable Charge Densities: Adhesive Peptide-Free Cell Scaffolds

Preface:

This chapter investigates the role of charge moieties within hydrogel networks and their
interactions with biological proteins and cells. We have developed novel thermoresponsive
charged POEGMA precursors that form injectable and degradable cationic, amphoteric, and
anionic hydrogels through reactive hydrazone crosslinking. The physiochemical properties
(gelation, swelling, degradation, mechanics) display defined properties of dual crosslinking
networks (ionic and covalent crosslinking). Biological properties are further investigated to
shown the positive support of 3T3 mouse fibroblast cells and ARPE-19 human retinal cells in 2D

and 3D charged matrices respectively.
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Abstract

Injectable, dual-responsive, and degradable poly(oligo ethylene glycol methacrylate) (POEGMA)
hydrogels are demonstrated to offer potential for cell delivery. Charged groups were
incorporated into hydrazide and aldehyde-functionalized thermoresponsive POEGMA gel
precursor polymers via the copolymerization of N,N'-dimethylaminoethyl methacrylate
(DMAEMA) or acrylic acid (AA) to create dual temperature/pH responsive in situ-gelling
hydrogels that can be injected via narrow gauge needles. The incorporation of charge
significantly broadens the swelling, degradation, and rheological profiles achievable with
injectable POEGMA hydrogels without significantly increasing non-specific protein adsorption
or chronic inflammatory responses following in vivo subcutaneous injection. However,
significantly different cell responses are observed upon charge incorporation, with charged gels
significantly improving 3T3 mouse fibroblast cell adhesion in 2D and successfully delivering
viable and proliferating ARPE-19 human retinal epithelial cells via an “all-synthetic” matrix that

does not require the incorporation of cell-adhesive peptides.
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6.1 Introduction

In situ-gelling injectable hydrogels have attracted wide-spread research attention given
the practical limitations in using conventional bulk hydrogels in vivo."? Solutions of low-
viscosity gel precursor polymers can be prepared ex vivo containing various drugs, therapeutics,
growth factors or cells, and injected in vivo to rapidly form 3-dimentional water-swollen
networks useful for filling tissue void defects, delivering drug reservoirs, or transplanting
cells.* Various physical (e.g. temperature®’, ionic®, light”*°, pressure'') and chemical (e.g. in
situ click chemistries, enzyme mediated®®) crosslinking approaches have been explored for
the design of such materials. The most potentially translatable approaches allow facile
chemical modification to tune the physicochemical gel properties, facilitate gelation and
degradation in vivo over well-defined time scales, and are either thermodynamically or
kinetically bio-orthogonal to avoid or minimize non-specific protein or tissue interactions and
thus subsequent inflammation.

17-19

While several natural®*™® and synthetic polymers have been investigated in this

context, stimuli-responsive polymers have demonstrated particular potential as biomedical
materials based on their ability to specifically respond to varying physiological stimuli®?%*..
Temperature responsive hydrogels, typically formed by crosslinking polymers exhibiting a
characteristic lower critical solution temperature (LCST), enable reversible swelling/shrinking
phase transitions at tunable temperatures relative to physiological temperature. For example,
the widely known thermoresponsive polymer poly(N-isopropylacrylamide) (PNIPAM) produces
hydrogels with a volume phase transition temperature (VPTT) of 32°C, switching from a swollen
hydrophilic matrix at T<VPTT to a less hydrophilic and more collapsed structure at T>VPTT.?
More recently, increasing interest in biomedical applications in particular has focused on
poly(oligo ethylene glycol methacrylate) (POEGMA) due to the specific advantages of POEGMA
relative to PNIPAM: (1) the VPTT can be tuned precisely from 22-90°C by varying the length of
ethylene oxide (EO) repeat units on the side chain®®; and (2) the degradation products are all
generally recognized as safe (GRAS) materials,”* better facilitating potential clinical translation.

The reversible thermoresponsive swelling properties of such materials have been widely

applied in pulsatile or triggered drug delivery applications,® while the reversible hydrophilic-to-
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(less hydrophilic) transition has been applied to design materials exhibiting reversible cell
affinity or switchable cell sheet delamination.’® In particular, the reversible control over the
cell-gel interface provided by thermal switching offers potential benefits in the context of tissue
engineering, in which reducing cell reliance on the synthetic matrix as a function of time (as
cells make their own matrix) is generally desirable to promote functional tissue

26,27

regeneration. Our group has recently reported extensively on injectable, hydrazone-

crosslinked POEGMA hydrogels prepared by co-extrusion of hydrazide and aldehyde-
functionalized hydrogels that facilitate the minimally-invasive delivery of such gels in vivo'?+%8,
removing a key translational barrier to the use of such materials in the clinic.

pH-responsive hydrogels have also attracted considerable interest given their capacity
to reversibly respond to changes in environmental pH, which naturally undergoes substantial
variations both as part of normal function (e.g. within the gastrointestinal tract or vagina) or as
a response to a diseased state (e.g. in tumors or wounds). pH-responsive hydrogels have been
applied to site-specific drug delivery in the stomach??° or the colon®, microenvironment-
specific delivery responsive to disease®®, and to promote tissue regeneration through the

32,33

controlled release of growth factors during cell maturation. Most work on the use of such

gels in biomedical applications has focused on crosslinking pH-sensitive natural (chitosan™?*,

alginate®®) and/or synthetic (poly(acrylic acid) (PAA)***’

, polyethyleneimine (PEI) and poly
(N,N'-dimethylaminoethyl methacrylate) (PDMAEMA))**>° polymers, all of which have different
pKa values, backbone hydrophobicities, and effective ionization ranges to enable tuning of the
pH-driven response40. Amphoteric gels that contain both cationic and anionic charges have
attracted particular attention both due to their demonstrated capacity to suppress non-specific

protein adsorption (thought to be related to their protein-mimetic charge distributions)*** a

s
well as their ability to form ionic crosslinks under near-neutral pH conditions in which both the
cationic and anionic functional groups are charged,”® providing an additional crosslinking
mechanism to enhance the mechanics of the resulting hydrogels.

Combining the advantageous properties of more than one of these "smart" responses

into a single multi-responsive hydrogel can enable additional control over gel properties. For

example, Khatoon et al. developed temperature and pH responsive PNIPAM-chitosan hydrogel
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wound dressings for the release of gentamycin sulfate (GS) that trigger release of the antibiotic
as both the temperature and pH of the wound environment was increased; alternately, we
have designed dual-responsive microgels that utilize the thermal phase transition to
instantaneously gel at an injection site followed by the pH-induced phase transition to de-
aggregate and thus release the microgels at a controlled rate™. However, to our knowledge,
there is no example of a dual thermoresponsive/pH responsive covalently in situ-gelling
hydrogel that can exploit the benefits of these dual responses while also being capable of
minimally invasive delivery in vivo.

Herein, we disclose the design of charged, thermoresponsive injectable and degradable
POEGMA hydrogels prepared from precursor polymers exhibiting both thermal phase
transitions as well as well-defined charge distributions (positive, negative, or amphoteric) that
enable both pH-induced phase transitions and pH-tunable secondary (ionic) crosslinking. The
dual responsiveness coupled with the switchable secondary crosslinking is demonstrated to
result in hydrogels with substantially broadened swelling, degradation and mechanical profiles
amenable to use in biomedical applications; at the same time, no significant increase in non-
specific protein adsorption or chronic tissue responses following subcutaneous injection is
observed as a result of charge incorporation, a result attributable to the brush copolymer
structure of the POEGMA backbone polymer. We then apply these desirable physicochemical
properties to demonstrate the potential of charged POEGMA injectable hydrogels for delivering
retinal pigment epithelial (RPE) cells, a potential therapeutic strategy to arrest or reverse vision
loss in patients with age-related macular degeneration (AMD) or retinitis pigmentosa (RP) by
replacing and stimulating retinal epithelial growth once the native epithelium has been
damaged or lost. Given the adhesion-dependent properties of RPE cells (which adhere to the
basal membrane in vivo for support®), polymeric delivery vehicles that can support RPE
adhesion while still enabling injection through narrow gauge needles into the back of the eye
are essential to translate such therapies to the clinic.c. The combination of the
thermoresponsive POEGMA backbone (facilitating cell interactions without compromising low
non-specific protein adsorption) and charged functional groups (enabling electrostatic

interactions between the matrix and the cells) within an injectable platform is demonstrated to
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support high cell viability and, in some cases, proliferation without cell clumping over extended

time periods, as desirable in such a vehicle.

6.2 Experimental

6.2.1 Materials: Oligo(ethylene glycol) methyl ether methacrylate with an average number-
average molecular weight of 475 g/mol™ (OEGMA,7s, Sigma Aldrich, 95%) and di(ethylene
glycol) methyl ether methacrylate (M(EO), MA), Sigma Aldrich, 95%) were purified using an
aluminum oxide packed column (Sigma Aldrich, type CG-20) to remove the methyl ether
hydroquinone (MEHQ) and butylated hydroxytoluene (BHT) inhibitors. N-(2,2-dimethoxyethyl)
methacrylamide (DMAEAm, Sigma Aldrich, 98%) was synthesized according to a previously
reported procedure.’” Acrylic acid (AA, Sigma Aldrich, 99%), N,N-dimethylaminoethyl
methacrylate (DMAEMA, Sigma Aldrich 98%), adipic acid dihydrazyde (ADH, Alfa Aesar, 98%),
N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth, Compton CA, commercial
grade), thioglycolic acid (TGA, Sigma Aldrich, 98%), bovine serum albumin (BSA, Sigma Aldrich,
>96%), fluorescein isothiocyanate (FITC, Sigma Aldrich, 90%) and 2,2-azobisisobutryic acid
dimethyl ester (AIBMe, Wako Chemicals, 98.5%) were used as received. For all experiments,
Milli-Q grade distilled deionized water (DIW 18.2 MQ cm resistivity) was used. Dimethyl
sulfoxide (DMSO, reagent grade) was purchased from Caledon Laboratory Chemicals
(Georgetown, ON). Hydrochloric acid (1 M) was received from LabChem Inc. (Pittsburgh, PA).
Human retinal pigment epithelial cells (ARPE-19) were expanded in Dulbecco’s Modified
Growth Medium F12 (DMEM-F12, ThermoFisher Scientific) supplemented with 10% fetal bovine
serum and 1% Penicillin Streptomycin (ThermoFisher Scientific), and cultured at 37°C with 5%

CO, on tissue culture polystyrene (TCPS, Greiner).

6.2.2 Synthesis of neutral and charged hydrazide-functionalized POEGMA precursors (POH
and POHC): Hydrazide functionalized POEGMA precursor polymers (PO1oH3o) were synthesized
as described previously,?® while cationic hydrazide-functionalized POEGMA precursor polymers
(PO10H30D,0) Were synthesized using a modification of that recipe. Briefly, AIBMe (37 mg),
M(EO),MA (3.9 g), OEGMA,75 (0.10 g), cationic functional monomer DMEAMA (0 pL for PO1oH3o,
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1290 pL for PO1gH30D20), AA (523 pL for PO1gH3p, and 714 plL for PO1gH30D50), and TGA (7.5 ulL)
were dissolved in 1,4-dioxane (20 mL). Additional AA was added in the cationic precursor recipe
to maintain an equivalence between the number of AA residues per chain (and thus degree of
hydrazide functionalization) between neutral and cationic precursors, enabling matching of the
reactive functional group contents and thus crosslinking potential in each precursor. After
purging for 30 min, the flask was sealed and submerged in a pre-heated oil bath at 75°C for 4
hours under magnetic stirring. The solvent was removed, and the resulting dry polymer was
dissolved in 100 mL DIW. Adipic acid dihydrazide (4.33 g for PO1gH30, 6.85g for PO1gH30D,0), was
added, the pH was lowered to pH = 4.75 using 0.1 M HCI, and then EDC (1.93 g for POygH3y,
2.44g for PO1gH30Dy0) was added, with the pH maintained at pH = 4.75 by the dropwise addition
of 0.1 M HCI over the subsequent 4 hours. The solution was left to stir overnight, dialyzed
(MWCO= 3500 g mol™) against DIW for a minimum of 6 cycles, and lyophilized. The polymers
were stored as 20 w/w% solutions in PBS at 4°C. The degree of functionalization was
determined from conductometric base-into-acid titration (ManTech Associates), using a 0.1
wt% polymer solution in 1 mM NacCl as the sample and 0.1 M NaOH as the titrant. Hydrazide
polymers are labeled using the convention POH,C, where x equals the mole fraction of
OEGMA,75 among the PEG-based monomers added (the remainder of which is M(EO),MA), y
equals the mol % of total monomer residues functionalized with hydrazide reactive groups, and

z denotes the mol % of charged monomer incorporated into the polymer.

6.2.3 Synthesis of neutral and charged aldehyde-functionalized POEGMA precursors (POA and
POAD): Aldehyde functionalized POEGMA precursor (PO10A3) was synthesized as described
previously,28 while anionic aldehyde functionalized POEGMA precursor (PO10A30Cy0) Was
synthesized using a modification of that recipe. Briefly, AIBMe (50 mg), M(EQ),MA (3.9 g),
OEGMA,75 (0.10 g), acetal functional monomer DMAEAm (1.30 g for PO0A3p, 1.80 g for
PO10A30D0), anionic functional monomer AA (0 g for PO1pA30, 0.52 g for PO1pA30Cy0), and TGA
(7.5 pL) were dissolved in 1,4-dioxane (20 mL). Similar to the hydrazide polymer synthesis, the
DMAEAmM content was adjusted to ensure an equivalent number of aldehyde groups and thus

crosslinking potential per polymer chain produced. After purging for at least 30 min, the flask
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was sealed and submerged in a pre-heated oil bath at 75°C for 4 hours under magnetic stirring.
The solvent was removed, and the polymer was subsequently dissolved in 100 mL of 0.5 M HCI.
The solution was left to stir for 24 hours, dialyzed (MWCO= 3500 g mol™) against DIW for a
minimum of 6 cycles, and lyophilized. The polymers were stored as 20 w/w% solutions in PBS at
4°C. The degree of functionalization was determined from 'H-NMR analysis, comparing the
integral values of the -OCHs signal (3H, & = 3.35-3.45 ppm) and the —CHO signal (1H, 6 = 9.50-
9.58 ppm). Aldehyde polymers are labeled using the convention POA,D,, where x equals the
mole fraction of OEGMA,75 among the PEG-containing monomers (the remainder of which was
M(EO),MA), y equals the mol % of total monomer residues functionalized with aldehyde

reactive groups, and z denotes the mol % of charged monomer incorporated into the polymer.

6.2.4 Synthesis of fluorescein-isothiocyanate labelled proteins: Fluorescein-isothiocyanate
(FITC)-labelled bovine serum albumin (BSA-FITC) and FITC labeled lysozyme (Lyz-FITC) were
prepared by dissolving 50 mg of the protein in a 100 mL carbonate buffer at pH = 9.0. FITC (1
mg) was then added, and the solution was incubated at room temperature for at least 12 h
under gentle mechanical agitation. The FITC-labelled proteins were subsequently dialyzed
against deionized water for 6+ cycles and lyophilized. The isolated conjugated proteins were

stored at -4°C in the dark.

6.2.5 Chemical Characterization: Size exclusion chromatography (SEC) was performed using a
Waters 2695 separations module equipped with a Waters 2996 photodiode array detector, a
Waters 2414 refractive index detector, a Waters 2475 multi A fluorescence detector and four
Polymer Labs PLgel individual pore size columns maintained at 40°C, with 5 um bead size and
pore sizes of 100, 500, 103 and 105A. Tetrahydrofuran (THF) was used as the eluent at a flow
rate of 1.0 mL/min, and polystyrene standards were used to calibrate the instrument. *H-NMR
was performed using a Bruker AVANCE 600 MHz spectrometer and deuterated chloroform as
the solvent. A Variant Cary Bio 100 UV-vis spectrophotometer was used to measure the LCST of
the polymer precursor chains and the VPTT of the hydrogels. The polymers were dissolved at a

concentration of 1 mg/mL in PBS (pH = 7.4), and the absorbance of the polymer solution was
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recorded at 500 nm at every 0.5°C over a temperature range of 10°C to 80°C (temperature

change of 1°C/min).

6.2.6 Hydrogel bulk gel formation and gelation kinetics: Both neutral and charged hydrogels
were prepared via co-extrusion of hydrazide-functionalized (POH or POHC) and aldehyde-
functionalized (POA or POAC) precursors dissolved at 75 mg/mL in 10 mM PBS using a double
barrel syringe with a static mixer at the outlet to ensure intensive and complete mechanical
mixing (Medmix L series, 2.5 mL volume capacity). The recipes for the hydrogels prepared in
this study are shown in Table 2. Hydrogel disks for all bench-top testing (swelling, degradation
and VPTT measurements) were prepared by extrusion of the reactive polymer precursors
through the double barrel syringe directly into cylindrical silicone rubber molds (diameter = 7
mm, volume = 300 pL), with gels incubated at room temperature for at least 4 hours to ensure
complete gelation prior to testing. Hydrogels for cell and protein adsorption studies were
extruded directly into the wells of a multiwell plate (as described in sections 2.9-2.13), while
hydrogels for in vivo experiments were injected directly into the subcutaneous space.

Gelation times were assessed by extruding 200 uL of the reactive precursor solutions at
concentrations of 75 mg/mL in PBS into a 2 mL microcentrifuge tube that is rotated manually
every 5 seconds. The gelation time is defined as the time point at which the hydrogel visually no

longer flows on the time scale of the rotation (5 s).

6.2.7 Hydration and swelling: Hydrogel swelling was determined gravimetrically at 37°C in 10
mM citrate, phosphate and carbonate buffered solutions of pH 3, 7.4 and 10 respectively.
Hydrogels were placed into cell culture inserts that were subsequently placed into a 12-well cell
culture plate and completely submerged with PBS (4 mL/well). At predetermined time intervals,
the cell culture inserts were removed from the well, the PBS was drained, and the hydrogel was
gently dried to wick off non-absorbed PBS. The hydrogel disks were then weighed, after which
the hydrogels were resubmerged into a fresh 4 mL of PBS solution and tested repeatedly until
equilibrium swelling was reached (generally ~30 hours). Error bars represent the standard

deviation of the replicate measurements (n = 4). The mass-based swelling ratio (Qn) was
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calculated by dividing the mass of the hydrogel at any given time point (my) by the dry mass of

polymer in the hydrogel (m, = initial hydrogel mass X (1 — water content)).

6.2.8 Hydrolytic degradation: Hydrogel degradation was determined gravimetrically in acid-
accelerated conditions at 37°C in the presence of 100 mM HCI (pH = 1.0); these acid-catalyzed
conditions were used to compare the degradation properties of the hydrogels on a more
measurable time frame as well as assess specifically the role of hydrazone hydrolysis (catalyzed
in acidic conditions)** on the relative degradation times of the gels. Hydrogels were placed into
cell culture inserts that were subsequently placed in a 12-well cell culture plate and completely
submerged in the HCl solution (4 mL per well). At predetermined time intervals, the cell culture
inserts were removed from the well, excess solution was drained, and the hydrogel was gently
wicked off to remove any non-absorbed solution prior to weighing the hydrogel. Hydrogels
were then resubmerged in fresh HCl solution (4 mL/well) until the hydrogel was completely
degraded (i.e. no separate phase was observed between the hydrogel and the HCl bath

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

6.2.9 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 within this 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 25 °C, with error bars representing the standard deviation of

the replicate measurements (n = 3).

6.2.10 In vitro protein absorption: To assess whether protein uptake was occurring via
adsorption or absorption, larger gel samples (for which absorption would be more prevalent) of
cylindrical shape and volume 300 uL were formed in a 3.5 mm radius silicone mold and left to

gel completely for 4 hours. Protein uptake into the hydrogel disks was measured by placing the
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gels into cell culture inserts and subsequently in a 12-well cell culture plate, completely
submerging the gel in a 5 mg/mL BSA-FITC solution (4 mL per well). After 2 hours, the cell
culture inserts and gels were removed from the well, and a 300 pL sample of the residual BSA-
FITC solution was transferred into a 48-well plate and quantified using fluorescence as
previously described. Based on the initial weight of polymer present in each gel, a pg/mg BSA
uptake of polymer was calculated. Each experiment (hydrogels as well as controls) was done in

qguadruplicate, with reported errors representing the standard deviation of the replicates.

6.2.11 In vitro protein adsorption: To differentiate between interfacial adsorption and bulk
absorption, thin film hydrogel adsorption assays were conducted in 96 well plates.
POH/POHC/POA/POAC polymer solutions (75 mg/mL) were first sterilized by passing the
solutions through a 0.2 um filter, after which 30 uL of each precursor solution was extruded
into each well of the 96 well plate and left overnight to ensure complete gelation. Following,
180 pL of 10 mM PBS was added to each well, and hydrogels were allowed to swell to
equilibrium prior to protein addition for 30 hours (a time confirmed to correspond to
equilibrium swelling for all hydrogels tested, see Fig. 1B). Excess PBS was then removed, and 60
uL of either BSA-FITC or lysozyme-FITC solution at concentrations of 125, 250, 500 or 1000
pug/mL in PBS was added. The hydrogels were incubated for 2 hours at 37°C, after which the
hydrogels were rinsed to remove unadsorbed protein and the fluorescence signal was
measured using a VICTOR 3 multi-label microplate reader using an excitation wavelength of 495
nm and an emission wavelength of 535 nm; linear calibration curves (Rz > 0.99) were observed
in the concentration ranges of 1 to 10 pg/mL and 10 to 100 pg/mL for BSA-FITC and lysozyme-
FITC respectively. Each experiment (hydrogels as well as controls) was done in quadruplicate,

with reported errors representing the standard deviation of the replicates.

6.2.12 Precursor polymer cytotoxicity: Cell cytotoxicity of the charged POEGMA precursor
polymers was evaluated using a rezasurin assay with varying exposure concentrations to 3T3
mouse fibroblasts. Briefly, 3T3 mouse fibroblasts were plated at a density of 10,000 cells/well in

a 96 well polystyrene tissue culture plate. The 96 well plates were then incubated for 24 hr at
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37°C in DMEM supplemented with FBS (10%) and penicillin/streptomycin (1%). After
incubation, cells were exposed to varying concentrations of charged hydrazide and aldehyde
precursor polymer ranging from 100 to 1000 ug/mL. The plate was then incubated for another
24 hrs. Cytotoxicity was assessed through the addition of 10 pg/mL resazurin reagent. After 2
minutes of subsequent incubation at 37°C, the fluorescence of each well was measured using a
VICTOR 3 multi-label microplate reader using an excitation wavelength of 495 nm and an
emission wavelength of 535 nm. Viabilities were determined by subtracting background
fluorescence readings (blank well with no cells) from each well and then calculating the ratio of
the signal intensity of polymer-exposed cells to untreated cell controls (no polymer exposure)

(n=4).

6.2.13 Cell morphology on 2D hydrogels: The cell morphology of mouse 3T3 fibroblasts was
assessed on the surface of the charged POEGMA hydrogels. Hydrogels were directly extruded
into each well of a 48-well plate (100 uL of each sterilized polymer precursor solution prepared
at 150 mg/mL in 10 mM PBS), leaving the gel overnight to ensure complete gelation. Gels were
then incubated at 37°C in 600 pL of sterilized 10 mM PBS and allowed to equilibrate for 24
hours prior to cell plating to ensure equilibrium swelling was achieved prior to cell plating. The
PBS was then removed, and gels were washed with DMEM culture media prior to cell addition.
Cells were plated on top of the hydrogels at a density of 1.0 X 10* cells per well together with
600 pL of DMEM and incubated for 48 hours at 37°C. After the incubation period, a LIVE/DEAD
assay was conducted to visualize cells using microscopy and quantify adhesion. Each well was
washed three times with sterile 10 mM PBS to remove any non-adherent cells from the gels
before staining. Once washed, fluorescent live cells were imaged for morphological
characterization and counted using a Zeiss Axiovert 200M fluorescence/live cell imaging
microscope, using ImagelJ for image analysis. All experiments were conducted in quadruplicate,
with multiple images (n=4) taken per well for analysis; error ranges report represent the
standard deviation associated with the total cell counts (across the multiple images taken per

replicate) in the replicate measurements (n=4 replicate samples).
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6.2.14 In vivo subcutaneous injections: All animals received care that complied with protocols
approved by the Animal Research Ethics Board at McMaster University and the guidelines of
the Canadian Council on Animal Care. The in vivo response of the injectable charged hydrogels
was assessed histopathologically following subcutaneous injection of the charged hydrogels
using autoclaved double barrel syringes into male BALB/c mice (Charles River, Montreal; 22-24
g weight). Precursor polymer solutions (75 mg/mL) were filtered using a 0.2 mm syringe filter,
loaded into an autoclaved double barrel syringe under aseptic conditions, and injected
subcutaneously at a volume of 0.3 mL total gel volume/mouse in the scruff of the neck. Mice
were anesthetized using isoflurane prior to injection to ensure reproducible injection sites and
substantial gelation prior to mouse movement. Following visual tracking of mouse behavior
and health during the experiment, animals were euthanized by carbon dioxide asphyxiation
after acute (2 days) and chronic (30 days) time points. Tissue samples from around the
injection site were recovered, fixed in formalin, and stained with eosin and hematoxylin.
Inflammatory responses to the hydrogels were assessed using two methods. Leukocyte
concentrations were determined through Image J analysis (n=4 for every material tested, 4
images were analyzed per mouse (n)). Additionally, gels were evaluated using a histological
scoring system as established by the Medical College of Wisconsin: 0=Normal, 1=
Noacute/chronic inflammation other than macrophages;prior to fat and other subcutaneous
tissue, 2=inflammation without necrosis, 3=focal inflammation with some necrosis, 4= wide-

spread inflammation with significant necrosis, 5= massive inflammation.

6.2.15 ARPE-19 3D cell encapsulation: Human retinal cells (ARPE-19) at passage 8 were rinsed
with PBS, detached from the plate surface with TrypLE™ Express Enzyme (TypLE, ThermoFisher
Scientific), resuspended in complete DMEMF12 media, and centrifuged to pelletize the cells.
Supernatant media was carefully removed and pelleted cells were resuspended directly in the
hydrazide-containing PO1oH30 and PO1gH30D5p precursor polymers at a concentration of 2.5x10°
cells/mL. In advance, 15 pL of the appropriate aldehyde-containing PO10Aso, and PO10A30Cyo
precursor polymers was aliquoted to individual wells on coverslip bottom, 96-well plates.

Aliquots (15 pL) of the hydrazide PO1gH3g and PO1gH30D,¢ precursor suspensions containing
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ARPE-19 cells were then added to the complementary aldehyde polymer-containing wells and
rapidly mixed via pipette aspiration. ARPE-19 cells were identically resuspended in 15 pL of
Geltrex® LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Geltrex®,
ThermoFisher Scientific) and aliquoted to wells containing 15 pL of Geltrex® to serve as a
control with the same overall cell number and prepared using the same technique. Both the
test and control gels were allowed to gel for 2 h at 37°C. Following, 120 uL of DMEM containing
10% FBS and 1% penicillin streptomycin was placed on top of each gel, and the gels were
incubated for up to two weeks to track cell viability, with media replaced every 2-3 days. Cell
morphology, and viability was measured via confocal microscopy (Nikon Eclipse Ti), with image
processing conducted using NIS Elements and Imagel. A z-stack depth of 200 um was scanned
for each sample. Cells were fluorescently labeled using a live/dead assay by removing the
media and adding 50 uL of live-dead solution consisting of 2 UM calcein AM (calcein, Sigma-
Aldrich) and 4 uM Ethidium homodimer-1 (EthD-1, Sigma-Aldrich) in PBS. Cells were incubated
for 30 minutes prior to imaging. Quantitative cell numbers were determined using a VICTOR 3
multi-label microplate reader and reading the fluorescence at an emission wavelength of 535
nm. Fluorescence intensities in relative fluorescence units were determined by subtracting

background fluorescence readings (blank gel with no cells) from each well (n=6).

6.3 Results

6.3.1 Synthesis: Charged poly(oligoethylene glycol methacrylate) (POEGMA) hydrogel
precursors were synthesized via chain transfer agent-mediated free radical copolymerization of
oligoethylene glycol methacrylate monomers with varying ethylene glycol side chain lengths
(n). Each multiresponsive pre-polymer was prepared by copolymerizing one functional
monomer to allow covalent crosslinking via hydrazide/aldehyde chemistry and another
functional monomer to impart charge into the polymer (AA for anionic precursor polymers or
DMAEMA for cationic precursor polymers) (Scheme 1). The 90:10 monomer ratio between
diethylene glycol methacrylate (M(EO),MA, n = 2) and oligoethylene glycol methacrylate
(OEGMA475 n = 8-9) used to prepare all precursor polymers was selected to produce

(unfunctionalized) POEGMA polymers with a target LCST similar to PNIPAM (~32°C), providing
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the desired thermosensitivity in the resulting copolymers. Each hydrazide POH,C, and PO,A,D,
precursor reported in this paper was functionalized with a targeted y = 30 mol% functional
hydrazide or aldehyde functional groups (such that the theoretical cross-link density in each
hydrogel formed is equivalent regardless of how the different precursor polymers are mixed)
and, where present, z = 20 mol% charged monomer. Conductometric titration confirms ~20
mol% charged monomer content in both PO;gH30Cyp and PO1pA30D20 as well as ~30 mol%
hydrazide functionalization in both PO1oH3o and PO1oH30Cy (Table 6.1); however, the actual
aldehyde incorporation into both POjA3p and POjpA30D,0 was slightly lower than the
stoichiometric expectation at ~22-24 mol%, a result we attribute to lower potential
incorporation of acetal monomer during copolymerization. However, despite this lower
aldehyde functionalization, the similar degree of functionalization of both aldehyde-
functionalized precursors means that the potential for crosslink formation is the same between
any pair of precursor polymers tested. As such, the hydrogels formed from these precursors
polymers are expected to be chemically equivalent aside from the incorporation or exclusion of
charged monomers. The number-average molecular weight (M,) of the polymer precursors is
also consistent between the different precursors and is controlled to be less than 20x10* g/mol
(Table 6.1), well below the renal clearance limit of 40-50x10° g/mol to facilitate polymer

elimination following gel degradation.
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Scheme 6.1. Synthesis of charged POEGMA precursors.
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Table 6.1. Chemical characterization of synthesized POEGMA polymer precursors.

Function .
al Functional
M(EO),MA OEEMA“ Function Reactive Charged Charged
(mol%) 75 al Reactive Monom Group Monomer
0 (mol%) Group (+/-)
o (mol%)
(mol%)
PO10H30 (POH) 60.2 6.7 NHNH, 33.1° N/A -
Z%EH_EZCSO 39.3 4.4 NHNH, 33.1° DMAEMA |  (+)18.4+2.1°
PO10A; (POA) 70.6 7.8 CHO 216° N/A -
(F%Z/T;OSZO 53.5 4.1 CHO 23.9° AA (-) 17.3+3.5°

? Determined from conductometric titration, ° Determined by *H-NMR

6.3.2 Physiochemical properties: Hydrogels were prepared by co-extruding binary

combinations of hydrazide-functionalized (POH/POHC) and aldehyde-functionalized
(POA/POAD) precursor polymers dissolved at 75 mg/mL in 10 mM PBS using a double barrel
syringe to form neutral, cationic, amphoteric and anionically charged gels (Table 6.2). All binary
combinations of precursor polymers gelled rapidly, between <5s to 45s (Table 6.2). The effect
of charge was significantly different depending on the type and combination of charged
precursor polymers used. Cationic hydrogels prepared with a cationic hydrazide precursor and

a neutral aldehyde precursor exhibited slower gelation times than the neutral networks with
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the same backbone composition, a result anticipated based on the electrostatic repulsion
between the cationic DMAEMA residues of adjacent precursor polymers. On the other hand,
amphoteric hydrogels consisting of a mixture of cationic hydrazide precursor polymer and
anionic aldehyde precursor polymer gelled significantly faster than the neutral combination, a
result expected based on the combination of both ionic attractions as well as covalent gelation
driving interpolymer interactions in this system. Interestingly, hydrogels prepared with a
neutral hydrazide precursor and an anionic aldehyde precursor gelled significantly faster than
the neutral combination (indeed, on par with the amphoteric formulation that is aided by

electrostatic interactions).

Table 6.2. Preparation of charged POEGMA hydrogels.

POEGMA Hydrogel Hydrazide Precursor Aldehyde Precursor

Hydrogel Charge Gelation Precursor Concentration | Precursor Concentration
Time (s) (mg/mL) (mg/mL)

PO Neutral 30 POoH30 75 PO10A30 75

PO4,-cat Cationic 45 PO1gH30D50 75 PO0A30 75

POyg-amp Amphoteric <5 PO4oH30D50 75 PO10A30Cy0 75

PO4p-an Anionic <5 PO1oH30 75 PO10A30Cyo 75

The effect of charge on hydrogel swelling was quantified at 37°C in buffers of 10 mM pH
3 (citrate), pH 7.4 (phosphate) and pH 10 (carbonate) over a time period of 30 hours; these pH
values were chosen based on the pK, values of both charged comonomers (AA pK, = 4.25,
DMAEMA pK, = 8.5) such that only the cationic comonomer would be charged (pH 3), only the
anionic monomer would be charged (pH 10), and both monomers would be charged
(physiological pH 7.4). At pH=3 (Fig. 6.1a), the cationic and amphoteric gels swelling relative to
their prepared state, the former due to ionization and the latter due to effective de-crosslinking
of the ionic network as the AA residues are protonated; in contrast, the neutral gel deswells
slightly (likely attributable to the slightly higher ionic strength) and the anionic gel collapses as —
COOH groups are protonated and hydrogen bonding interactions with residual hydrazide

groups are promoted. At pH 10, the anionic gel swells due to —COOH ionization while the
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amphoteric gel also swells again due to disruption of the ionically crosslinked network (here,
following DMAEMA deprotonation, leaving only anionic charged groups in the gel); the neutral
gel remains near its initial volume while the cationic gel deswells slightly due to enhanced
hydrogen bonding following functional group neutralization. Intermediate swelling behaviors
were observed at pH 7.4, with the amphoteric gel shrinking the most over time consistent with
the development of an ionically-crosslinked secondary network in the gel over time. Thus, the
swelling profiles confirm the anticipated pH-responsive behavior of POEGMA hydrogels
prepared with functionalized precursor polymers and our capacity to tune the charge

type/content of the gels by simple mixing of functionalized precursor polymers.
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Figure 6.1. Swelling kinetics of POEGMA hydrogels in 10 mM (A) citrate buffer, pH 3; (B)
phosphate buffer, pH 7.4; and (C) carbonate buffer, pH 10 at 37°C: (@, blue) PO4g; (®, red)
PO1o-cat; (@, purple) POjp-amp; (@, ) POyo-an.

The effect of charge incorporation on temperature responsiveness was then quantified
the same pH values tested for swelling by a step-wise temperature ramp from 20°C to 50°C at
5°C intervals, allowing 12 h between temperature steps to ensure that equilibrium conditions
were reached for each temperature measurement. At pH = 7.4, the characteristic collapse
profile of the neutral POy gel with a VPTT of ~32-33°C (similar to NIPAM) is observed; a similar
phase transition is observed in the cationic POg-cat hydrogel, given that deprotonation of the
cationic groups (pKa ~ 8.5) is partially complete at physiological pH and the effective charge
density on the gel is lower. However, the fully ionized anionic gel (ionic repulsion and higher
bound water content) and the amphoteric gel (ionic crosslinking) both undergo much slower
and less extreme phase transitions, consistent with observations on conventional charged

hydrogels. At pH 3, the hydrazone bond is labile over ~96 hour course of the full temperature
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ramp, leading to effective gel degradation in the cationic and amphoteric gels (both of which
are more swollen and thus accessible to acid degradation at pH 3, Fig. 1a) as the temperature is
ramped. This result is consistent with the accelerated 0.1 M HCl degradation results (Figure
6.3), indicating rapid swelling and subsequent degradation over time for the cationic and
amphoteric gels but rapid collapse followed by extremely slow degradation of the collapsed
network for the anionic and neutral gels. Alternately, at pH 10, the ester bond linking the
ethylene oxide side chain to the methacrylate backbone in each gel tested is labile over the
same time frame (Figure S3); consequently, the volume phase transition is suppressed in each
gel tested due to the generation of ionized methacrylate residues on the backbone polymer as

degradation occurs.
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Figure 6.2. Swelling kinetics of POEGMA hydrogels in pH 3, 7.4 or 10 buffers as a function of
temperature: (@, blue) POg; (@, red) PO4o-cat; (@, purple) POig-amp; (@, ) POyo-an.
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Figure 6.3. Degradation profiles of POEGMA hydrogels in 0.1 M HCl solution at 37°C:
(@, blue) POyg; (@, red) POqo-cat; (@, purple) POjg-amp; (@, ) POyo-an.

The rheological properties of the charged POEGMA gels are shown in Figure 6.4. The
plateau elastic storage modulus (G’) increases with the incorporation of charge, with both
cationic (~1160 + 160 Pa) and anionic (~1650 + 360 Pa) exhibiting higher elasticity relative to
hydrogels prepared without charge (~820 + 140). This result is consistent with an increase in
bound water within the charged hydrogels, with the higher effective charge density in the
anionic gel relative to the cationic gel at pH 7.4 resulting in a slightly higher enhancement of the
anionic gel modulus. However, in the dual ionic-covalent crosslinked amphoteric gel, the
contribution of the second electrostatic network results in a significant increase in the shear
storage modulus (~2820 + 370, a ~3.5-fold increase in G’ compared to the neutral gel consistent
with the presence of dual crosslinking.
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Figure 6.4. Average elastic storage moduli (G’) of the fully swollen mixed precursor POEGMA
hydrogels in 10 mM PBS at 37°C: (@, blue) POqg; (®, red) POo-cat; (@, purple) POg-amp; (@,
) POlo—an.
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6.3.3 In vitro cytocompatibility: To assess the biological potential of these hydrogels, the
cytocompatibility of the charged polymer precursors was first assessed using a rezasurin cell
viability reagent assay on 3T3 mouse fibroblasts to ensure the precursor polymers themselves
did not negatively impact cells (Figure 6.5). Neither the cationic nor anionic precursor polymers
(which also represent the degradation products post-hydrolysis) showed any cytotoxicity at
concentrations up to 1000 pg/mL, analogous to the non-charged control precursor polymers.
This result is important since cationic polymers in particular often exhibit cytotoxicity,
particularly at the relatively high polymer concentrations tested in Fig. 6.5; this is not

problematic in the cationic POEGMA polymers.

100
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Cell Viability [%]
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Figure 6.5. Resazurin cell viability assay of POEGMA precursor polymers after 24 hours
incubation with 3T3 mouse fibroblasts at 37°C: PO1gH3o (@, blue); PO1gH30Cx0 ( );
PoloAgo (., dark green); PoloAgoDzo; ( )

6.3.4 In vitro protein affinity: To assess the inflammatory potential of charged POEGMA
hydrogels, the affinity between the charged hydrogels and proteins was assessed through two
separate assays. First, protein absorption within the hydrogel was measured by fully immersing
templated bulk cylindrical gels (surface area:volume ratio = 0.8:1) in a BSA solution and,
without rinsing, removing the hydrogels and measuring the residual BSA content in solution
(Table 6.3). In this case, protein uptake into the charged gels is uniformly higher than the
corresponding neutral gel, with the cationic gel exhibiting higher uptake than the anionic gel

(consistent with the net anionic charge of BSA at physiological pH) and the amphoteric gel
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exhibiting highest uptake (consistent with the effective total charge density in the amphoteric
gel being double the other two charged hydrogels, Table 6.2). Thus, from an absorption
perspective, the charged POEGMA hydrogels behave similarly to previously reported charged

gels in which the presence of more charge enhances protein uptake.

Table 6.3. BSA uptake into charged POEGMA hydrogels from 70 ug/mL BSA stock solution in 10
mM PBS (37°C).

Hydrogel [BSA] in stock | ug BSA/mg
solution after 48 | polymer in gel
hr (ng/mL)

POqg 579 0.3+£0.2

POqo-cat 43 +5 0.6+0.1

PO1g-amp 244 1.3+£0.2

POq¢-an 297 1.0+£0.2

Following, a protein adsorption experiment was performed on thin film hydrogels
constrained within a 96-well plate (surface area:volume ratio 1.8:1) (Figure 6.6). Both lysozyme
and BSA were tested at various concentrations, with 15 sequential PBS rinses performed to
remove any absorbed or weakly bound protein prior to assaying the residual gel fluorescence.
As such, this assay was designed to probe the interfacial interactions between the gels and
proteins, which are more critical to predicting inflammatory potential.48 Typically, introducing
charge (and particularly cationic charge) significantly increases the amount of protein
deposition on a biomaterial surface due to electrostatic interactions with either the net charge
or local charged domains of proteins. For BSA (66 kDa, pl ~ 4.8), the cationic gel adsorbs slightly
more protein than the neutral gels, consistent with expectations; however, both the anionic
and amphoteric gels adsorb less protein than even the neutral POEGMA gel. For lysozyme, (14
kDa, pl ~ 11.3), protein adsorption is similar between all hydrogels tested irrespective of charge,
despite net charge attraction between lysozyme and the anionic gel. Thus, very low protein
adsorption is maintained irrespective of incorporation of even 10 mol% charge in the hydrogels.
We hypothesize that the brush-like PEG side-chains tethered on the POEGMA backbone assist

in masking the charges located closer to the backbone to maintain very low protein adsorption
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in all cases. This is also consistent with the very low cytotoxicity of the cationic precursor
polymer measured (Fig. 6.5) and represents a potential advantage of these injectable POEGMA
materials in that a large fraction of charges can be introduced to affect other gel properties

(e.g. swelling, thermoresponsivity, mechanics, etc.) without significantly affecting protein

adsorption.
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Figure 6.6. Protein adsorption to charged POEGMA hydrogels in 10 mM PBS at 37°C: (A) bovine
serum albumin; (B) lysozyme: (@, blue) PO,; (®, red) POg-cat; (®, purple) POg-amp; (@,
) POqp-an.

6.3.5 In vitro cell adhesion: To assess the impact of introducing charge on the capacity of cells
to adhere to the hydrogels, cell adhesion of 3T3 mouse fibroblasts was assessed following the
plating of 10 000 cells/well on top of the same thin film hydrogel samples used for the
interfacial protein binding tests (Figure 6.7). Significantly more cells adhered to all the charged
hydrogels (Fig. 6.7B-D) relative to the neutral (uncharged) PO hydrogel (Fig. 6.7A). This result
indicates that charge promotes cell adhesion to otherwise highly cell-repulsive POEGMA
hydrogels without the need to incorporate additional bioadhesive functional groups. The PO4q-
cat cationic hydrogel (Fig. 6.7B) shows particularly high cell adhesion consistent with the
electrostatic attraction induced between the 3T3 cells and the hydrogel interface; indeed, the
total fluorescence (related to number of live cells counted) on POqg-cat is only ~20% of that of
the tissue culture polystyrene control (Fig. 6.7E), albeit with significantly higher cell clumping
observed indicative of weaker cell electrostatic interactions instead of stronger integrin

45,46

bonding and promotion of focal adhesions with the gel interface. Thus, the charged
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POEGMA hydrogels can support the adhesion and proliferation of viable cells despite the low

non-specific protein binding observed on these hydrogels (Fig. 6.6).

Figure 6.7. Adhesion of mouse 3T3 fibroblasts to charged POEGMA hydrogels following 48
hours of incubation: (A) POy (neutral); (B) POyo-cat (cationic); (C) POig-amp (amphoteric); (D)
POjg-an (anionic) (E) tissue culture polystyrene control. Scale bar = 100 um.

Significantly more cells adhered to all of the charged hydrogels (Fig. 6.7B-D) relative to
the neutral (uncharged) POy hydrogel (Fig. 6.7A). This result indicates that charge promotes
cell adhesion to otherwise highly cell-repellent POEGMA hydrogels without the need to

incorporate additional bioadhesive functional groups. The PO4o-cat cationic hydrogel (Fig. 6.7B)
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shows particularly high cell adhesion consistent with the electrostatic attraction induced
between the 3T3 cells and the hydrogel interface; indeed, the total fluorescence (related to
number of live cells counted) on POj,-cat is only ~20% lower than that of the tissue culture
polystyrene control (Fig. 6.7E), albeit with significantly higher cell clumping observed indicative
of weaker cell electrostatic interactions instead of stronger binding interactions that can
promote more focal adhesions with the gel interface.*”® Thus, charged POEGMA hydrogels
can support the adhesion and proliferation of viable cells despite the low non-specific protein

binding observed to these materials (Fig. 6.6).

6.3.6 Subcutaneous in vivo tissue compatibility: To assess the tissue compatibility of the
charged POEGMA hydrogels in vivo, subcutaneous injections of the POy, POg-cat, POg-amp
and POgp-an hydrogels were performed using BALB/c mice (Figure 6.8). Each binary
combination rapidly (<1 min) formed a hydrogel when injected, consistent with in vitro
observations, and no obvious signs of skin irritation were noted in any of the mice injected.
Injection of the PO4g, POjp-amp, and POg-an hydrogels resulted in moderate infiltration of
leukocytes to the hydrogel-tissue interface at the acute (2 day) time point, with both the
anionic (490 + 220 cells mm?) and in particular the amphoteric (450 + 180 cells mm ) gels
exhibiting comparable inflammatory responses to the neutral POy, gel (~500 cells mm™). The
cationic POjo-cat gel showed a substantially higher presence of polymorphonuclear cells (1200
+ 180 cells mm™) then all other gels, indicating stronger acute inflammation consistent with the
higher BSA adsorption observed (Fig. 6.6A). From histological scoring, all gels exhibited at least
localized inflammatory responses inducing limited cell necrosis (Table 4; see scoring system in
Experimental section). However, no significant difference in score was observed between PO,
«at and the other gels, indicating that the higher number of leukocytes present does not induce

a significant difference in tissue morphology.
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Table 6.4. Histological scores for determination of severity and reaction to the injection of

charged POEGMA hydrogels into the subcutaneous space of BALB/c mice.

Hydrogel Histology Score
Acute (2 days) Chronic (30
days)
PO1p-cat 3.7+1.2 1.0+0.0
PO1p-amp 40+1.1 20+x1.7
PO1p-an 35124 1.0+0.0

At the chronic time point (30 days), all gels persisted in the subcutaneous space but
showed evidence of at least some degradation, with cells penetrating between segments of gel
in all cases. Only the neutral POyy gel showed a considerable decrease in leukocytic
concentration, with the polymorphonuclear cell density dropping to ~75 cells mm™ compared
to POjp-amp (380 + 170 cells mm?) and POjg-an hydrogels (330 + 100 cells mm?). We
hypothesize that this result is attributable to the different degradation rates of these gels,
leading to different concentrations of leukocytes over time. Of note, the cationic POy,-cat gel
shows a similar leukocyte density at the chronic time point relative to the other charged gels
(360 + 90 cells mm™), suggesting that the larger acute inflammation observed resolves at the
chronic time point despite the continuing presence (and degradation) of the cationic hydrogel.
Thus, while the cationic POjg-cat gel induces higher acute inflammation, the chronic
inflammatory response remains mild; this result is significant based on the large inflammatory
responses often observed with cationic biomaterials.® This significant resolution of an
inflammatory response is further confirmed through histological scoring, in which scores of 1
(PO10, PO1g.cat, and POqg.an, indicating no inflammation aside from a few macrophages due to
ongoing gel degradation) or at most 2 (POjo.amp indicative of a macrophage response
associated with gel degradation but no cell necrosis) were observed. It should also be

emphasized that no clear evidence of fibrosis (or “walling off” of the gels) is observed for any of
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the injected gels after 30 days, significant for the potential use of these materials for controlled

release applications for either cells or therapeutics.

Figure 6.8. Histological sections of stained subcutaneous tissue samples following injection of
PO1o (A,E), POjo-cat (B,F), PO-amp (C,G) and PO-,, (D,H) hydrogels following acute (A-D) and
chronic (E-H) time points. Arrows indicate the presence of leukocytes. All hydrogels are still
present at chronic time points. Scale bars = 100 um.

6.3.7 3D cell encapsulation: Given the demonstrated potential of these charged POEGMA gels
as injectable biomaterials, we next investigated the potential of leveraging both the
thermoresponsivity and the charge of the hydrogels for creating delivery vehicles for human

retinal pigment epithelial cells (ARPE-19) that are injectable, degradable, and do not require the
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inclusion of bioadhesive biomolecules to support cell adhesion or proliferation. ARPE-19 cells
were co-extruded with the charged and neutral POEGMA gel precursor polymers at a
concentration of 2.5 x 10° cells/mL; cell viability and morphology was tracked over 15 days and
compared to a commercially available Geltrex® hydrogel that consists of natural extracellular
matrix components (laminin, collagen IV, entactin, and heparin sulfate) and has been previously
used for retinal cell delivery to the back of the eye.** All of the POEGMA-based hydrogels
tested could support and maintain cell viability over the full 15-day test period, with the cells
remaining relatively isolated within the matrix; this is desirable for cell transplantation
applications in the retina, as large aggregations of retinal cells during bolus injection lead to
high cell death due to nutrient and oxygen suffocation and limited integration into native
tissues.”> In contrast, the Geltrex matrix induced significant clumping of ARPE-19 cells less
desirable for cell delivery applications. Plate coverage measurements on live cell fluorescence
indicated less proliferation inside the POEGMA gels relative to the Geltrex matrix (Fig. 6.9));
however, the Geltrex matrix fully degraded after 15 days whereas the POEGMA matrices can
still support viable and largely isolated cells.

The benefits of charge incorporation are also observed by comparing the performance
of the neutral POy hydrogel to the charged gels. POj, gels (which show minimal 2D cell
adhesion, Fig. 6.7) show a slight decrease in viable cell count between days 3 and 15 as well as
more dead (red) cells in the matrix over time (Fig. 6.9B). In contrast, all the charged hydrogels
support cell proliferation within the matrix over the same time period (Fig. 6.9J). While the
number of cells supported is highest in the cationic PO1g.cat gel at all time points (Figs. 6.9C and
D), both the anionic PO1g.an and, in particular, the amphoteric PO1p..mp gels minimize the
number of dead cells and cell clumping observed after 15 days (Figs. 6.9F and H). This trend is
also reflected in fluorescence intensity measurements between days 1 and 3 (Figure 6.10), in
which the anionic and amphoteric gels maintain highest cell viability immediately following the
delivery process (i.e. at day 1) but support slower cell proliferation; the amphoteric gel in
particular maintains highest cell viability at day 1 but supports only minimal cell expansion over
following 14 days. We hypothesize this result is related to the crosslink density of the gels, as

the amphoteric hydrogel has the highest internal crosslinking density due to the dual
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covalent/ionic crosslinking present and thus likely provides the least space for cell proliferation.
As such, while all charged POEGMA gels offer promise relative to existing (more expensive and
more difficult to purify) options as injectable delivery matrices for retinal epithelial cells, the
nature of the charge present can alter the cell response between maintenance and

proliferation within the matrix.
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Figure 6.9. 3D encapsulation of ARPE-19 cells imaged using confocal microscopy (200 um z-
stack) after 3 days and 15 days in neutral and charged POEGMA hydrogels: (A,B) PO (neutral);
(C,D) POqo-cat (cationic); (E,F) POig-amp (amphoteric); (G,H) POg-an (anionic) (I) Geltrex matrix
control. The percentage of fluorescence plate coverage of live cells for each gel and time point
is shown as (J). Scale bar =100 pum.
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Figure 6.10. Average fluorescence reading taken using a VICTOR 3 multi-label microplate reader
using calcein AM staining of -19 cells encapsulated within charged POEGMA hydrogels after Day
1 and Day 3 at 37°C: (@, blue) POg; (®, red) POo-cat; (@, purple) POip-amp; (@, ) PO1o-
an; (@, back) Geltrex.

6.4 Discussion

The combination of a thermoresponsive polymer backbone with cationic and/or anionic
groups that can be switched on or off as a function of pH leads to an injectable hydrogel
formulation with a series of highly tunable properties under different environmental
conditions. All formulations gelled in less than one minute following co-extrusion from a double
barrel syringe and formed coherent gels that did not undergo syneresis as gelation proceeded.
Uncharged POy9 hydrogels showed characteristic thermoresponsive swelling and interfacial
responses, while the inclusion of a single type of ionizable functional groups shifts the
hydrophilic/hydrophobic balance back to a more hydrophilic state, driving significant positive
swelling effects in the case of single charge hydrogels that also facilitate accelerated
degradation kinetics. Alternately, amphoteric hydrogels in which both anionic and cationic
charges are present facilitate the creation of a secondary ionically-crosslinked network,
resulting in an effectively dual-crosslinked hydrogel that swells less (Fig. 6.1) and has
significantly higher modulus values (Fig. 6.4). Of note, anionically-functionalized hydrogels also
exhibited somewhat faster gelation (Table 6.2), stronger mechanics (Fig. 6.4), and slower
degradation (similar to the amphoteric hydrogels that have a well-defined secondary
networking structure, Fig. 6.3) than the other tested hydrogels, suggesting the presence of an
additional networking driving force in these materials. We hypothesize these results are

related to hydrogen bonding between lone pair-donating ethers in the ethylene oxide repeat
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units in the OEGMA side-chains and the lone pair accepting carboxylic acid groups of acrylic acid
residues on the anionic POEGMA polymers, although elucidating the exact nature of this
interaction would require further study.

The varying physicochemical and mechanical properties achieved via the incorporation
of charge in thermoresponsive polymer precursors can subsequently be leveraged to engineer
cell and tissue responses to these hydrogels. Inclusion of cationic, amphoteric and/or anionic
charge within the POEGMA hydrogels significantly increases cell adhesion of 3T3 fibroblast cells
to the matrix relative to neutral hydrogel controls (Fig. 6.7), facilitating cell adhesion without
the need for using RGD or other adhesive peptides while still exhibiting low non-specific protein
adsorption relative to other biomaterials or even neutral POEGMA gels (Fig. 6.6). The chronic
inflammatory response of each of the hydrogels was mild, even though the gels were
continuously degrading to release the functional polymer precursors at the one month chronic
time point tested (Fig. 6.8). Furthermore, the successful encapsulation (and later proliferation)
of ARPE-19 cells by injection within the charged POEGMA gels (Fig. 6.9) suggests the benefits of
this combination of relatively low non-specific protein adsorption and charge in an injectable
cell delivery vehicle, with the charged gels supporting higher cell viabilities and proliferation
(albeit to different degrees based on the network structure) compared to neutral POEGMA gels
and better suspension of the cells relative to the Geltrex control. Thus, manipulation of
hydrogel charge to effect favorable application-based properties can be conducted without
compromising the compatibility of the materials in vivo. Of note, given that these POEGMA
hydrogels can be fabricated by simple mixing, the charge density of the hydrogels can be easily
adjusted by mixing neutral and charged precursor polymers of the same functionality (i.e.
hydrazide or aldehyde) in the appropriate barrel of the double barrel syringe, a modular design

enabling rapid tuning of gel properties ideal for screening gel responses in specific applications.

6.5 Conclusions
Dual temperature and pH-responsive POEGMA hydrogels offer both physicochemical
benefits in terms of highly tunable swelling, degradation, and rheological properties as well as

biological benefits in terms of maintaining low non-specific protein adhesion and promoting
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both cell adhesion and proliferation. In particular, manipulating the hydrogel charge can
significantly improve both the 2D cell adhesive potential of 3T3 mouse fibroblasts and the 3D
stabilization and proliferative potential of ARPE-19 human retinal epithelial cells without the
need for cell adhesive ligands. Furthermore, the brush structure of POEGMA suppresses both
non-specific protein adsorption and chronic inflammatory responses to the charged hydrogels
relative to typical charged hydrogels (particularly for the cationic gels). On this basis, we
suggest that these hydrogels offer significant potential as injectable and degradable matrices

for in vivo cell delivery.
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6.9 Supporting Information

Figure S6.1. 1H-N'\/lR spectra for P010A30 (red) and POlngoDzo(purpIe).

Figure S6.2. 'H-NMR spectra for PO1gHsg (blue) and PO1gH30C3o (0range).
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Figure S6.3. PO4gH3o precursor polymer after being in pH=11 environment for; 0 hrs (@, blue);
24 hrs ( ); 48 hrs (@, dark green); 96 hrs ( ).
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Chapter 7: Poly(oligoethylene glycol methacrylate)-Dextran In situ Gelling Hydrogels with

Defined Biological Properties for Extracellular Matrix Design

Preface:

This chapter describes the development of the first POEGMA hydrogel platform system to
incorporate a natural polymer to exploit the native biological responses to natural polymers in
biomedical applications. Using reactive hydrazone chemistry, we created an injectable and
degradable hydrogel with tunable physiochemical and biological properties based on the ability
to easily change the LCST of the polymer precursors as well as the functional group density of
the hydrazide POEGMA polymer precursor. We also show that the inclusion of the natural
polymer dextran has the potential to change the response of our materials in both in vitro and
in vivo environments with 3T3 mouse fibroblasts and BALB/c mice respectively. This research
greatly widens the ultimate potential application of the POEGMA-based hydrogels to fabricate

bioactive materials.

Emilia Bakaic*, Niels M.B. Smeets*, Mathew Patenaude and Todd Hoare

Department of Chemical Engineering, McMaster University, 1280 Main St. W, Hamilton,
Ontario, Canada L8S 4L7
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Abstract

The design of injectable modular hydrogels based on the simple mixing of hydrazide or
aldehyde-functionalized synthetic poly(oligoethylene glycol methacrylate) (POEGMA) and
natural dextran (DEX) polymers is presented. The synthetic POEGMA component imparts the
hydrogel with the “stealth” properties of poly(ethylene glycol) and thermoresponsive
properties, whereas the natural DEX components significantly enhances cell adhesion to the
matrices (as is generally desirable for adhesion-dependent mammalian cells). Hydrogel
properties such as swelling, degradation, and mechanics can be controlled by systematically
varying the lower critical solution temperature and functional group density of the POH
precursor. Relative to POEGMA hydrogels alone, POEGMA-DEX hydrogels facilitate improved
potential for cell adhesion, significantly increasing the adhesion of 3T3 mouse fibroblasts in
vitro; relative to dextran hydrogels alone, non-specific protein adsorption is significantly lower
and chronic inflammation following subcutaneous injection into BALB/c mice is significantly
suppressed. Furthermore, by changing which polymer is functionalized with hydrazide or
aldehyde groups, substantial differences in biointerfacial properties are observed between gels
containing the same mass fractions of POEGMA and DEX, an effect we hypothesize to be

related to the higher interfacial affinity of the POEGMA polymers in an aqueous environment.
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7.1 Introduction

Hydrogels have been widely applied as promising materials for mimicking native
extracellular matrices (ECM) to facilitate cell proliferation, growth, and migration, leveraging
the potential of hydrogels to create and maintain a dynamic three-dimensional space for tissue
formation and present cell-specific environmental and metabolic cues.”™ Hydrogels used to
encapsulate cells must enable both cell adhesion as well as migration through the hydrogel,
behaviour that is related both to the mechanical and physiochemical properties of the hydrogel
as well as functional moieties within the hydrogel network®”. Besides promoting favorable cell
responses, hydrogels designed for in vivo applications must also be non-inflammatory and fully
degradable into non-toxic fragments that can be cleared or metabolized. Finally, for the
majority of controlled release or tissue engineering applications, it is desirable that the
hydrogel can be introduced in vivo through a minimally invasive procedure such as injection.g'10

We have previously reported injectable and degradable hydrogels based on
poly(oligoethylene glycol methacrylate (POEGMA), an material that exhibits similar non-
immunogenic, non-cytotoxic, and protein and cell repellent properties to poly(ethylene glycol)
(PEG)*™*2.  These hydrogels are synthesized by co-extruding hydrazide and aldehyde
functionalized POEGMA precursors that quickly cross-link through hydrazone chemistry. The

1415 and type/degree of functionalization'® of the POEGMA

composition13, morphology,
precursors can be modified to control the physiochemical and biological properties of the
resulting hydrogel. The use of covalent dynamic hydrazone chemistry allows cleaving and
reforming of cross-links in response to cell-induced stress and/or as a function of time'’. We
have shown that in situ-gelling POEGMA hydrogels can mimic the mechanical properties of

biological tissues and the degradation products were well tolerated in vivo, &1

making them of
significant interest for potential tissue engineering applications. However, while the low
protein adsorption and minimal chronic inflammation observed with POEGMA hydrogels was
favourable in a tissue engineering context, cell adhesion to such hydrogels was minimal unless

18
|

the only short-chain OEGMA comonomers are used to prepare the gel™, in which case the ease

of handling and low non-specific protein adsorption benefits of POEGMA are at least somewhat
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compromised.18 Incorporating tethered cell adhesive peptide RGD does significantly improve
cell adhesion, but at a cost of synthetic simplicity and overall material cost.

Improving the cell adhesive properties of POEGMA-based injectable hydrogels via an
inexpensive and biomimetic pathway would thus be highly beneficial to stimulate and regulate

2072 For example, many cell types

cell signalling, activation, maturation, and communication
rely on adhesion to proteins or other specific matrix components within their extracellular
space as well as matrix degradation cues in order to stimulate migrate through the three-

dimensional microenvironment*1%*

. On this basis, the incorporation of natural polymeric
materials with defined cell interactions as well as the potential for enzymatic degradation
(enabling improved remodeling by native cell processes) thus offers an attractive approach to
advance extracellular matrix design.

To explore the potential of this concept of mixing natural polymers with POEGMA to develop
new functional biomaterials with the benefits of each, we are employing dextran as our model
natural polymer. Dextran is a polysaccharide consisting of 1,6-linked D-glucopyranose residues
and is commonly used as an anti-thrombotic given its demonstrated ability to promote

25,26

angiogenesis and fibrinolysis™™“". Dextran hydrogels have been previously investigated as drug

27,28

delivery vehicles and more recently in tissue engineering applications because of the

2930 The hydroxyl groups along the dextran

inherent resistance of dextran to protein adsorption
backbone render it particularly suitable for chemical modification to introduce reactive groups
for cross-linking into a hydrogel, and the cis-hydroxyl groups present on the chain facilitate easy
conversion of the (2,3) hydroxyl groups to aldehydes via periodate treatment®.  Such
functionalization enables facile crosslinking of dextran with nucleophiles (such as the hydrazide
groups used to produce in situ-gelling POEGMA hydrogels) and/or conjugation of bioactive
agents through either non-degradable or degradable linkages for tunable release®.
Furthermore, dextran can be degraded in vivo by naturally occurring enzymes® such as
dextranases and/or oxidizing agents33 in various organs in the human body. In addition to itself
being of interest as a functional material, dextran also serves as an effective and much less

expensive analogue of extracellular matrix glycosoaminoglycans such as heparin sulfate

(HS) or hyaluronic acid (HA), both of which could be incorporated into POEGMA hydrogels using
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a similar approach. Coupling these advantages with the recently reported use of dextran for

fabricating artificial wound sealants®**

suggests potential benefits of combining POEGMA and
dextran in a single hydrogel that maintains the highly protein-repellent and potentially
thermoresponsive properties of POEGMA with the cell adhesion/spreading properties and
enzymatic degradability offered by dextran.

In this paper, we report on the synthesis and both physical and biological
characterization of injectable hydrazone-cross-linked hydrogels based on rapid mixing of
hydrazide-functionalized POEGMA (POH) and aldehyde-functionalized dextran (DEXA). We
postulate that the incorporation of dextran into POEGMA hydrogels can promote cell
interactions with our otherwise bio-inert POEGMA hydrogels, opening up the potential use of
these (relatively inexpensive) soft materials in cell encapsulation applications. The results show
that these POEGMA-Dextran (POEGMA-DEX) hydrogels provide cells with sufficient adhesive
support to stick to the gels while preserving most of the bioinert and smart characteristics of
the synthetic POEGMA polymer. Furthermore, both the POEGMA-DEX hydrogels and polymer
precursors (and degradation products) are demonstrated to be non-cytotoxic and well-
tolerated in vivo provided that excess aldehyde:hydrazide ratios are kept reasonably low.
Taken together, we believe that by combining POEGMA and dextran in a single injectable
hydrogel formulation provides a promising route for designing biologically-translatable

thermoresponsive injectable hydrogels applicable to the challenge of ECM design.

7.2 Experimental

7.2.1 Materials: Di(ethylene glycol) methyl ether methacrylate (M(EO),MA, Sigma Aldrich, 95%)
and oligo(ethylene glycol) methyl ether methacrylate with a number-average molecular weight
of 475 Da (OEGMA,75, Sigma Aldrich) 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%), acrylic acid (AA, Sigma Aldrich, 99%), adipic acid dihydrazide
(ADH, Alfa Aesar, 98%), dextran from Leuconstroc spp. M, = 500,000 (Sigma Aldrich), sodium

periodate (Sigma Aldrich, 299.8%), glacial acetic acid (Sigma Aldrich, 299%), chloroacetic acid
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(Sigma  Aldrich, 2%99), ethylene glycol (Sigma Aldrich, 99.8%), 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 (DMAEAm, 98%) was synthesized as previously reported.”® For all experiments
Milli-Q grade distilled deionized water (DIW) was used. Dimethyl sulfoxide (DMSO, reagent
grade) and methanol (grade) was purchased from Caledon Laboratory Chemicals (Georgetown,
ON). Hydrochloric acid (1M) was received from LabChem Inc. (Pittsburgh, PA). 3T3 Mus
musculus mouse cells were obtained from ATCC: Cedarlane Laboratories (Burlington, ON). Cell
proliferation media, recovery media, and trypsin-EDTA were obtained from Invitrogen
(Burlington, ON). Thiazolyl blue tetrazolium bromide (MTT) was purchased from Sigma Aldrich

(Oakville, ON). LIVE/DEAD assay were purchased from Invitrogen Canada (Burlington).

7.2.2 Synthesis of hydrazide-functionalized POEGMA (POH): In a typical experiment (Table 1
entry POsHs), AIBMe (37 mg, 0.14 mmol), M(EO),MA (3.5 g, 18.6 mmol), OEGMA,75 (0.50 g, 1.1
mmol), AA (0.60 g, 8.3 mmol), and TGA (8 uL, 0.12 mmol) were added to a 100 mL three-necked
round-bottom flask. 20 mL dioxane was added, and the solution was purged with nitrogen for
at least 30 minutes. Subsequently, the flask was submerged in a pre-heated oil bath at 75°C for
4 hours under magnetic stirring. After the solvent was removed, the resulting poly(ethylene
glycol methacrylate-co-acrylic acid) polymer was rotovaped to remove any remaining solvent,
purified by dialysis against DIW for a minimum of 6 (6+ hour) cycles and lyophilized to dryness.
The carboxylic acid groups on the AA residues were subsequently converted to hydrazide
groups via carbodiimide coupling of a large excess of adipic acid dihydrazide. POsH3, (3.0 g) was
dissolved in 150 mL DIW and added to a 500 mL round-bottom flask. ADH (3.6 g, 20.5 mmol)
was added, and the pH of the solution adjusted to pH = 4.75 using 0.1 M HCI. Subsequently,
EDC (1.6 g, 10.2 mmol) was added, and the pH was maintained at pH = 4.75 by the dropwise
addition of 0.1 M HCI for 4 hours. The solution was left to stir overnight, dialyzed against DIW
for a minimum of 6 cycles, and lyophilized. The polymers were stored as 20 w/w% solutions in

10 mM PBS at 4°C.
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7.2.3 Synthesis of aldehyde-functionalized POEGMA (POA): Briefly, In a typical experiment
AlBMe (50 mg), M(EO),MA (3.9 g), OEGMA,75 (0.10 g), acetal functional monomer DMAEAm, as
described previously16, (1.30 g)and TGA (7.5 pL) were dissolved in 1,4-dioxane (20 mL) into a
100 mL round bottom flask. After purging for at least 30 min, the flask was sealed and
submerged in a pre-heated oil bath at 75°C for 4 hours under magnetic stirring. After the
reaction was completed, the solvent was removed, and the polymer was subsequently
dissolved in 100 mL of 0.5 M HCI. The solution was left to stir for 24 hours, dialyzed (MWCO=
3500 g mol-!) against DIW for a minimum of 6 cycles, and lyophilized. The polymers were

stored as 20 w/w% solutions in 10 mM PBS at 4°C.

7.2.4 Synthesis of hydrazide-functionalized dextran (DEXH): 3.0 g of dextran (M,, ~ 500 kDa)
was dissolved in 42 mL of 3.0 M NaOH solution. Upon dissolution, chloroacetic acid (7.29 g, 77
mmol) was added and the solution was stirred for 90 min at 70°C. The solution was cooled to
room temperature and neutralized using glacial acetic acid. The resulting carboxymethylated
polymer was precipitated in methanol and subsequently purified by stirring in acetone and
drying under vacuum. To convert carboxyl groups to hydrazide groups, 1.5 g of
carboxymethylated dextran was dissolved in 150 mL DIW and ADH (3.5 g, 20.5 mmol) was
added, after which the pH of the solution adjusted to pH = 4.75 using 0.1 M HCI. EDC (1.6g, 10.2
mmol) was then added and the pH was maintained at pH = 4.75 by the dropwise addition of 0.1
M HCI for 4 hours. The product was left to stir overnight, dialyzed against DIW for a minimum of

6 cycles, and lyophilized.

7.2.5 Synthesis of aldehyde-functionalized dextran (DEXA): 3.0 g of dextran (M,, = 500 kDa)
was dissolved in 300 mL of DIW in a 500 mL round bottom flask. 1.6 g of sodium periodate was
dissolved in 10 mL of DIW and added to the dextran solution dropwise under magnetic stirring.
After two hours, 0.8 mL of ethylene glycol was added to the solution and the solution was
stirred for one more hour to quench the oxidation. The product was subjected to 6 x 6+ hour

cycles of dialysis for purification and lyophilized for storage.
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7.2.6 Analysis of functionalized polymers: Polymer molecular weight was measured by gel
permeation chromatography (GPC) using a Waters 2695 separations module equipped with a
Waters 2996 photodiode array detector, a Waters 2414 refractive index detector, a Waters
2475 multi A fluorescence detector and four Polymer Labs PLgel individual pore size columns,
with 5 um bead size and pore sizes of 100, 500, 103 and 105A, maintained at 40°C.
Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 mL min™, and polystyrene
standards were used to calibrate the instrument. *H-NMR was performed on a Bruker AVANCE
600 MHz Spectrometer using deuterated chloroform as the solvent. The mole fraction of
M(EO),MA (n) and OEGMA,7s (m) incorporated into each polymer was calculated based on the
NMR results using the methodology reported by the Wang group.36 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 NaCl as the analysis sample and
0.1 M NaOH as the titrant. The degree of aldehyde functionalization of dextran was
determined by selectively oxidizing aldehyde groups to carboxylic acid groups using silver (I)
oxide and quantifying the resulting acid groups using conductometric titration. Briefly, DEXA
(0.1 g, 0.0002 mmol) was dissolved in 10 mL of DIW with sodium hydroxide (0.248 g, 6.2 mmol).
Subsequently, silver (I) oxide (0.386 g, 1.6 mmol) was added to the solution and the solution
was allowed to stir overnight. Following, 5 mL of the reaction solution was added to 45 mL of
deionized water and the solution was titrated using 0.1M NaOH. The degree of POEGMA
aldehyde functionalization was determined from 'H-NMR analysis, comparing the integral
values of the -OCHjs signal (3H, 6 = 3.35-3.45 ppm), and —CHO signal (1H, 6 = 9.50-9.58 ppm).
The cloud point temperature of the POEGMA polymers was measured using a Variant Cary Bio
100 UV-Vis spectrophotometer. The polymers were dissolved at a concentration of 1 mg/mL in
either PBS (pH = 7.4) or a KCI/HCI (pH = 2.0), and the absorbance was recorded at 500 nm at

every 0.5°C over a temperature range of 10°C to 80°C, ramped at a rate of 1°C/min.

7.2.7 Preparation of injectable hydrogels: The composite hydrogels were fabricated via co-
extrusion of hydrazide-functionalized and aldehyde-functionalized copolymers dissolved in 10

mM PBS. Typical concentrations used for all hydrogels reported are 60 mg/mL for POH and
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POA, 60 mg/mL of DEXH and 60 mg/mL for DEXA, with specific recipes used defined in the
results. Intensive mechanical mixing of both polymer precursor solutions was achieved through
the use of a double barrel syringe fitted with a static mixer at the outlet (Medmix L series).
Hydrogel disks were prepared by extrusion of the reactive polymer precursors through the
double barrel syringe into cylindrical silicone rubber molds (volume = 300 uL) and allowed to gel

for a minimum of 30 minutes prior to testing.

7.2.8 Hydrogel morphology: The morphology of the gels was analyzed via scanning electron
microscopy (SEM) using a Hitachi S-2150 instrument. Following gelation as described in section
7.2.7, hydrogels were placed into scintillation vials and rapidly frozen in liquid nitrogen. The
frozen samples were then freeze fractured overnight to create a dried porous scaffold. Each
sample was prepared in triplicate. Samples were sputter coated with platinum before analysis

to minimize charging.

7.2.9 Phase transition of POEGMA-DEXA hydrogels: The volume phase transition temperature
of the hydrogel disks was determined gravimetrically. Hydrogels were placed inside scintillation
vials filled with 10 mM PBS and submerged into a thermostatted water bath. After a 12-hour
incubation period, the hydrogels were gently dried using a Kimwipe to remove non-absorbed
PBS and weighed. The PBS was replenished after every incubation cycle, and the temperature
of the water bath increased by 5°C. The mass loss of the hydrogels was calculated by comparing
the mass of the hydrogel at any given temperature to the initial mass of the same hydrogel
measured at 22.5°C (room temperature). All experiments were performed in triplicate, with

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

7.2.10 Reversible swelling of POEGMA-DEXA hydrogels: The capacity of the hydrogels to
undergo reversible swelling responses with temperature was determined gravimetrically using
cell culture inserts (10.5 cm, 8 um pore size). Hydrogel disks were individually placed into cell
culture inserts, which were subsequently placed into a 12-well cell culture plate, submerged in

4 mL of 10 mM PBS, and allowed to equilibrate for 12 hours at room temperature (22.5°C) or
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physiological temperature (37°C). After the equilibration period, the hydrogels were gently
dried with a Kimwipe to wick off non-absorbed PBS and weighed. Eight complete thermal
cycles were conducted in triplicate, with error bars representing the standard error of the

repeat measurements.

7.2.11 Hydrogel degradation: Hydrogel degradation via hydrazone bond hydrolysis was
assayed in both PBS as well as accelerated acid-catalyzed conditions, the latter of which is
useful to more directly compare the effects of different gel compositions on degradation via
hydrazone hydrolysis. Hydrogel disks were placed inside the same cell culture inserts used for
the reversible swelling assay and submerged in 4.0 mL of 0.1 M HCI, 1.0 M HCI, or 10 mM PBS.
Degradation was quantified gravimetrically at pre-determined time intervals until the hydrogel
had completely degraded (i.e. no separate hydrogel phase could be identified). All experiments
were repeated in triplicate, with error bars representing the standard deviation of the

measurement.

7.2.12 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 within this linear range and set as a constant
to perform a frequency sweep from 0.1 to 100 rad/s to measure shear elastic (G’) and loss (G”)

moduli. All measurements were conducted in triplicate at room temperature.

7.2.13 Cytotoxicity assay: The cytocompatibility of polymer precursors and hydrogels was
quantified using a MTT assay using NIH 3T3 fibroblasts. Cells 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. After one day of incubation, polymer concentrations ranging from 200 to
2000 pg/mL were added into wells with cultured cells and incubated for an additional 24 hours.

Cell viability was then characterized by removing the polymer solution, adding the MTT reagent
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solution, and incubating over four hours. The resultant formazin precipitate was solubilised
with DMSO and the absorbance was read using a Biorad microplate reader (model 550) at 570
nm. Each sample was tested four times, with error bars representing the standard error of the
cell viability percentages measured. Viability results were compared to controls of media-only

(no cells, to correct for media absorbance) and cells-only (no materials added).

7.2.14 Protein adsorption: Protein adsorption of fluorescently-labeled bovine serum albumin

(BSA, prepared as previously described)'**®

was assessed by directly extruding the hydrogels
into the wells of a 96 well plate, allowing gelation to complete (4 hours), and then fully swelling
the hydrogels in 10 mM PBS (30 hours). Following incubation, the PBS was removed and BSA
stock solutions of 125, 250, 500 and 1000 pg/mL prepared in 10 mM PBS were added and
incubated at 37°C for 2 hours. Each sample was tested six times, with error bars representing

the standard deviation of the adsorption measured.

7.2.15 In vitro cell adhesion assay: Cell adhesion was assayed in 48-well plates using 3T3
fibroblasts as a model cell. Hydrogels were extruded directly into the wells, left overnight to
ensure complete gelation, and then washed with culture media prior to cell addition. Cells were
then plated on top of the hydrogel at a density of 1.0x10* cells per well together with 400 L of
DMEM media and incubated for 24 hours at 37°C. After incubation, cell viability on the
hydrogels was visualized using a LIVE/DEAD assay performed according to the manufacturer’s
protocol. Post staining, each well was washed three times with sterile 10 mM PBS to remove
any non-adherent cells from the gels. Stained gels in the 48-plate wells were visualized under
fluorescence using an OLUMPUS light microscope. All experiments were conducted in

guadruplicate.

7.2.16 In vivo tolerability assay: The in vivo toxicity of the hydrogels was assessed using a
mouse subcutaneous injection model. BALB/c mice (22-24 g, Charles River Laboratories) were
injected with 0.35 mL samples of PO1gH30-DEXA and DEXH-DEXA hydrogels subcutaneously in

the scruff of the neck using a double-barrel syringe pre-loaded with gel precursor polymers
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corresponding to the specific gel type. Each precursor polymer was dissolved in 10mM PBS at a
concentration of 60mg/mL, and sterilized through a 0.2um cellulose acetate syringe filter.
Animals were visually observed to identify any systemic toxic response until the pre-
determined end points of 2days (acute response) and 1 month (chronic response), at which
point animals were sacrificed. A tissue sample that includes skin, underlying tissue, and
residual material was recovered from the animals and subjected to histological analysis using
hematoxylin and eosin staining. Tissue responses to the materials were assessed relative to
control animal injections of only 10 Mm PBS. 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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7.3.1 Synthesis of hydrazide and aldehyde functionalized polymer precursors: The synthetic

schemes used to prepare each functional precursor polymer are shown in Scheme 7.1.
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Scheme 7.1. Synthesis of (A) hydrazide (POH) and (B) aldehyde (POA)-functionalized

poly(oligoethylene glycol
functionalized dextran (DEXA).

methacrylate) and (C) hydrazide (DEXH) and (D) aldehyde-

Dextran-aldehyde (DEXA) was synthesized by oxidizing the vicinal diols on the glucose

repeat unit dextran (DEX) by sodium periodate (Scheme 7.1). Silver ion titration indicated that

~43% of the vicinal diol groups were oxidized to aldehyde groups, resulting in an aldehyde
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content of 8.6x10” mol aldehyde groups/g polymer. Hydrazide-functionalized dextran (DEXH)
was prepared via carboxylation of the vicinal diols using chloroacetic acid followed by
carbodiimide coupling of adipic acid dihydrazide (ADH), yielding a polymer containing 6.0x10”
mol hydrazide groups/g polymer as per conductometric titration analysis. Hydrazide-
functionalized poly(oligoethylene glycol methacrylate) (POH,, where x represents the mole
fraction of OEGMAy75s and y represents the mole fraction of total monomer residues bearing a
hydrazide group) was produced via free radical copolymerization of OEGMA monomers and
acrylic acid and subsequent carbodiimide coupling of adipic acid dihydrazide. The amount of
acrylic acid, and thus the number of hydrazide groups per polymer chain, was systematically
varied from ~10 for PO1gH15 (1.0x10'5 mol hydrazide/g polymer) to ~20 for PO1oH30 (1.3x10'5 mol
hydrazide/g polymer) to ~50 for PO1oHso (2.4x10™ mol hydrazide/g polymer) (entries 2, 5, and 6,
Table 7.1). Hydrazide-functionalized polymers were also prepared with different phase
transition temperatures by varying the M(EO),MA : OEGMA475 mol fraction from 95:5 to 80:20
(entries 1-4, Table 7.1); good agreement was observed between the theoretical and
experimental compositions of the copolymers by 'H-NMR analysis. Finally, aldehyde-
functionalized poly(oligoethylene glycol methacrylate) (PO10A3, corresponding to 90%
M(EO),MA:10% OEGMA,75 and 30 mol% of monomer residues bearing an aldehyde group) was
prepared via free radical copolymerization of OEGMA monomers with the acetal-containing
monomer DMAEAm followed by hydrolysis of the acetal in acid. 'H NMR again confirms near-
stoichiometric incorporation of the OEGMA monomers and 23.9 mol% of monomer residues

bearing an aldehyde group (1.2x10™ mol aldehyde/g polymer).
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Table 7.1. Chemical characterization of synthesized POH polymer precursors

. Funct. .
M(EO),MA | OEGMA,; | AA % M, 5 g:‘::;s CPos | CPg°
o, o, o b ° °

[mol%] [mol%] [mol%] | M(EO,)MA [kDa] [#/chain] [°C] [°C]

POH, | 0.75 0.02 0.23 0.97 193 | 1.77 |26 619 | 658
PO, Hs | 0.73 0.05 0.22 0.93 170 |159 |21 64.1 | 67.2
POHs, | 0.72 0.09 0.19 0.89 173 | 1.40 |18 67.7 | 70.8
PO,H: | 0.66 0.14 0.20 0.82 209 | 144 |21 759 | 80.0
PO,Hs, | 0.56 0.04 0.40 0.93 171 | 1.91 |47 N/A® | NJA®
PO, H,;s | 0.79 0.06 0.15 0.93 144 |170 |11 547 |56.8

a b

Determined from conductometric titration; Percentage of total OEGMA monomers
incorporated that are M(EO),MA (remainder OEGMA,ss) as determined by ‘H-NMR; ©
Determined at 95% transmittance at 1 mg/mL in 10 Mm PBS; 4 Determined at 50%
transmittance at 1 mg/mL in PBS ® No LCST was observed up to 80°C.

In order to limit the molecular weight of the synthetic, non-degradable POH polymers to
facilitate clearance of these backbone non-degradable polymers via renal filtration, the free-
radical copolymerization was performed in the presence of thioglycolic acid (TGA). The chain
transfer constant (C;) of TGA was determined experimentally to be 0.95. According to the Mayo
Equation, the [TGA] / [monomer] was kept constant at 4.1 X 102 to synthesize functional
POEGMA polymers with a similar number-average molecular weight (M,) below the renal
clearance limit of 40 x 10° g-mol'1.37'39 All polymers produced here had a M,, £ 20 x 10° g-mol'1
and a dispersity (P) of < 2.0 (Table 7.1). The relatively low values for © compared to other chain
transfer-controlled polymerizations may be in part attributable to the branched nature of
POEGMA polymers, leading to different elution behaviour when compared to the linear
poly(styrene) (PS) calibration standards used to reference the molecular weight.

The cloud point of the hydrazide-functionalized POEGMA polymers as a function of the
polymer composition is shown in Figure 7.1. UV-vis turbidimetric experiments were performed
on polymer solutions (concentration 1 mg/mL) in either KCI/HCI aqueous solution (10 mM, pH =
2, all AA residues protonated) or PBS (10 mM PBS, pH = 7.4, most AA residues ionized). The
cloud point values shown in Fig. 7.1 correspond to the temperatures at 50% (CPso) and 95%
(CPgs) transmittance; complete turbidimetric data is available in Supporting Information Figures

S$7.1 and S7.2. In 10 Mm PBS, POEGMA polymers prior to hydrazide functionalization contain
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high fractions of ionized acrylic acid groups and are thus completely water-soluble, with no
LCST observed up to at least 75°C. The LCST of the non-functionalized polymers was therefore
measured in KCI/HCI to prevent ionization of the carboxylic acid groups (Fig. 7.1, black symbols)

to facilitate comparisons between the precursor polymers.
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Figure 7.1. Cloud points (CP) of POEGMA polymers as a function of composition. The CP is
determined from UV-vis turbidimetric experiments at either 95% transmittance (CPgs, open
symbols) or 50% transmittance (CPsg, closed symbols): (A, black) POEGMA-co-AA measured in
KCI/HCl at pH = 2; (®, red) hydrazide functionalized POEGMA measured in PBS at pH =7.4; (V,
blue) hydrazone functionalized POEGMA following reaction of hydrazide groups with acrolein
measured in PBS at pH = 7.4. The dotted-lines are best linear fits.

The CP increases linearly with the mole fraction of OEGMA (foegma) from 25.9°C for
POsHszo (3 mol% OEGMA,75) to 46.6°C for POyHsp (18 mol% OEGMA,s), according to
relationship CP = 23.2(+3.1) + 140.0(x27.4)-forcma (R? = 0.929). The linear correlation between
the OEGMA,7;5 mole fraction and the cloud point of the polymer is in agreement with

—42
40742 3 result

observations of other groups on the synthesis of statistical POEGMA copolymers
that holds here even in the presence of other functional monomers. The CP can consequently
be tuned anywhere between the CP of PM(EQ),MA (LCST ~ 24°C) and POEGMA,75 (LCST ~ 90°C)
by controlling the copolymer composition. The facile tunability and large LCST range that can be

achieved using OEGMA monomers while still preserving sharp, discontinuous phase
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transitions** (Fig. 7.1 and Supporting Information, Figure S1) provides a significant advantage
over the use of N-isopropylacrylamide-based polymers, which typically exhibit broader and
lower magnitude phase transitions in copolymers with higher CP values due to the required
presence of more hydrophilic comonomers.

Functionalization of the POEGMA polymers with adipic acid dihydrazide significantly
affects the cloud point of the POEGMA polymer (Fig. 7.1, Table 7.1; see also Supporting
Information, Fig. S7.2). Whereas the POEGMA-co-AA polymers had no CP in 10 Mm PBS, the
POH polymers (Fig. 7.1, circles) display a CP ranging from 61.9°C for POsH3y to 75.9°C for
PO,oH30. Of note, the linear dependency of the CP on the copolymer composition is preserved
upon hydrazide functionalization (LCST = 61.5(£1.8) + 97.4(+£15.7)-foecma; R? = 0.950). The
hydrazide functional group of POH has a pK, of approximately 3.4, such that all hydrazide
groups conjugated to the polymers are uncharged at pH = 7.4. Furthermore, titrimetric analysis
showed that the EDC conjugation was highly efficient (> 95%), suggesting the presence of only a
small number of residual AA groups in each polymer. As such, the polarity of hydrazide group is
the primary driver of the increased LCST values in 10 mM PBS. This result is helpful in the
ultimate clearance of these precursor polymers as degradation products, since the polymers
will be freely soluble (not aggregated) at normal body temperature following gel degradation.

To estimate the effect of gelation on the phase transition behavior of the precursor polymers
(and thus predict the volume phase transition temperature (VPTT) of in situ-gelled hydrogels,
the POH precursors were reacted with a molar excess of acrolein (CH,=CHO) to form a
hydrazone bond, after which cloud points were re-measured (Fig. 7.1. Hydrazone bond
formation significantly lowered the cloud points of the polymers relative to the hydrazide-
functionalized polymer, although the trend in the cloud point as a function of forgna Was

preserved (CP = 61.6(+1.6) + 97.9(+14.4)-forgma; R* = 0.959).

7.3.2 Preparation of POEGMA-DEXA hydrogels: POEGMA-DEXA hydrogels were prepared by
co-extruding 60 mg/mL solutions of the two reactive polymer precursors into a silicone mold
using a double-barrel syringe. Gelation occurs quickly upon mixing, with elastic hydrogels

formed with all combinations tested in <2 minutes at room temperature. Macroscopically, the
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hydrogels vary significantly with the degree of cross-linking (see Fig. 7.2). Hydrogels prepared
from POyoH1s (low hydrazide content) are mechanically weak and are unable to maintain the
shape of the mold; conversely, hydrogels prepared from PO1gH39 and PO1gHsg (higher hydrazide
contents) maintain the shape of the mold and cannot be deformed without physically breaking
the hydrogel. Scanning electron microscopy (SEM) images of frozen, lyophilized and fractured
hydrogels reveals that the hydrogels are homogeneous and do not contain micron-sized pores,
with no systematic differences observed between the morphologies of hydrogels prepared
using POH polymers with different hydrazide contents (Figure 7.2). This observation is in-line
with previous studies that concluded that micron-sized pores are likely due to artefacts

occurring during freezing of the hydrated samples.‘m'46

DEXA

P010H15-DEXA P010H30'DEXA PoloHso'
< "'_ . . 4

Figure 7.2. Scanning electron microscopy images of the lyophilized fractured POEGMA-DEX
hydrogels at 250x and 2500x magnification. PO;oH;5-DEXA (A, D); PO4oH30-DEXA (B, E) and
PO1oHs50-DEXA (C, F). Insets show the macroscopic appearance of the different hydrogels.

7.3.3 Thermoresponsive swelling: To assess the thermoresponsive properties of the resulting
synthetic-natural polymer hydrogels (and specifically how the DEX component affects the
thermoresponsivity of the POEGMA component, the POEGMA-DEXA hydrogels were slowly
heated (12 hour equilibration intervals) from 20°C to 50°C in 5°C increments. The resulting
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thermal phase transitions of the hydrogels (measured via gravimetry) are shown in Figure 7.3.
The VPTT curves of a DEXA-DEXB hydrogel and a POjoH3o hydrogel (based on POqoH3o and

PO;0A30) were also included for comparison.
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Figure 7.3. Deswelling of POEGMA-DEXA hydrogels as a function of the temperature: A) Effect
of the M(EO),MA : OEGMA,;5 composition: (9, black) POsHsg; ( ) PO1gH30; (A, red)
PO1sHs3p; ('Y, blue) POygH30. A DEXH-DEXA hydrogel (O, black) and a POEGMA hydrogel based
on POygH3pand PO10A30 ( ) were added for comparison. B) Effect of the average number
of functional groups per polymer chain: (®, grey) POoH15s = 10; ( ) PO1gH3 = 20; (@,
black) PO1gHsg = 50. The arrow indicates the point of complete degradation of POygH3s. Lines
are guides to the eye.

All POEGMA-DEXA hydrogels tested displayed a clear volume phase temperature
transition (VPTT), with water continuously expelled from the hydrogel matrix as the gel was
heated. The water content of all hydrogels prepared with hydrazide functionalized POEGMA
(POH) and aldehyde functionalized dextran (DEXA) decreases from 0.940 to 0.915+0.002. As a
comparison, the all-POEGMA hydrogels prepared by mixing PO1gH3g and PO1pA30 at 60 mg/mL
show a decrease in water content from 0.861 to 0.555 over this same temperature range,
corresponding to a weight loss of almost 50%; conversely, the DEX hydrogel, prepared by
mixing DEXA and DEXH at 60 mg/mL showed no significant temperature response. These results
show that the thermoresponsive behaviour of the POEGMA hydrogels is preserved but is

significantly suppressed by the presence of the non-thermosensitive dextran component.
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Analogous to the results reported on injectable POEGMA hydrogels,47 the measured
volume phase transition temperatures of the POEGMA-DEXA hydrogels (Fig. 7.3A) are
significantly lower than the measured cloud points of the hydrazide-functionalized precursors
(Table 7.1 and Fig. 7.1). However, the clear correlation between the POH composition and the
cloud point observed in Fig. 7.1 is not maintained within the composite hydrogels, with broader
and clustered volume phase transitions observed irrespective of the POH cloud point. Thus, the
~13°C difference between the cloud points observed between the different POH precursors (AT
= 13°C, fmieo)zma = 0.97 — 0.82) is suppressed by the effects of cross-linking (known to broaden
phase transition responses)*® and the presence of the hydrophilic (non-responsive) DEX
component of the hydrogel.

The cross-link density of the hydrogel has a significant effect on the thermoresponsive
behavior of POEGMA-DEXA hydrogels, as shown in Fig. 7.3B. All three hydrogels were initially
prepared at 60 mg/mL (corresponding to a water content of 0.940). In 10 Mm PBS at room
temperature, POEGMA-DEXA hydrogels based on POgH;s5 swelled to a water content of 0.970,
hydrogels based on POygH3p exhibited almost no swelling response, and hydrogels based on
PO1oHso de-swelled to a water content of 0.921. Upon heating from 22.5°C to 50°C, hydrogels
prepared from PO1oH;s (~¥10 functional groups/chain) initially swell with water and then exhibit
rapid mass loss followed by complete dissolution of the hydrogel after 48 hours (Fig. 7.3B). As
such, no thermoresponsive behaviour analogous to that observed with other POEGMA-DEXA
hydrogels was observed since degradation occurs at a more rapid time scale. Conversely,
POEGMA-DEXA hydrogels prepared from POjoH3y and POjgHso (~20 and ~50 functional
groups/chain, respectively) display a continuous decrease in water content as a function of the
increasing temperature and remained macroscopically stable for at least 3 weeks. However, the
2-fold higher number of average functional groups per chain for POgHsg relative to PO1gH3g
results in an increased cross-link density which significantly restricts the magnitude of the
phase transition observed; the water content for PO;gH3o-DEXA decreases from 0.941 to 0.913
(weight loss of 40%) compared to a water content reduction from 0.921 to 0.916 (weight loss of

6%) for PO1gHso-DEXA over the same temperature range. Thus, the phase transition behavior of
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the hydrogels can be tuned based on the number of cross-linkable functional groups available

in the pre-polymers.
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Figure 7.4. Reversibility of the thermal phase transition of POEGMA-DEXA hydrogels in 10 Mm
PBS: A) P010H15-DEXA, B) P010H30-DEXA, C) PoloHso-DEXA

The thermal phase transition of all the prepared POEGMA-DEX hydrogels is completely
reversible and shows little hysteresis (Figure 7.4 and Supporting Information, Fig. S7.3). For
POEGMA-DEXA hydrogels based on POsHszq, PO1gH30, PO15H30, or PO5gH3 (i.e. same crosslinking
potential but different cloud point temperature), the water content of each of the hydrogels
switches reversibly from 0.940+0.003 to 0.927+0.003 (corresponding to a weight change of 15 +
3%) with little to no hysteresis over multiple cycles nor any significant effect of the composition
of the POH precursor observed (p < 0.05 for any pair-wise comparison via t-test. This result
corresponds with the very similar VPTT results among this series (Fig. 7.3A). In contrast, for
POEGMA-DEXA hydrogels based on POjgH;s5, POjgHszg, or POjgHso (same cloud point but
different numbers of hydrazide groups and thus crosslinking potential per chain, Fig. 7.4A-C),
the magnitude and reversibility of the phase transition is significantly different as a function of
the hydrazide content. The PO1gH15-DEXA hydrogel (Fig. 7.4A) is loosely cross-linked such that

hydrogel degradation competes with thermoresponsive de-swelling, resulting in no significant
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thermoresponsive behaviour observed in the thermal cycling experiment followed by
degradation after 48-60 hours, (consistent with Fig. 7.3B). Swelling/de-swelling of the PO1oH3,-
DEXA and POjgHso-DEXA hydrogels showed the expected reversible behaviour without
significant hysteresis, but the extent of de-swelling is governed by the degree of cross-linking;
the water content for more highly cross-linked PO;9Hso-DEXA hydrogel decreases reversibly
from 0.920+0.001 to 0.915+0.001 (corresponding to a weight loss of 5 + 1%), less than one third

the volume change observed with the less cross-linked PO1oH30-DEXA hydrogel.

7.3.4 Rheology: The rheological properties of POEGMA-DEXA hydrogels are reported in Figure
7.5, with Fig. 7.5A showing the storage modulus (G’) versus frequency results for hydrogels
prepared with the same number of hydrazide groups but different ratios of OEGMA monomers
(i.e. cloud point temperatures, POsH3o-DEXA — PO,oH30-DEXA) while Fig. 7.5B shows the storage
modulus (G’) versus frequency for hydrogels prepared with the same ratio of OEGMA

monomers but different numbers of hydrazide groups (PO19H15— PO10Hs0).
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Figure 7.5. Storage (G') moduli of POEGMA-DEXA hydrogels: A) Effect of the M(EO),MA :
OEGMA,75 composition: (4, black) POsH3-DEXA; (©, green) PO1gH30-DEXA; (A, red) PO1sH30-
DEXA; (V, blue) PO,oH30-DEXA. B) Effect of the average number of functional groups per
polymer chain: (®, grey) PO1oH1s-DEXA (~10 hydrazides/chain); (@, green) PO1oH30-DEXA (~20
hydrazides/chain); (@, black) PO1gHs5o-DEXA (~50 hydrazides/chain).

No significant difference in elastic modulus was observed between hydrogels prepared
with the same hydrazide functionalization but different OEGMA monomer ratios, with all
hydrogels exhibiting plateau G’ values of 1.5-2.0 kPa at high frequency. It should be noted that
this elastic modulus matches that of neural and adipose tissue within the body, relevant for the
successful use of such materials as cell scaffolds in vivo. Conversely, when the number of
functional groups per chain was varied (Fig. 7.5B), the mechanical properties of the hydrogels
were significantly different. Hydrogels based on PO1gH1s (~10 functional groups/chain) had a
lower plateau G’ of approximately 1.0 kPa, compared to 1.6 kPa for PO,gH39 and 2.3 kPa for
PO1oHso. This increase in mechanical rigidity can be directly attributed to the increase in the
cross-link density between the different hydrogels, illustrating the potential for modulus
matching by tuning the precursor polymer properties of the injectable hydrogels to match the
mechanics of native tissue.
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Based on the results of the thermoresponsivity, mechanical and degradation
experiments, we chose to continue our biological investigation of the POEGMA-DEXA hydrogels
using PO1oH30-DEXA as the key gel of interest among all dual natural-synthetic hydrogels tested.
This gel was chosen given that its properties are most favourable to application as a
physiological injectable hydrogel, with a VPTT of ~37°C, a shear storage modulus of 1.6kPa

mimicking neural/adipose tissue, and rapid (<1 minute) gelation kinetics.

7.3.5 Cytotoxicity: Figure 7.6 shows the in vitro cytotoxicity of hydrogel precursors (which are
also the degradation products, Fig. 7.6A) as screened using an MTT assay with 3T3 fibroblasts.
In all experiments, the precursors induce no significant decrease in cell viability when added at
concentrations from 200 to 2000 pg/mL relative to the cell control (i.e. cells seeded in the

multiwell plate but not exposed to the materials).
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Figure 7.6 Cell viability of 3T3 fibroblasts for the polymer precursors. A) Linear precursor
polymers: (@, green) PO1oH30; (@, black) DEXA.
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After establishing that the precursors were non-cytotoxic, cell adhesion was tested by
plating NIH 3T3 mouse fibroblasts on to DEXH-DEXA, POyoH3o-DEXA, and PO1gH30-PO10A30
hydrogels (Figure 7.7). The all-POEGMA hydrogels display little to no cell adhesion (Figs. 7.7D
and E), consistent with our earlier reports on the bio-inert (or “stealth”) characteristics of
POEGMA-based injectable hydrogel materials™®. Incorporation of dextran within POEGMA
hydrogels increased cell adhesion of 3T3 fibroblasts to 28 + 2% of the total added cells (Figs.
7.7B and E), although cells exhibit a round morphology suggesting relatively weak adhesion to
the gels without focal adhesion development. By comparison, the all-dextran DEXH-DEXA gel
can adhere 77 + 2% of added cells (Figs. 7.7C and E), although the cells appear more aggregated
than in the polystyrene control (Figs. 7.7A and E). Thus, by incorporating dextran into the gels,
significant increases in cell adhesion can be achieved that can be controlled by the amount of

dextran incorporated.
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Figure 7.7. Cell adhesion of 3T3 fibroblasts on (A) polystyrene control, (B) POoH30-DEXB
hydrogel, (C) DEXH-DEXA hydrogel and (D) PO1oH30-PO10A30 hydrogel. Relative cell adhesion
compared to the control (as determined by fluorescence analysis) is shown in (E). Note that the
percentage cell adhesion for the PO1gH30-PO10A30 hydrogel equals 0.9 + 0.3% and is therefore
barely visible on the chosen scale.

7.3.6 Protein adsorption: Protein adsorption of bovine serum albumin (BSA) to the DEXH-
PO10A30, PO1gH30-DEXA, DEXH-DEXA and PO1oH30-PO10A30 hydrogels was assessed to determine
the effect of the dextran component on the protein affinity of the hydrogels (Figure 7.8). Over

the full range of BSA concentrations tested, lowest protein adsorption was observed to the all-
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POEGMA PO;gH3p-PO10A30 hydrogel (122 + 12 ng/cm2 at 1 mg/mL BSA). DEXH-PO;pA3 and
DEXH-DEXA hydrogels (160 + 8 ng/cm? and 201 + 8 ng/cm” at 1 mg/mL BSA respectively)
absobserd more protein then the all POEGMA gel, but less then the PO;oH30-DEXA (210 + 13
ng/cm? at 1 mg/mL BSA) hydrogel. The substantial difference in protein adsorption between
the DEXH-PO1pA30 and PO;1gH30-DEXA hydrogels was surprising given that both these hydrogels
have the same mass ratio of POEGMA to dextran. The key difference between these gels is the
number of theoretical free aldehydes present based on the stoichiometry between the
hydrazide and aldehyde polymers used, with the hydrazide:aldehyde ratio in the starting
materials; residual aldehydes may form Schiff bases with amines on proteins to drive protein
uptake via a chemical mechanism. However, DEXH-PO10A30 hydrogels (hydrazide:aldehyde ratio
= 2:3, close to the 1:1 ratio observed in the very low protein binding all-POEGMA PO1gH30-PO10.
A3o hydrogel), contain substantially fewer free aldehyde groups than PO;oH3o-DEXA hydrogels
(hydrazide:aldehyde ratio = 1:4, close to the 1:5 ratio observed in the more highly protein
binding all-dextran DEXH-DEXA hydrogel). As such, the differences in protein adsorption
between DEXH-PO1pA39 and PO1oH30-DEXA can be driven by the residual aldehyde content in the
gels. This result was further supported by an additional experiment we conducted by varying
the relative reactive precursor concentrations to fabricate an all-POEGMA hydrogel with the
same 1:4 hydrazide:aldehyde ratio to match that of POqgH30-DEXA to match that of the
POEGMA-DEX gels, the amount of BSA adsorbed increases from 122 + 12 ng/cm2 (1:2
hydrazide:aldehyde ratio) to 369+ 43 ng/cm?(1:4 hydrazide:aldehyde ratio). As such, while this
result proves that increasing residual aldehyde content can substantially influence protein
adsorption as anticipated, the combination of PO1gH3, and DEXB appears to suppress this effect
as compared to the all-POEGMA gels at the same hydrazide:aldehyde ratio. Given that protein
adsorption is governed primarily by the interfacial properties of the gel, we hypothesize that
POEGMA has higher surface affinity than DEX in an aqueous environment. As such, when
aldehyde groups are tethered on the POEGMA component, the higher surface affinity of
POEGMA results in more aldehyde groups at the interface and thus higher protein adsorption;

conversely, when aldehyde groups are tethered on the DEX component, the surface becomes
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enriched in the POEGMA-bound hydrazide groups which do not significantly influence protein

adsorption.
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Figure 7.8. BSA protein adsorption to DEXH-PO1pA30 (@, black), DEXH-DEXA (@, red), PO1oH30-
DEXA (@, blue) and PO;gH30-PO10A3 (®, green) hydrogels at varying BSA protein
concentrations.

7.3.7 In vivo studies: Histopathological analysis of subcutaneous sections recovered following
both acute and chronic time points for both gel types are shown in Figure 7.9. After two days of
in vivo incubation, an initial leukocyte infiltration composed of neutrophils and monocytic cells
was found primarily at the tissue-hydrogel interface (approximately 500 mm™) for both
POoH30-DEXA (Fig. 7.9A) and DEXH-DEXA gels (Fig. 7.9C). This higher response to the all-dextran
gel is consistent with the significantly higher protein adsorption (Fig. 7.8) and cell adhesion (Fig.
7.7) observed to this hydrogel, and again occurs independently of the net aldehyde content of
the two gels (which is roughly equivalent). Interestingly, substantial infiltration of inflammatory
cells is observed into the PO1gH30-DEXA gel (Fig. 7.9A) that is not seen in the case of DEXH-DEXA
gels (Fig. 7.9C), suggesting that gel degradation is initiated relatively early in the POoH3 gel
that is not observed in either the DEXH-DEXA nor PO1gH30-PO10A30 control gels. This suggests a
significant potential benefit of using this combination of POEGMA (facilitating high water

accessibility) and dextran (exhibiting enzymatic or oxidative degradation) to accelerate the
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degradation of injectable hydrogels without substantially increasing the intensity of the acute
inflammatory response.

At the chronic time point (1 month), the hydrogel was degraded and removed from the
site of application in case of POjgH3o-DEXA (Fig. 7.9B), with no morphological difference
observed between these samples and the PBS-only injection control (Fig. 7.9E). In contrast, the
DEXH-DEXA gels persist at the injection site and show evidence of chronic inflammation,
including adhesion toward the material, the formation of granulation tissue in the areas
surrounding the gel, and the presence of macrophages at the gel interface (Fig. 7.9D inset).
Thus, incorporating POEGMA substantially accelerates degradation in vivo but also substantially
suppresses Based on the differences in host response toward the injected biomaterials, the
PO1oH30-DEXA gels appear to be better tolerated within the sub-cutaneous environment

relative to dextran-only hydrogels.

Figure 7.9. Host response toward 6 w/w% PO1oH3o-DEXA and DEXH-DEXA hydrogels following
subcutaneous injection in BALB/c mice. A) 2 day acute time point following injection of PO1gH3,-
DEXA; B) One month chronic time point following injection of PO1gH30-DEXA; C) 2 day acute
time point following injection of DEXH-DEXA; D) One month chronic time point following
injection of DEXH-DEXA. E) 10 mM PBS injection control.
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7.4 Discussion

The results of this study demonstrate that the physiochemical properties of injectable
hydrogels based on combinations of POEGMA and dextran can be tuned in two ways: altering
the chemistry of the precursor polymers themselves as well as altering which precursor is
functionalized with which functional group. By changing the degree of hydrazide
functionalization of the POH precursors, the thermoresponsive (Fig. 7.3B and Fig. 7.4) and
mechanical (Fig. 7.5B) properties of the POEGMA-DEX hydrogels can be adjusted consistent
with the different cross-link density of the hydrogels; increased cross-link density (achieved
with precursor polymers containing more hydrazide groups) inhibits swelling/deswelling
responses and results in stiffer hydrogel networks. In comparison, adjusting the M(EO),MA :
OEGMA,75 ratio (and thus the cloud point of the synthetic precursors, with all ratios chosen to
keep the transition temperatures within the range of physiological temperature) proved to
have little to no influence on any physicochemical properties of the hydrogels. This result is
likely attributable to the significant averaging effect we observed on the phase transition
temperature when POEGMA precursor polymers were crosslinked with dextran, which does not
have a phase transition temperature; the dual impacts of crosslinking and increasing the overall
hydrophilic:hydrophobic balance of the gels at the test temperatures used resulted in similar
thermal responses between different gels even though the precursors themselves had cloud
points spanning a ~14°C range.

While the thermal phase transition is significantly suppressed due to this averaging
effect, the residual transition was highly reversible (Fig. 7.4). Unlike poly(N-
isopropylacrylamide) (PNIPAM, the most popular among thermoresponsive polymers), the
POEGMA collapsed state is stabilized by relatively weak van der Waals interactions.*! This weak
interaction provides POEGMA polymers with a phase transition characterized by excellent
reversibility and little hysteresis, consistent with the results presented in Fig. 7.4B for POEGMA-
DEX hydrogels. In comparison, PNIPAM hydrogels display some degree of hysteresis,
attributable to the much stronger hydrogen bonds formed between the amide and carbonyl.*’

While the effect of which functional group was attached to which polymer was

somewhat minor in the physicochemical property analysis, substantial differences were
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observed in the interfacial biological responses depending on whether the POEGMA or DEX
polymer was functionalized with hydrazide or aldehyde groups. By mixing POEGMA and
dextran at the same ratio but putting the reactive functional groups on different components,
our results indicate that we can engineer the interfacial properties of the hydrogels
dramatically; more specifically, the functional group tethered to POEGMA appears to be more
enriched at the interface, such that gels prepared with aldehyde-POEGMA adsorb ~7-fold more
protein than gels prepared with hydrazide-POEGMA despite the net (bulk) excess of aldehydes
being substantially higher in the latter gel (Fig. 7.8). Thus, by judiciously selecting the correct
precursor polymer to functionalize, the benefits of incorporating an enzymatically degradable
natural polymer (dextran) into the hydrogel can minimally affect the desirable interfacial
properties of POEGMA.

Biologically, neither the reactive polymer precursors nor the hydrogels (over a range of
different concentrations or hydrogel compositions) induced a significant cytotoxic response in
vitro to 3T3 mouse fibroblasts (Fig. 7.6). Cells could also grow and remain viable on hydrogels
containing at least some dextran component, although the POEGMA-DEXA hydrogels supported
only relatively weak cell adsorption (Fig. 7.7). Furthermore, in vivo subcutaneous injections into
BALB/c mice indicated only minor acute inflammation and no significant chronic inflammation
for POEGMA-DEXA similar to that observed for an all-POEGMA hydrogel (Fig. 7.9), suggesting
that the POEGMA-DEXA hydrogels are well tolerated in vivo. In contrast, the all-dextran DEXH-
DEXA hydrogels induced both acute and chronic inflammation, demonstrating the benefits of
introducing the POEGMA component.  Note that, although limited specific cell adhesive
properties of dextran hydrogels have been shown previously (often, but not exclusively, in
conjunction with cell adhesive peptides49), the higher aldehyde content of DEXA compared to
the PO10As0-containing gels cannot be definitively ruled out as a contributing factor to this
higher adhesive potential; indeed, dextran-aldehyde/tissue-derived amine chemistry
(promoted by the higher aldehyde content of DEXA) has been successfully exploited in the

330 High molecular weight aldehyde

design of dextran hydrogels as wound sealants
functionalized dextran polymers have also been shown to allow viscoelastic adhesive soft tissue

crosslinking, contrasting the effect of small aldehyde-based fixatives, such as formaldehyde and
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glutaraldehyde, which tightly crosslink tissues and radically alter physical and mechanical
properties. This property is extremely relevant for the practical use of hydrogels in as large
molecular weight natural polymers can afford free reactive groups without causing cell toxicity
(Fig. 7.6); glutaraldehyde or formaldehyde full kill cells at much lower functional aldehyde
concentrations.”

These results show that the POEGMA-DEXA hydrogel platform is both cytocompatible
and appropriate for studying cellular responses to tissue mimicking environments. The
molecular composition of the functional POEGMA precursor polymers can be designed such
that the resulting hydrogel matches the mechanical properties of the target tissue, consistent
with our previous observations; correspondingly, DEX incorporation offers favourable support
for 3T3 fibroblast weak adhesion as well as enhanced degradation rates in vivo. Furthermore,
the decoupling of biological responses to physicochemical properties observed for many of the
tested compositions facilitate the design of optimized biomaterials with favorable physical,
mechanical, and biological properties for specific end applications, such as synthetic-natural

drug discovery platforms, injectable tissue scaffolds and drug release matrices.

7.5 Conclusions

Synthetic-natural poly(oligoethylene glycol methacrylate) (POEGMA)-dextran (DEX)
injectable hydrogels based on hydrazone chemistry offer significant benefits in terms of
combining the favorable thermoresponsive and non-specific adsorption suppressing properties
of POEGMA with the more cell adhesive and enzymatic/oxidative degradation potential of
dextran. The physiochemical properties of the injectable hydrogels (mechanical and
thermoresponsive swelling) can be tuned by changing the density of reactive functional groups
on the synthetic POEGMA precursor (easy to do via facile copolymerization), although changing
the cloud point temperature of the POEGMA precursors had no significant effect on the gel
properties; alternately, the biointerfacial properties of the hydrogels could be tuned by
incorporating dextran and changing which precursor polymer was grafted with which functional
group, utilizing apparent differences in interfacial partitioning in water between POEGMA and

dextran to alter the interfacial chemistry. POEGMA-DEX hydrogels and precursors are non-
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cytotoxic, support weak cell adhesion, and are well-tolerated in vivo, facilitating faster
degradation than either all-POEGMA or all-dextran materials while maintaining the very mild
inflammatory responses of the all-POEGMA hydrogels. The modular design and tunable
mechanical and biological properties of these injectable hydrogels makes then ideal candidates

for cell encapsulation and scaffolding applications.
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Figure S7.1 Cloud point temperature measurements of POsH3p-PO,oH3o prior to hydrazide
functionalization as measured in HCI/KCI buffer at pH = 2 (ensuring protonation of the -COOH
groups). POsH3o-DEXA (@, black), POjoH3-DEXA (@, green), POysHsz-DEXA (@, blue) and
POongo-DEXA (., red).
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Figure S7.2 Cloud point temperature measurements of POsH3g-PO,oH3g after to hydrazide
functionalization as measured in PBS buffer at pH = 7.4. POsH3o-DEXA (black), PO1oH3o-DEXA
(green), PO1sH3o-DEXA (blue) and PO,gH30-DEXA (red).
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Chapter 8: Conclusions and future perspectives

8.1 Conclusions and summary

Overall, this thesis makes seminal contributions on understanding how to fabricate in
situ-gelling synthetic hydrogels with favourable biological properties in a variety of applications.
In particular, | have leveraged the relatively recent development of poly(oligoethylene glycol
methacrylate) (POEGMA) hydrogels to design new functional biomaterials that exhibit the
extremely low protein adsorption, tunable cell interfacial properties, and favourable tissue
responses desired while being amenable to minimally invasive injection-based delivery. Such a
development is expected to significantly aid in the potential translation of these materials to
the clinic, an activity in which we are already actively engaged following filing of U.S. patent
application on these materials.

Chapter 1 of this thesis gives an overview of injectable PEG-based hydrogels and
provides insight as to the design requirements for covalently crosslinked injectable hydrogels.
A particular focus is paid to the properties of the precursor polymers that make the formation
of injectable hydrogels a possibility and the types of degradation products that are formed once
the hydrogels are hydrolytically degraded in vivo, the key factors motivating the basic polymer
design in this thesis. This chapter also discusses at great length the chemistries which make
injectable hydrogel systems possible, such as azide-alkyne cycloadditions, disulfide formation,
Diels-Alder cycloadditions, Schiff base formation and oxime chemistry. The end of this chapter
focuses more specifically on the development of poly (oligoethylene glycol methacrylate)
(POEGMA)-based hydrogels and their advantageous use as PEG hydrogel mimics, the
background work on which the work described in this thesis was built.

Chapter 2 discusses the development of novel POEGMA injectable hydrogels formed
by copolymerizing functional monomers acrylic acid (AA) and N-(2,2-
dimethoxyethyl)methacrylamide = (DMEMAmM) with monomer oligothylene glycol
methacrylate using free radical polymerization. These incorporated functional monomers
are then post functionalized (via grafting and hydrolysis respectively) to introduce hydrazide

and aldehyde reactive groups to form two complementary polymers. Mixing of these
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reactive polymers using a double barrel syringe results in rapid gelation is acheived to
produce bulk hydrogels. As the first embodiment of injectable POEGMA hydrogels, we focus
on the tunable physiochemical properties (swelling, degradation and mechanics) of the
hydrogels achievable through varying the functional group content or concentration of the
reactive precursor polymers. The resulting PEG-analogue hydrogels exhibit all of the
desirable protein and cell-repellent properties of conventional PEG hydrogels while also
being injectable, degradable, and highly chemically and mechanically tunable, enabling
facile preparation of in situ-gelling hydrogels with potential uses in tissue engineering and
drug delivery (both of which we explore later in the thesis), among other potential
applications.

Chapter 3 describes the design of POEGMA polymers with lower critical solution
temperatures (LCSTs) achievable through the copolymerization of OEGMA monomers of
varying ethylene oxide chain lengths. In this chapter, we discuss the creation of three
distinctly different hydrogel systems: one of which was fully collapsed at room temperature
(POg, all n=2 OEGMA monomer), one of which mimics poly(N-isopropylacrylamide) by
collapsing at ~32°C (PO10, 90% n=2 and 10% n=8-9 OEGMA monomer), and one of which has
no functional phase transition temperature (PO199, 100% n=8-9 OEGMA, as described in
Chapter 2). The physiochemical properties (e.g. gelation, mechanics, degradation) were
demonstrated to vary systematically with the phase transition temperature when gels were
prepared using the same mol % of functional monomer and polymer concentration. The
biological properties are also quite different according to the interfacial hydrophobicity of
the gels. The POy system adsorbs a large amount of protein and induces moderate
inflammation when injected subcutaneously into BALB-C mice, while incorporating only 10
mol% of the long-chain POEGMA monomer results in significantly reduced protein affinity,
cell adhesion, and both acute and chronic inflammatory responses. On this basis, the
concepts in this chapter have the potential to significantly improve the translatability of
temperature-responsive hydrogels to the clinic, as the materials are both injectable and
degradable.

Chapter 4 describes the concept of modular, mix-and-match mixing of hydrogel
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precursors with different properties (here, thermoresponsive PO;9 and non-responsive
PO1go precursor polymers) to enable systematic control of both physical and biological
properties via simple mixing. This work was very exciting in the sense that we could obtain
bulk hydrogels with properties that were systematically tunable without having to
constantly synthesize new precursor polymers; we also demonstrated that we could a priori
predict the composition of a single precursor polymer that would yield a hydrogel with a
specific property based on the mixture of polymers that yield that same property. A number
of hydrogel properties were investigated, including mechanics, swelling, degradation and
gelation times; many of these were nearly additive based on the properties of the precursor
polymers.  This chapter also discusses the development of hetergeneous versus
homogeneous hydrogels, in which mixing of polymers with different transition
temperatures led to nano and microscale phase separation to form internal domains inside
the gels that have substantial impacts on both the optical properties of the gels as well as
the release kinetics of proteins from the gels, a result we are interested in pursuing to
leverage these gels for long-term macromolecule delivery.

Chapter 5 of this thesis describes the incorporation of two charged monomers into
the PO1p0 hydrogel system via copolymerization of N,N-dimethylaminoethylmethacrylate
(cationic) and/or acrylic acid (anionic) with long-chain OEGMA (n=8-9) and functional
monomer acrylic acid (leading to hydrazide groups) or N-(2,2-
dimethoxyethyl)methacrylamide (DMEMAm, leading to aldehyde groups). Subsequently,
bulk hydrogels were formed through the reactive mixing of hydrazide cationic or uncharged
polymers with reactive aldehyde anionic charged or uncharged polymers. In addition to
introducing pH-responsive properties into the gels, significantly broadened mechanical and
swelling properties are achievable through the inclusion of charge. In paticular, a surprising
enhancement in the mechanics of anionically-charged POEGMA hydrogels was thoroughly
investigated using isothermal titration calorimetry and small angle neutron scattering
(SANS), providing insight into a new way of mechanically reinforcing POEGMA hydrogels.
SANS also provides significant insight into the effects of charge on gel morphology,

including how the inclusion of anionic charge within the POEGMA hydrogels can create
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“zippered” or ordered microscopic morphologies within the gel networks due to hydrogen
bonding or dipole-dipole interactions. Additionally, cationic monomer incorporation can
create repulsive polymer chain behaviours leading to larger swelling profiles, increased
degradation kinetics and weaker mechanical properties. The structure-property correlations
developed through this work give significant insight to facilitate the rational design of
charged POEGMA hydrogels for targeted applications.

Chapter 6 builds on the idea of charge inclusion into the POEGMA platform
hydrogels by using a similar chemistry to incorporate cationic and anionic charges into the
thermoresponsive POEGMA hydrogel platform developed in Chapter 3. In this embodiment,
we create five different temperature responsive, charged materials; neutral, cationic,
amphoteric and anionic gels. Interestingly, the effects of charge on hydrogel mechanics
were substantially different then observed in Chapter 5, with significantly less mechanical
enhancement observed in the anionic gels prepared with shorter chain (thermoresponsive)
OEGMA residues but significantly more effect of ionic self-crosslinking within the
amphoteric gels. Cell adhesion of 3T3 mouse fibroblasts and cell viability/proliferative
ability of ARPE-19 human retinal epithelial cells were both found to be enhanced in the
charged hydrogels, with different charges influencing cell viability, clumping, and
proliferation in subtly different ways over the 15 day time course observed. Additionally,
the in vivo chronic tissue response following subcutaneous injection into BALB/c mice was
mild for gels prepared with all charge types. The results of this chapter confirm the
potential translatability of these POEGMA hydrogels for practical in vivo applications.

Chapter 7 describes the effects of incorporating a natural polymer (dextran) into the
POEGMA gels by oxidizing dextran to expose aldehyde groups and forming gels using the
same hydrazone chemistry. Our interest in such modification is to introduce native
biological activity (e.g. enzymatic degradation) into such hydrogels while still maintaining
the benefits of POEGMA hydrogels. Dextran is shown to enhance cell adhesion to the gels
while maintaining the thermoresponsive properties and low non-specific protein adsorption
of POEGMA, at least when the residual aldehyde content of the gel is kept low. This chapter

thus outlines the effect of including a natural polymer into the POEGMA gel system and the
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subsequent impacts of that natural polymer on the both the physiochemical and biological
properties, offering the potential to better mimic cell extracellular matrices to control cell

responses.

8.2 Future work

This thesis has outlined the systemically ability to tune various properties of POEGMA-
based hydrogels by controlling the ratio of short to long side chain OEGMA monomers, the
polymer concentration, the functional group density of the precursor polymers, and the
inclusion of charged moieties and natural polymers. | am extremely proud of the work done
to develop this patented platform, as it has represented the groundwork for the
development of various systems developed by other colleagues in the lab including
electrospun POEGMA hydrogels that enable the maintenance of high cell viability during the
electrospinning process, cellulose nanocrystal-POEGMA nanocomposite gels with
significantly enhanced moduli, degradable self-assembled POEGMA microgels with potential
for targeted drug delivery, and highly protein-repellent coatings for biosensor applications.

Moving forward, | believe the following research avenues would be worth pursuing

to further leverage the beneficial properties of POEGMA (in situ-gelling, protein-repellent,
and tunable chemistries and cell interfaces) in applications.

(1) I have developed a method to perform POEGMA hydrazone chemistry inside an
inverse emulsion, ideal for the encapsulation of cells in micron sized beads. | am
currently working on the further development of these POEGMA microbeads for the
encapsulation of human retinal epithelial (ARPE-19) and mouse mesenchymal stem
cells (MSCs) cells for cell therapy in vivo. Coupling this assembly approach with our
RGD-functionalized POEGMA precursors is expected to lead to the fabrication of cell-
loaded microbeads with much more controllable stabilities and cell-matrix
interactions than possible with calcium-alginate microbeads that are typically used
for such applications. This encapsulation method enables the fabrication of
microbeads with tunable synthetic composition, typically challenging to acheive

without an alginate templating system for crosslinking and bead formation. Our
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library of POEGMA-based precursor polymers described in this thesis, can now be
used to pinpoint application specific formulations. With the addition of gel
morphology manipulation to create matrices not only in an injectable bulk gel
embodiment, the scope of potential use of our POEGMA technology for cell delivery
applications is greatly widened.

(2) Addditionally, in collaboration with Dr. Ben Muirhead, from the Department of
Biomedical Engineering at McMaster University, the further investigation of
encapsulated ARPE-19 cells in the injectable charged POEGMA hydrogels developed
in Chapter 6 of this thesis, can be investigated. Specifically, using a microfluidic
microinjecter developed previously in our lab, we can successfully inject micronsized
amounts of hydrogel into the back of rat eyes. Building on the successfull delivery of
our neutral, transparent, zero-swelling POEGMA hydrogels to the subretinal space of
rats, we can now use this technique to develop a specific back of the eye ARPE-19
cell delivery system for retinal regeneration. Our thermorepsonsive, charged
POEGMA hydrogels are conducive to extrusion through a 33G needle, a limitation
seen by many other hydrogel systems that are too viscous to extrude this way, and
can enable the effective distribution of ARPE-19 cells needed for integaration in the
subretinal space. This atributes make this charged POEGMA system an ideal
candidate for in vivo translation.

(3) Our characterized library of POEGMA precursor polymers described in this thesis has
spawned a successful and innovative collaboration with a 3D printing company. The
systematically tunable bulk properties of our hydrogel system, make our hydrogels
conducive to various printing processes and facilitate rapid gelation, without using
UV, heat, or catalysts typically needed for gel crosslinking in other hydrogels. Our
POEGMA hydrogel platform can offer printing companies, with a novel, simple to use
synthetic system to work with and has many advantages of use over natural alginate-
based gelling systems used in 3D printing spaces currently. The 3D printing process is
currently being used to print various artificial tissues and we are looking forward to

working with them in the near future to further develop application-specific
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POEGMA hydrogel technologies. The RGD-functionalized precursor polymers we
have synthesized previously, will also offer a highly cell-adhesive support component

to our gels and further aid in the successful translation of our POEGMA materials as

tissue engineering scaffolds.
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